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Preface

The Space Information Networks Conference (SINC) is the annual conference of the
Department of Information Science, National Natural Science Foundation of China.
SINC is supported by the key research project on the basic theory and key technology
of space information networks of the National Natural Science Foundation of China,
and organized by the Space Information Networks major research program guidance
group. The conference aims to explore new progress and developments in space
information networks and related fields, to show the latest technological and academic
achievements in space information networks, to build an academic exchange platform
for researchers at home and abroad working on space information networks and
industry sectors, to share their achievements and experiences in research and appli-
cations, and to discuss the new theory and new technology of space information
networks. SINC 2017 was the second conference in the series. There are three sections
in these proceedings including models of space information networks and mechanisms
of high-performance networking, theory and method of high-speed transmission in
space dynamic networks, and sparse representation and fusion processes in space
information.

This year, we received 145 submissions, including 96 English papers and 49
Chinese papers. After a thorough reviewing process, 30 outstanding English papers
were selected for this volume (retrieved by EI), accounting for 31.3% of the total
number of English papers, with an acceptance rate of 26.9%. This volume contains the
27 English full papers and three short papers presented at SINC 2017.

The high-quality program would not have been possible without the authors who
chose SINC 2017 as a venue for their publications. We are also very grateful to the
Program Committee members and Organizing Committee members, who put a
tremendous amount of effort into soliciting and selecting research papers with a balance
of high quality and new ideas and new applications.

We hope that you enjoy reading and benefit from the proceedings of SINC 2017.

November 2017 Quan Yu
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Multi-dimensional Resource Management
for Satellite Network

Wei Ma(&), Zhe Zhao, Hanwen Sun, Leifang Hui, and Zhou Tian

Xi’an Institute of Space Radio Technology, Xi’an, China
mawei_mail@sina.com

Abstract. The satellite network includes various resource types, involved
space, frequency, time and other resource dimensions, and the resources are
distributed in different heterogeneous autonomous systems. How to realize the
uniform representation of diversified satellite network resources, how to find the
resource discovery mechanism suitable for satellite network, how to have the
expansibility of the Satellite network resource management architecture, and to
combine the efficiency of resource utilization and the flexibility of use are the
main contents of this paper.

Keywords: Satellite network � Resource characterization
Resource discovery � Resource management

1 Introduction

As a whole, the satellite network resources are characterized by wide-area distribution,
multiform and heterogeneous autonomy, including: antenna, beam, spectrum, power,
transparent transponder, operation, storage and other resource types, involving space,
frequency, time and other dimensions. The satellite system is a typical limited system,
the resources of satellite network are very valuable because of the long period of
resource construction and the difficulty of rapid expansion. How to find and make full
use of the network resources dispersed in different satellite systems is a problem that
the satellite network must study and solve. This paper is based on the above consid-
erations, from the three aspects of satellite network resource characterizations, resource
discovery and resources management mechanism, carried out related research work.

2 Resource Characterization

The unified representation of resources is the basis of the unified management and
deployment of the network resources of different discrete heterogeneous systems in
satellite networks, including the research contents of resource classification standards
and resource description methods.

From different perspective, the network resources can be divided into different
kinds, and the overly refined classification is easy to increase the cost of resource
mapping and management, but also loses the meaning of classification, and the

© Springer Nature Singapore Pte Ltd. 2018
Q. Yu (Ed.): SINC 2017, CCIS 803, pp. 3–12, 2018.
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improper selection of classification criterion is easily divorced from practical appli-
cation, and it is difficult to embody the practicality and value of resource classification.

Satellite networks are usually wireless networks, taking into account resource
entities and network features in the network, dividing resources from satellite networks
into four categories: access resources, spectrum resources, link resources and pro-
cessing forwarding resources. The distribution of these resources in satellite networks
is illustrated as follows (Fig. 1):

The resource description method is a hot topic in the current academic field,
according to the characteristics of various kinds of network and the task demand, the
corresponding resource description method is put forward by many institutions.

In the Internet of Things (IoT), some researchers defined that the things are clas-
sified into data (sensors), events (accentures) and services (actuators) according to the
type of action. In the IoT, data refers to attribute values such as variables and to integer
values; events refer to when certain conditions are met or when certain states are
reached. Services allow certain functions to be carried out through a predefined
interface [1, 2].

In the Internet Searching Based on Resource Description (ISBORD), the structure
of resource description is starting with BEGIN and ending with END, part of the
description consists of one or more keywords. The keyword, being the basic element, is
organized by the Type-Length-Value (TLV) field [3].

In the Geospatial Resource Description Framework (GRDF), some researchers use
the following sections: feature, geometry, topology, value, observation, Coordinate
Reference System (CRS), TimeObject and coverage to provide a detailed description of
the types defined in the ontology [4].

Resource description method in IoT paid more attention to the description of node
resource capabilities, and ISBORD is more concerned about the description of the data
content. The GRDF only gives a descriptive framework, but does not define a specific
implementation mechanism.

Fig. 1. Resource classification in satellite network
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The above mechanism cannot cover the resource types of satellite network, and it is
difficult to meet the resource description requirement of satellite network, so it is nec-
essary to study and propose a resource description method suitable for satellite network.

In the aspect of satellite network resource characterization, we used attribute
parameters and state parameters to reflect the intrinsic and dynamic characteristics of
satellite network resources.

Attribute parameter: describes the inherent attributes or attributes of various
resources in the network, such as: available time, frequency, power, etc.
State parameters: describe the specific state of various resources in the network,
such as: availability, occupancy rate, allowance, etc.

Based on the above-mentioned resource classification criterion and the resource
characterization method, the four kinds of satellite network resources are characterized
as follows:

2.1 Access Resources

Property parameters Resource ID
Resource entity type (antenna type, etc.)
Network attribution
Beam number
Coverage range
Transmitting frequency
Transmitting power range
Antenna gain
Loss of feeding
EIRP
Receive antenna gain
Receive feeder loss
Receive signal level
Receive thermal noise
Noise coefficient
G/T
Noise power spectral density
C/N0
Information rate
Eb/N0
Coding gain
Available time

State parameters Current position
Transmitting power
Receiving power
Resource availability status
Resource occupancy status
Current period

Multi-dimensional Resource Management for Satellite Network 5



2.2 Spectrum Resources

Property parameters Resource ID
Resource entity type (frequency bands, wavelength, etc.)
Network attribution
Frequency range
Frequency subdivision particle size
Location range
Available time
Power range

State parameters Working frequency
Current position
Current period
Current power
Spectrum quality
Spectrum occupancy Status

2.3 Link Resources

Property parameters Resource ID
Resource entity types (Wireless Link, wired link, laser link, etc.)
Network attribution
Total link bandwidth
Link bandwidth subdivision granularity
Location range
Available time

State parameters Current position
Current period
Available status
Link quality (link-breaking, BER, transmission delay, etc.)
Link overhead (expense, etc.)
Link bandwidth occupancy Status

2.4 Processing Forwarding Resources

Property
parameters

Resource ID
Resource entity types (transparent transponder, regenerated
forwarders/routing switching devices/operational storage devices, etc.)
Network attribution
Transparent transponder/transparent transponder band range
Transparent transponder/transparent transponder number
Flexible forwarding/sub band granularity
Flexible forwarding/sub band switching capacity

6 W. Ma et al.



Processing forwarding/data throughput

Processing forwarding/switching latency
Processing forwarding/switching delay jitter
Processing forwarding/packet loss rates
Forwarding paths
Logical resources
Storage resources
Operational resources
Location range
Available time

State
parameters

Current position
Current period
Available status
Move rate
Resource occupancy rate
Congestion status

3 Resource Discovery

The resource discovery architecture can be classified into two categories: peer-to-peer
architectures and directory-based architectures [5].

Peer-to-peer (P2P) architectures: use fully distributed mechanisms for resource
discovery, where networks entities (providers and clients) negotiate one-to-one with
each other to discover the available resource. Two basics mechanisms can be used to
resource discovery in peer-to-peer systems: query mechanisms and advertising
mechanisms.

Directory-based architectures: use a centralized or distributed repository, which
aggregates and indexes the information about resources offered in the network. Pro-
viders register their resources with this directory, and clients query the directory to
obtain information about resources. There are three different general schemes of
directory-based systems: centralized directory (CD), distributed flat directory (DFD),
distributed hierarchical directory (DHD).

Table 1 summarizes the main pros and cons of the different resource/service dis-
covery architectures in terms of suitability for changing conditions, scalability, band-
width consumption, discovery delay, and management complexity.

Compared to directory-based architectures, peer-to-peer architectures are useful for
fast and dynamic changing network environment, where network infrastructure is
unpredictable, and the presence of permanent dedicated directories cannot be guaran-
teed. For satellite networks, the topological structure is relatively stable and periodic
change, directory-based resource discovery architectures is more suitable.

From the point of view of control mode, the resource discovery mechanism of
directory-based architectures mainly includes: centralized discovery mechanism, dis-
tributed discovery mechanism and the combination of the former two, the Hybrid
resource discovery mechanism [6].

Multi-dimensional Resource Management for Satellite Network 7



Centralized resource discovery mode, the system needs to set up a unified resource
information registration management node, which grasps the global resource state
information (resource category, distribution, etc.) and provides resource retrieval ser-
vice to the resource requester, each time the resource request accesses the resource
information registration management node. In this way, there are some problems for
the resource information registration management node, such as: a certain probability
of single point failure, root node access bottlenecks, and so on. Once the failure, will
cause the whole system to crash, system scalability is poor. The advantages are easy to
manage, update, and maintain.

In distributed resource discovery, each participant node in the system stores a
subspace of the entire resource ID space, and is responsible for maintaining the
mapping of the subspace resource IDs to the corresponding physical entities, and the
query request forwarding and state maintenance are realized by using a specific pro-
tocol between the nodes. This approach has strong scalability, but the routing process
of requesting resources cannot effectively narrow the search scope of target resources,
there is some blindness, and the resources of network communication will consume
more when searching.

The combination of centralization and distribution is the combination and sup-
plement of the first two resource discovery ways, and the hybrid resource lookup
balances the efficiency of centralized search and the autonomy of distributed search,
which is beneficial to the load balancing and robustness of the system. In the hybrid
resource discovery mechanism, the nodes are divided into resource service nodes and
index registration nodes according to the ability of nodes, and the resources are reg-
istered on any service node. And the service node also has its own index information
registered on the registered node of the organization, and the registration node becomes
the proxy of the service node, which constructs the upper-level distributed index
network, and the registered node and the service node of the proxy form the lower-level
centralized index network together.

The nodes in the satellite network are far smaller than the terrestrial network, the
spatial information network consist of terrestrial network, near-space network, satellite
network and so on, the role of satellite network is more of a space segment information
infrastructure than an information service provider, and satellite network users are more
concerned with the choice of access networks and the availability of satellite network
resources. In view of the role of satellite network and the above reasons, the satellite
network can use centralized resource discovery mode, but for the spatial information
network using hybrid resource discovery mechanism is a better choice.

Table 1. Main features of discovery mechanisms

P2P-Query P2P-Adv CD DFD DHD

Suitability for changing conditions High High Low Low Low
Scalability Low Low Low High High
Bandwidth consumption Medium High Low Low Low
Discovery delay High Low Low Low Low
Management complexity Low Low Medium High High
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In satellite networks, the function of the resource information registration man-
agement node is usually implemented by Satellite Network Operator or NCC (Network
Control Center) [7].

Satellite resources are usually held in the hands of different holders, which can be
divided into private (totally private), protected (restricted access) and public (fully
open) three classes according to the level of openness of the resource. Different
satellites need to register all resource information at the Satellite Network Operator or
NCC in the planning and deployment phases. After the satellite has served on the orbit,
it can notify the other resource index registration nodes in the system voluntarily by
notifying or registering protected and public category resource information as needed.
As shown in the illustration (Fig. 2):

4 Resource Management

As an integrated network, spatial information network is a kind of intelligent network
composed of land, sea, air and satellite information processing system, which is
characterized by the high complexity, heterogeneity and dynamic characteristics of the
network, which repels the completely centralized and completely distributed network
resource organization and management.

In view of the above characteristics, this paper presents a hierarchical network
resource management structure, which consists of control agent, Sub-Satellite Network
Operator, Top-Satellite Network Operator, satellite network access provider, and so on,
illustrated as follows (Fig. 3):

Fig. 2. The organization structure of satellite network resource registration and retrieval
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Control Agent: Responsible for the implementation of specific resource entities to
control, collect and broadcast related resource status information, including:
resource allocation, resource deployment, status monitoring, and resource statistics.
Sub-Satellite Network Operator: Responsible for completing the user management,
admission Control, resource allocation and other functions of the sub admin
domain, simultaneously receiving and executing the control strategy and processing
rules issued by the higher level managers, completing the processing functions of
network resource fragmentation and virtual plane mapping.
Top-Satellite Network Operator: Master the state information of the different sub
management domains of the whole network, and can control the Sub-Satellite

Fig. 3. Hierarchical satellite network resource management architecture
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Network Operators distributed in different domains, and complete the maintenance,
management, deployment and operation of the satellite network infrastructure.
Satellite Network Access Provider: Responsible for managing and manipulating
satellite network access elements (satellite terminals, gateways, and so on), at the
same time, based on the specific task requirements of different service providers for
service description, function description, capability description and resource
requirements description mapping, according to the mapping results planning and
matching network resource fragmentation, policies and rules, and complete the
configuration of the operation manager of satellite network, This provides a chunk
of transport resources for different service providers.

The management level and business functions of the above-mentioned managers
are as shown in the illustration (Fig. 4):

The satellite network is facing various kinds of service providers and user termi-
nals, in order to meet the resource’s effective utilization and flexible management,
which must provide multiple levels of resource management granularity and realize the
hierarchical management of resources. Satellite network access providers can allocate
the dedicated bandwidth of large granularity to the relatively independent service
provider network based on the bandwidth requirements of different service providers,
so that the service provider can manage and deploy the bandwidth by itself, and the
satellite network focuses on the service quality assurance of the users in the network
based on the level of agreement (SLA).

Fig. 4. Hierarchical definition of satellite network resource managers
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The private type resources in different systems of satellite network are managed and
assigned by the sub-satellite network operator in the respective management domain;
The protected type resources are joined by sub-satellite network operator, top-satellite
network operator, and satellite network access provider to complete management and
allocation; The public type resource is fully allocated by satellite network access
provider and service provider.

5 Conclusions

This paper focuses on the research of satellite network resource characterization
method, resource discovery mechanism and resource management framework. Com-
bined with the resource characteristics of satellite network, this paper puts forward the
classification standard of satellite network resources and the method of resource rep-
resentation, meanwhile summarizes the resource discovery mechanism suitable
for satellite network based on the existing resources discovery research results. In view
of the development demand of the spatial information network, this paper puts forward
a kind of satellite network resource management structure which takes into account the
efficiency of resource utilization and flexibility.
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Abstract. According to the characteristics of space information network, this
paper introduces a security threat model, and then makes a detailed threat
analysis for network system from five levels, physical device, platform system,
network security, data security and management security. At last, this paper
offers a brief analysis of security strategy of the five levels, these results will
serve as a theoretical underpinning for creating a security defense architecture
for space information network roundly and dynamically.
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1 Introduction

Space information network is a kind of network system which obtains, transfers and
processes space information in real time, based on a variety of space platform (syn-
chronous satellites, middle or low orbit satellites, stratospheric balloons, and manned or
unmanned aircrafts, etc.) [1–3]. The system composition is shown in Fig. 1.

As one country’s important infrastructure construction, space information network
could support high dynamic, broadband real-time transmission in earth observation on
the ground [4], and very-long-range, large-time-delay and reliable transmission in deep
space exploration [5], when serving significant applications such as emergency rescue,
navigation, air transport and aerospace measurement and control, etc. [6]. Thus it could
expand human science, culture, production activity to the space, ocean, and even deep
space [7, 8].

Compared with other networks, space information network has several
characteristics:

(1) A three-dimensional, multiple-layer and global network [9].
(2) Many different kinds of node types, huge differences of links, heterogeneity

network [10, 11].
(3) Nodes and links vary with space-time, and the topology is dynamical [12].
(4) Many different kinds of businesses, wide distribution range, huge differences of

needs [13].
(5) Limited resources of space, low platform ability, limited ground station [14].
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Space information network can achieve the connectivity of space and ground net-
work. But because of the lack of physical isolation, and in view of the above-mentioned
characteristics, space information network has more threats than ground [15]. Therefore,
in order to provide security for space information network, develop independent and
effective security defense architecture, making a detailed security threats analysis is the
prerequisite for all research.

2 The Threat Analysis Model of Space Information Network

First, we should define a kind of potential security threat and determine whether it
exists in space information network, if not, we don’t need to analyze this kind of
security threat; else, we should analyze its characteristics and expression, and deter-
mine the level of threat (in our paper, we divided network into five levels, physical
device, platform system, network, data and management, respectively). Next, we
should discuss whether there exist effective safety measures against this kind of threat
in system. If there really exists, we don’t need to develop safety measures again; else,
we need to develop the corresponding safety measures, in terms of the characteristics
and expression of the threat. Finally, we should back to the beginning and redefine new
security threats after ensuring that the network could protect against the attack effec-
tively. Repeat the cycle as above, it can finally form the whole security analysis threats
system of space information network (Fig. 2).

Fig. 1. Satellite system composition
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3 Hierarchical Security Threat Analysis of Space
Information Network

We can see the threats of space information network and the threat network compo-
nents in Fig. 3.

Fig. 2. The threat analysis model

Fig. 3. The security threats architecture
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3.1 Physical Security Threats

Physical security threat mainly refers to physical threats that the hardware which
constitutes the space information network physical device faces. Usually the cause of
the physical security threat has three aspects:

(1) The natural environment factors. The hardware of system in space and on the
ground are directly exposed in the external environment, and system is likely to
perform tasks in various natural environments. Therefore, the physical equipment
is tested directly by the ground and space environment. On the ground, there are
earthquake, flood, thunderstorm, sandstorm, tropical storm, corrosive substances,
air pollution and so on. In space, complex electromagnetic environment [16] can
cause damage to electronic equipment of satellites, a growing number of space
junk and meteorites will cause physical damage to satellites or other space
vehicles, and influence the normal work of electronic equipment, even cause
irreparable damage.

(2) Human factors. The human secure threats of space physical device are mainly
caused by weapons which cause destruction and attack to hardware based on the
energy flow, such as various space offensive laser weapon, the kinetic energy, etc.
In addition to external attacks, incorrect manipulation to the system by internal
personnel or artificial damage which cause equipment stolen or communication,
power supply circuit or system paralyzed because of the lack of effective physical
protection, is also one of the factors that constitutes the system threats.

(3) Self factors of the device. The fault of the device is also an important reason
causing the hardware device under threat. The fault is mainly determined by the
reliability of the product or system, which is probably caused by the unreasonable
design or negligence in the process of production.

3.2 Platform Security Threat

Platform security threat mainly refers to the existential threat in the software supporting
system of each component of the system (including operating system, database system,
storage system, the computing server and application server, etc.). The main parts of
the space information network include subsystem of the ground, space, and near space
subsystem.

Among them, the ground subsystem faces the similar threats with the ordinary
computer network system, that is, gaining access to confidential information or
destroying systems by malicious invasion. However, as a part of the space information
network, the ground subsystem should have a higher security level; and because of its
universality, it is much easier to be attacked. For space subsystem and near space
subsystem, because computer operating system and application software on the satellite
nodes have certain specialty and concealment externally. Therefore, the security threats
of space subsystem platform mainly come from two aspects: the attack from illegal
users and illegal use of legitimate users.

Attacks from illegal users include active attack and passive attack [17]. Active
attack might include: the illegal invasion, malicious code hazards, system defect attack,
illegal modification and replacement of the system software, etc. These attacks often
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cause leakage of inside information, data contamination, or the quality decrease of the
service and even paralysis. The typical cases include invading command and control
system on the ground, intercepting satellite remote control instruction and capturing
satellite control, etc. Passive attack might include: scanning the external interface of the
system, monitoring and feature analysis. These attacks may lead to mutual information
leakage and exposure of system configuration, vulnerability, and service type infor-
mation, etc. [18].

Illegal use of legitimate users is an internal attack from the system. These users may
be forced or voluntary to use internal system services abnormally, surrender internal
information, or fake other users’ identity to use system services and access information
illegally, etc. System service interruptions and information leakage caused by misuse of
internal legitimate users might provide convenience to break system for illegal users.
For example, users plant computer viruses into the system accidentally.

3.3 Network Security Threat

Network security threat mainly refers to the security threats aimed at the network and
related facilities. At the network level, the important assets of system network include:
network connection which compose the ground survey control network and command
control network, and links from satellites to satellites or satellites to ground. These
threats cause potential consequences such as: network congestion, high network
transmission delay, low transmission rate, even information transmission interruption.

Although the interfaces for outside of space information network software and
hardware platform are fewer and the kind of network internal interfaces are single,
system is still faced with attack threats from network, such as vulnerabilities attack,
Trojan horse, virus attack and so on, these attacks which infiltrate directly via network
need to pay a high price, but once these attacks are successful, it may bring huge effect
to system. The plaintext transmitting on network is faced with information leakage.
And the data access from external system to internal system via network is faced with
identity cheats and unauthorized access. The security threats aimed at communication
links include: electronic interference, information flow analysis, truncation, tampering,
inserting or resetting information flows, and intrusion or DoS attack aimed at fault of
communication protocol.

As for the vulnerability of system network, the ground network has a relatively
fixed topological structure and a mature network technology. Therefore, its vulnera-
bility mainly shows in the configuration of communication protocol and network
facilities. The space network belongs to wireless network, and its vulnerability mainly
shows in several aspects: the topological structure of space information network,
configuration of space nodes, wireless communication protocol etc. Space satellite
nodes are in constant motion and the network topological structure is in a state of
change at any moment, which makes the physical boundary of space information
network fuzzy, so it’s not suitable for space network to use traditional network
boundary protection technologies. In addition, space communication link is an
important component of space information network, uses wireless communication, and
has several features, such as, unique transmission medium, new communication pro-
tocol, wide signal coverage, complex external environment, etc. And these features
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have a big impact on the security of space information network. Communication
quality of wireless transmission is easier to be interfered; defects of new communi-
cation protocols are easy to be analyzed and used by enemies, leading to all sorts of
network attacks against agreement; large coverage of signal is likely to leak sensitive
information; big spatial span, complex external environment, inter-satellite links and
satellite-ground links in space, are easily affected by external environment, such as
solar activity and geomagnetic storm, which leads to high bit error rate and difficult
network maintenance; limited by space vehicle payload, satellites have limited trans-
mission power, size of receiving antenna and the inherent ability of anti-
electromagnetic interference of inter-satellite links and satellite-ground links, which
might lead to large possibility of the potential safety hazard. Therefore, we should
analyze security threats of communication link of the space information network from
four aspects, which are satellite uplink (user link), satellite downlink (feeder link),
inter-satellite link and terrestrial link.

(1) Threats of satellite uplink

The communication interference station interferes with the satellite uplink by acquiring
and analyzing the characteristic parameters of the link at first, and then tracking and
aiming the satellite, and launching strong jamming signal to it in order to destroy the
satellite receivers, and make it not work properly. Such interference makes the SNR of
the uplink greatly worsen, or makes the satellite receiver saturate or blocking and
unable to work. At the same time, it also can use the communication link to fake
identity, invade the system to steal confidential information, data, etc.

(2) Threats of satellite downlink

Ground station and ground network are the main targets of downlink interruption, and
the usually used mean is using interference stations which are carried in space platform,
such as unmanned plane and balloon. Such interruptions deteriorate SNR of satellite
downlink, and influence the normal communication of satellite ground receiving sys-
tem. The beam of satellite downlink is wide, and the communication mode is based
more on broadcast, so some attackers may use the ground satellite receiving equipment
to intercept and decipher, to get sensitive information of system.

(3) Threats of inter-satellite link

The threats of inter-satellite links mainly include two aspects. Firstly, routing infor-
mation is publicly exposed to spatial channel. To enable the communication of
inter-satellite links, constellation satellites should have ability to process and exchange,
and the data frames format of links must include some routing information to enable the
process of switching and routing. Routing information usually reflects some important
information, such as channel capacity, time series, communication mode and so on.
Once these information is steal by attacker, it may cause huge threats to normal
communication of inter-satellite links. Secondly, the satellite orbit parameters and
ephemeris are open. The frequency resource of inter-satellite links sticks to rules of
International Telecommunication Union, and is fixed and limited. Attackers can search
in the same frequency by the companion stars that are close to target satellite. On the
one hand, attackers can get the information from other adjacent satellite nodes in the
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constellation. On the other hand, the satellite which is close to companion stars is easy
to get the interruption information from them.

(4) Threats of terrestrial link

Terrestrial link, that is the communication links of space information on ground, has
the same security threats as traditional ground computer network. The security problem
of terrestrial link is not specific, so we don’t need to make a special discussion.

3.4 Data Security Threat

Data security threat mainly refers to the potential threat which can damage the confi-
dentiality, integrity and availability of data information. Data security is especially
important. At the data level, remote and telemetry data from satellites and aircrafts, a
large number of investigation data from reconnaissance satellite, military communi-
cation data and command control data which will be sent from space information
network, all belong to the protected objects of data security.

Data security threat mainly includes two aspects: one is already-stored data, the
other is transmitting data. The data stored in computer system or database is in danger
of computer virus, illegal invaders and system accidental failures, and is easy to be
destroyed. As for general users, computer platform of satellite is unfamiliar, so the data
stored in space nodes is less likely to be attacked. Therefore, the data stored in space
nodes has high security; but the data stored in the ground subsystem is faced with more
threats. The threats of such data include: malicious intrusions by external staffs,
accessing system resources illegal, stealing sensitive information, damaging data
confidentiality; adding or tampering stored data, damaging data integrity; deleting data,
damaging data usability; and it may also cause the important information lost or stolen
by enemy when the insiders do misoperation or let out on purpose. As for the inarti-
ficial threats, system trouble and natural environment always damage data security. The
security of transmitting data is directly related to the security of network. The threats
include: enemy stealing unencrypted confidential information by electromagnetic
leakage or wiretapped, or guessing the purpose of others and obtaining useful infor-
mation by the analysis of information flow, communication frequency and communi-
cation length, damaging confidentiality; tampering or resetting data information,
damaging data integrity; truncating data transmitting, damage data usability.

In both space and ground aspects, the ground subsystem which often uses wire
transmission, and is mature no matter on communication protocol or communication
technology, has high data security; the space subsystem and the data between ground
and space subsystem use wireless transmission, which has obvious vulnerable char-
acteristics, is worse than wire communication no matter on communication rate or
quality, in addition, the communication protocol is not perfect and the technology is not
as mature as wire communication [19], which makes data transmission faces high
security risk.
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3.5 Administrative Security Threat

Administrative security threat can be viewed from two aspects: technology level,
referring primarily to security problems of the network management system;
non-technical level, referring primarily to the security problems such as organizational
rules and regulations, work standards, the staffs’ consciousness of safety.

The network management system can be divided into several parts: center
management node, managed node agent and message communication channel. The
security threats of center management node mainly include the illegal use from non-
administrators, the illegal operation from administrators and so on. Managed node agent
runs directly on the managed node, in general, these managed nodes have high system
permissions, can collect sensitive information related to manage node, even control
nodes’ actions. Therefore, it will cause huge losses if manage nodes are controlled by
malicious users. The security threats of managed nodes mainly include that illegal users
access system resources and legitimate users illegally use resources. There should be a
communication channel between center management node and managed node, only in
this way system can finish information collecting and administrative work. However, the
communication channel may be attacked by physical interference, eavesdrop, filch, etc.,
which may affect the confidentiality, integrity and availability of data information.

Non-technical level mainly includes rules and regulations, business process man-
agement, device management, staff management, document management etc. Such
security threats have good invisibility, and are easily overlooked but can lead more
serious damage.

The security threats can be summarized in Fig. 4. The central task of whole space
information network is processing data information. Therefore, data information

Fig. 4. The security threats of space information network
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security is the core of maintaining whole system security; all other layers’ security is to
ensure data information security. Physical device is the infrastructure construction of
whole system, the software system is the platform of processing information system,
network is the support of data information transmission, and management is the
guarantee of data information security. These five layers’ security risks are inter-linking
and inter-influencing, single security problem will affect other aspects of security.

4 Space Information Network Security Strategy

In order to ensure safety of space information network, we should create the inde-
pendent and effective security defense architecture for system. According to the
characteristics of space information network, application scene and the security threats
analysis of the preceding context, we start with five aspects: physical level, platform
system, network, and management, develop the security protection technology and
apply to space information network.

(1) Physical security level: We should take the corresponding protective measures
according to its trigger factors. In general, it mainly includes several key tech-
nologies: reinforcing and defending technologies, monitoring of space junk and
enemy weapons, redundant backup for equipment and system.

(2) Platform system level: As for platform system level, on the one hand, we should
try to avoid design mistakes of system, ensure the correctness of the software
design and implementation, improve the system fault-tolerance ability and relia-
bility; on the other hand, we should detect defects of software support system as
timely and early as possible, and make up them in time.

(3) Network security level: We should develop security gateway [20] and commu-
nication protocol for space information network. At the same time, aimed at two
protocol specifications which are in common use in space businesses at present:
SCPS and IP for space, we should put forward the corresponding security protocol
or improve security of their basic protocols.

(4) Data security level: We can use symmetric encryption algorithm, Hash algorithm,
and asymmetric encryption algorithm to keep the data security [21, 22]. In addi-
tion, we should pay attention on data redundancy backup and disaster recovery.

(5) Management security level: For reference of management security threats analysis,
we should keep management security in two aspects. First, we should guarantee the
security of network management system to a great extent. Second, all the staff who
access to sensitive information and operate system should have a high professional
quality and professional ethics quality, and strong safety consciousness.

5 Conclusion and Future Work

According to the result of this paper, we made a detailed threat analysis for network
system from five levels, physical device, platform system, network security, data
security and management security. From the threat analysis we can see, security threats
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for a system are multi-level, and these five layers’ security risks are inter-linking and
inter-influencing, single security problem will affect others. Therefore, when we create
independent and effective security defense architecture, we should start with multiple
layers, create a security defense architecture for whole system roundly and
dynamically.

With the development of security threats and security technologies are emerging in
an endless stream. We should keep abreast of the times, do more analysis of the newest
technologies, and improve our security defense architecture continually; only in this
way we can create a safe and effective space information network.
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Abstract. The time-varying topology brings great challenge to the design of
the satellite network routing. The key to designing high performance routing is
how to handle the time-varying topology. Considering comprehensive advan-
tages of both LEO and GEO satellite networks, a novel double-layered satellite
network suitable for space networking is established in this paper. In this model,
the ideas of virtual node strategy and satellite grouping are adopted, and the
coverage of each LEO satellite is regarded as a virtual node of the network.
Different from previous work, the influence of the polar boundary on the divi-
sion of the satellite footprint is taken into account, such that the upper man-
agement satellites are able to accurately acquire the topology of the lower
satellites. Using the improved virtual node strategy, the time slices in the net-
work has significant changes, which are better than those in other models in
terms of quantity, length and other aspects. The fact is verified by simulation.

Keywords: Satellite networks � Time slices � Coverage unit
Satellite grouping

1 Introduction

Space information network is a network system constructed for acquiring, transmitting
and processing spatial information, which plays an important role in communication,
navigation, and timing, positioning and monitoring [1]. In the network, all kinds of
nodes continue to move, and the links are intermittently connected, such that the whole
network has complex time-varying topology. As the backbone of space information
network, satellite network, to some extent, affects the overall performance of space
information network. Recently, satellite network has attracted more and more attention
because of its wide coverage, broadcast capability and high bandwidth service level,
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which will become the bridge of global information transmission and access at a lower
cost no matter when and where, so it is an important part of the next generation of
Internet [2, 3]. According to the altitude of the satellites, satellite orbits can be divided
into geostationary earth orbit (GEO), middle earth orbit (MEO) and low earth orbit
(LEO). GEO satellites are about 36 thousand kilometers above the equator, and remain
relatively stationary. The longer distance enables the larger coverage, such that only
one GEO satellite can cover 40% of the entire earth surface. But it is the distance that
leads to larger propagation delay between the GEO satellites and the ground [4]. On the
contrary, LEO satellites with orbit altitudes of 500 km to 1500 km have small coverage
and shorter distance from the ground. Larger movement speed of LEO satellites results
in dramatic topology change over time [5]. An advantage of LEO satellites is that
smaller propagation delay is true of real-time transmission service. Thus, the use of
only LEO constellation or GEO constellation cannot give full play to their own
advantages. In this paper, a novel double-layered satellite network suitable for space
networking is established in consideration of the advantages of both LEO and GEO
satellites.

Traditional routing schemes cannot be directly applied in satellite networks due to
complex topological changes. Routing has become a difficult problem to be resolved in
satellite networks and the key is how to deal with the time-varying topology.

Despite those, satellite motion is periodic and predictable, and the nodes and links
in network have good symmetry. In order to make it more convenient to design
superior routing, many effective methods to deal with the time-varying topology have
been proposed and studied. The virtual node strategy proposed in [6] can well deal with
the motion of satellite nodes. The idea is to divide the earth surface into several logical
regions, each of which is bounded to the satellite that is nearest to it. Each time the
satellite leaves a logical area, it is replaced by the next incoming satellite known as the
succeeding satellite. For satellite network with a simple and regular structure, the
method can shield the mobility of satellites, and what is only considered is logical
region instead of mobile satellite nodes. [7] discusses the handover topic between the
ground and the satellites, and it enables one ground area served by multiple LEO
satellite nodes simultaneously. [8] lowers the complexity of routing computation by
utilizing the feature of grid topology, but ignores the survivability of LEO satellite. The
virtual node strategy can effectively deal with mobility of nodes, but only aims at the
simple and regular topology such as polar LEO constellation. In addition, it is difficult
to be extended to general multilayer satellite network.

Another typical approach to handling the time-varying topology is virtual topology
strategy. The idea is that the network system cycle is divided into several discrete time
slices, in each of which the network topology is regarded as fixed, and then routing can
be designed based on these time slices [9]. The method based on dynamic detection
[10], in essence, is a typical routing algorithm based on virtual topology strategy, which
determines whether the link is normally connected using the periodic detection and
confirmation of the number of packets in the queue of the sending satellites. [11], based
on virtual topology, solves the problem that the time contact window cannot be fully
utilized in the process of downloading data from multiple satellites to the ground
station. The virtual topology strategy helps calculate the time slices in advance, but a
large number of time slices may require a large amount of storage space.
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In satellite networks, the number, length and uniformity of the time slices have
significant influence on the network performance. The number of time slices reflects the
degree of frequent changes in network topology, and the length reflects the duration of
contact between the satellites and the ground or between the satellites and the satellites.
The topology performance of the satellite network can be improved by reducing the
number of time slices, increasing the length of the time slices and increasing the
uniformity of the time slices. According to the traditional way of dividing the time
slices, as soon as any link is switched, one new time slice is generated. [12] studies the
time slices of satellite network in detail according to the method of virtual topology.
And the results show that the number of time slices is large and the length is uneven,
which is particularly evident in multilayer networks. For example, for the double-
layered network consisting of 7 � 9 polar LEO constellation and 2 � 4 MEO con-
stellation with orbit inclination of 45°, the network topology changes 1892 times, and
the maximum length of the time slices is only 29 s in the 7 h of simulation.

Satellite grouping and group management strategy is widely studied in multilayer
satellite network. [13] applies virtual nodes into lower layer of multilayer network.
Lower-layer satellites that can directly communicate with one upper-layer satellite form
one group of this upper-layer satellite. But a large number of discrete time slices are
generated because of complex connection relation between lower and upper layer,
resulting in huge storage overhead. [14, 15], to some degree, reduce the number of time
slices by merging time slices. Similarly, [16] also uses satellite grouping methods.
Unfortunately, one of the common defects of these methods is that the lower-layer
topology information may not be accurately obtained by the upper-layer management
satellites.

In order to further solve the problem of time-varying topology of satellite networks,
this paper improves the virtual node strategy in consideration of the influence of the
polar boundary on the division of the satellite footprint, and this makes it possible that
the upper satellites can get accurate topology of lower-layer network. So it will bring
convenience to the design of multilayer satellite network routing. In this way, the
network topology has been greatly improved, and produces a small number of uniform
time slices, which can further improve the performance of network routing.

The remainder of the paper is organized as follows. Section 2 introduces the
double-layered satellite network model and the related definitions, while Sect. 3 is the
analysis of the network topology. Performance evaluation is given in Sect. 4. Section 5
summarizes main conclusions.

2 Model and Related Definitions

2.1 Real Network Model

A double-layer satellite network composed of LEO and GEO satellite constellation is
shown in Fig. 1. The GEO constellation consists of 3 GEO satellites equally spaced
over the equator. The LEO constellation is slightly modified from the Iridium system, a
typical LEO constellation widely used [17]. The LEO constellation used in the paper is
composed of 72 LEO satellites, uniformly distributed in 6 polar orbit planes. The other
parameters of the constellation are the same as those of Iridium system.
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There are several types of nodes and links in the network, as shown in Fig. 2. The
network nodes include ground terminals, LEO satellites, and GEO satellites. Links
include: (1) The inter-layer links (ILL) consisting of links between LEO and GEO
satellites. One LEO satellite can communicate with one GEO satellite if and only if the
LEO satellite is in the coverage area of the GEO satellite. (2) The intra-plane links
(intra-ISLs) between two adjacent satellites through the same orbital. Clearly, each
orbit of LEO layer has intra-ISLs with the same number as satellites through it, while
the GEO layer has only 3 intra-ISLs. (3) The inter-plane links (inter-ISLs) between
adjacent satellites through adjacent orbits. It should be noted that the motion direction
of the satellites through the first LEO orbit is in opposition to those through the last
orbit, and so there is no inter-ISLs between these satellites. In addition, there is no
inter-ISL in high latitude areas, because the relative angular velocity of satellite motion
is larger, and the pointing and tracking of antennas cannot meet the demand. Obvi-
ously, inter-ISL does not exist in GEO layer. (4) The user data links (UDLs) connecting
terminals and satellites. One ground terminal can communicate with one satellite if and
only if the ground terminal is within the minimum elevation angle of the satellite.

Fig. 1. Real double-layered satellite network model

Fig. 2. Network nodes and links
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2.2 Related Definitions

To facilitate the description and analysis of network topology, the following concepts
need to be given.

One coverage unit of one LEO satellite is defined as a set of ground nodes that can
directly communicate with the satellite at a given moment. One coverage set is a set
consisting of the coverage units of all LEO satellites at a given moment. Standard
position refers to the position where the prime meridian and the first orbit of LEO layer
are in the same plane, and the first satellite through the orbit is in the same plane with
the equator. One standard coverage unit is one element of one coverage set when the
LEO layer is in the standard position. Obviously, at any given time point, any LEO
satellite has one standard coverage unit that may not belong to itself. In addition, we
say one down-satellite link exists between the two standard coverage units of two LEO
satellites if one of the following two conditions is satisfied. The conditions are:
(1) there is intra-ISL between the two satellites, and (2) the two satellites are not in
polar region and there is inter-ISL between them.

A virtual LEO satellite network (VLSN) is a graph G(t) = (V, E(t)), where V and
E(t) are the set of coverage units and down-satellite links at time t, respectively.
A normal virtual LEO satellite network (NVLSN) is one VLSN where LEO layer is in
the standard position.

The NVLSN of the LEO layer in this paper is shown in Fig. 3. The latitude of the
polar boundary is 80° and the reason is explained in Sect. 3. In Fig. 3, each vertical line
represents a satellite orbit; each dot represents one LEO satellite. The unit in the picture
is angular distance. A circle with a radius of 30° represents a standard coverage unit.

Fig. 3. Description of NVLSN

28 J. Ma et al.



Orbit 1, orbit 3 and orbit 5 are traversed by the first and seventh satellite above the
equator. The satellite directly connected with the first satellite through orbit 1, orbit 3 or
orbit 5 is the corresponding first satellites through orbit 2, orbit 4 or orbit 6.

At a certain moment, if the LEO satellite is within the footprint of one GEO
satellite, the standard coverage unit below the satellite is a member of the GEO satellite.
Obviously, any GEO satellite has many members. A set of all members forms a group
of one GEO satellite group manager. It is important to note that the concepts of group
member and group manager are different from those in other literatures.

2.3 Virtual Network Model

A virtual terminal-LEO-GEO satellite network system (VTLGN) refers to the network
consisting of ground nodes, standard coverage units of LEO layers, GEO satellites, and
links between them, which is defined as a graph G = (V, E), where V = {v | v is
terminal or standard coverage unit or GEO satellite}, E = {e | e is down-satellite link or
ILL or UDL}.

3 Topological Analysis of VTLGN

The VTLGN network model has the advantages over other networks in many ways.
The flowing topology analysis is carried out based on VTLGN.

Theorem 1: If G = (V, E) is VTLGN network, G1 is one GEO satellite, and S is one
standard coverage unit, then group members of G1 and group manager of S are both
uniquely determined at any time point.

Proof: According to the definition of group member, the essence of group member is
the standard coverage unit, and the GEO satellite is relatively stationary to ground. So,
any GEO satellite and any member of its group remain relatively stationary at any time
point, that is, any standard coverage unit and group manager remain relatively sta-
tionary at any time point. So group members of G1 and group manager of S are
uniquely determined at any time point.

Theorem 1 shows how to use VTLGN to avoid the mobility of actual physical
satellite nodes in satellite networks. If one standard coverage unit in VTLGN is
regarded as a virtual node, then dynamic property of satellite network is completely
shielded. So what needs to be considered is only standard coverage unit when
designing routing.

Theorem 2: In VTLGN, when there are some failed LEO satellite nodes, the maxi-
mum number of time slices that can accurately reflect the network topology is equal to
the number of satellites through one LEO orbit, and the length of the time slices is
uniform.

Proof: Each GEO satellite is stationary relative to its members, i.e., there is no link
handover, so only LEO layer topology needs to be considered. The time interval
required for a LEO satellite to move from the current position to that of the next
satellite is noted as dt, then dt = T/m according to the synchronization of satellite
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motion, where T is the orbital period of LEO satellites, and m is the number of satellites
through one orbit. The worst case is that whenever a failed satellite moves to the next
position, the standard coverage unit of the next location fails. If the system period of
LEO layer is discretized into m time slices [0, dt), [dt, 2dt), …, [(m–1)dt, mdt], at each
time slice, the topology of the network can still be considered as a static topology even
when some LEO satellite nodes fail. So the m time slices can reflect the network
topology of the LEO layer.

As mentioned in section one, general satellite grouping strategy cannot accurately
describe the topology of LEO layer. Figure 4 shows the influence of polar region on the
topology of LEO layer. At a certain moment, an inter-ISL exists between LEO satellite
S11 and S21, but it disappears after very small time. However, during the small time
interval, if the two satellites are still in the same group of one manager, then the change
of the link state cannot be captured by the manager.

The VTLGN network proposed in this paper can solve the above problems perfectly.
Since any LEO satellite is idealized as a standard coverage unit fixed on the earth, it does
not change as the satellite moves. Therefore, as long as a standard coverage unit is
affected by a polar region, there is no down-satellite (inter-ISL, in essence) between it

Fig. 4. The influence of polar region on the topology of LEO layer

Fig. 5. Polar topology processing in VTLGN
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and any other standard coverage unit. As shown in Fig. 5, as long as part of footprint of
S21 moves to the polar region, the actual inter-ISL is considered to be absent. One result
of this is the decline in the number of inter-satellite links in LEO layers. However,
considering the huge routing overhead resulted in dynamic topology, such treatment is
suitable. Moreover, by appropriately increasing the latitude value of the polar area
boundary, a very small decrease in the number of links cannot significantly affect the
performance of the entire network, so the problem is easy to solve.

4 Performance Evaluations

The VTLGN network model proposed in this paper aims to deal with the time-varying
topology caused by nodes movement in satellite networks, which is superior to other
network topology models in terms of the length and number of time slices. To illustrate
this, we carried on the simulation experiment, and the results are compared with those
of other classical single-layer and multilayer constellation topologies.

The single-layer constellations mainly include the Walker constellation and the
polar orbit constellation. The distribution of time slices in Walker constellation is
mainly related to phase factor, while that of polar orbit constellation is only related to
the latitude value of polar region boundary [12].

We use Celestri, Teledesic and Iridium constellations for simulation. The results are
compared with those in [12] and the simulation parameters are shown in Table 1. The
distribution of time slices of several typical single-layer constellations is shown in
Table 2, which is obtained by simulation in a complete cycle of each constellation. As
can be seen from Table 2, the NVLSN proposed in this paper has the smallest number
of time slices, and its time slices are uniform, so it is better than the Celestri, Iridium,
and Teledesic constellation.

Table 1. Simulation parameters of single-layer constellations

Orbit
altitude

Orbit
inclination

Number of
orbit

Satellite number through one
orbit

NVLSN 780 km 90o 6 12
Celestri 1400 km 45o 7 9
Iridium 780 km 86.4o 6 11
Teledesic 1375 km 84.7o 12 24

Table 2. Comparison of topological performance of single-layer satellite networks

Number of time
slices

Maximum length of time
slices

Minimum length of time
slices

NVLSN 12 500 s 500 s
Celestri 252 49.54 s or 29.34 s 6.64 s or 26.84 s
Iridium 44 213.93 s 60.01 s
Teledesic 48 133.77 s 105.78 s
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For general multilayer satellite networks, besides the change of LEO layer topol-
ogy, the links between layers also affect the distribution of time slices. As mentioned
earlier, a large number of uneven time slices are generated in satellite grouping method.

We choose the Tr constellation and the LMSN model as a contrast. In addition to
the simulation time, the other parameters are the same as those in [14, 15]. Table 3 lists
the distribution of time slices of several typical multilayer constellations. Time cycle of
24 h is adopted for reasonable contrast. It can be found that VTLGN proposed in this
paper is very suitable for the satellite network, which cannot produce fewer slices but
can still guarantee the uniformity of time slices even when some satellites fail. It is
convenient for the design of multilayer satellite network routing.

5 Conclusions

In satellite network, the use of only LEO or GEO constellation for space networking
cannot give full play to each constellation. The periodic motion of satellite nodes
results in time-varying network topology, which makes it difficult to design high
performance routing techniques. In order to solve these problems, the paper establishes
a new network model and topology based on LEO and GEO constellation, where the
advantages of integrated LEO and GEO constellations are considered and the idea of
virtual node strategy is improved. The theoretical and experimental results show that
the network topology has more advantages than that of other satellite network models.
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Abstract. With the development of space techniques, more and more
missions using both satellite resources and ground cloud resources are
being conducted in situations such as sea rescue, earthquake relief or
some emergencies. However, lacking of an integrated framework makes
this kind of missions inefficient and makes it hard for dynamic adjust-
ment. In this paper, we design an integrated framework, involving
demand planning, joint task planning, task assignment, resources allo-
cation and dynamic adjustment. This paper aims to integrate all the
relevant techniques and provide a complete framework for rapid space-
ground joint mission planning and in-time adjustment in space infor-
mation networks. We also propose a case study of three investigative
missions to help you understand this framework.

Keywords: Space information network · Formal description
Space-ground joint task planning · Demands planning

1 Introduction

With the progress of space information technology, we can use space-ground inte-
grated network to deal with various emergencies to which traditional approaches
are not competent, such as anti-terrorism, sea rescue and earthquake relief. Fac-
ing with these emergencies, we need the resource of satellites and ground cloud
to support joint missions. For example, in disaster rescue, we need the high res-
olution image captured by the satellites and the rescue plan designed with the
computing power of ground cloud. As a result, it is necessary for space-ground
joint missions to design a mission planning system based on the space-ground
integrated network. However, space-ground joint missions bring great complica-
tion to the mission planning system. This complication mainly comes from three
aspects:

(1) Large-scale business-oriented planning for users’ demand

With the growth of computing ability of space-ground resources, more users will
be able to submit joint missions to the mission planning system. The system
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needs to perform demand analyzing, decomposing and planning according to
the coarse-grained demand described by user. When facing large-scale demands,
it becomes a challenge to deal with all this demands.

(2) Management and scheduling of various kinds of space-ground resources and
missions

Space-ground resources are of various types, including remote sensing satellites,
communications satellites, navigation satellites, receiving resources and ground
computing resources. On the other hand, there are also various kinds of missions,
such as reconnaissance missions, surveying and mapping missions, early warning
missions, communication missions, and navigation missions. In order to allo-
cate resources for tasks, we have to describe the feature of resources accurately
and monitor their real-time status. To describe and monitor so many kinds of
resources and tasks will inevitably bring extra difficulty to the processing algo-
rithms of mission planning system.

(3) Support of dealing with emergencies rapidly

The mission planning system has to response rapidly to high-priority emergent
missions. With many missions to be dealt with simultaneously, it is difficult
to re-plan missions and re-schedule resources for emergent missions. The com-
plexity of mission scheduling and resource management will rise sharply if the
emergent mission itself has multiple attributes, or a large number of missions
are executing simultaneously. It is necessary to solve the three problems above
and plan missions rapidly and accurately when facing with large-scale of joint
missions.

This paper aims to make use of both satellite resources and cloud compu-
tation resources on the ground and give a solution to the problem of how to
utilize space-ground resource efficiently to plan missions quickly and automati-
cally when facing with large-scale user demands. We design a framework integrat-
ing virtualized resources management, demand-task mapping as well as dynamic
task assignment and adjustment, which is able to plan the space-ground missions
quickly and automatically while improving resource utilization rate and missions
execution efficiency. This framework combines the space-ground resource virtu-
alization management approach based on formalized extensible description mode
and on-demand space-ground resource scheduling and reorganization techniques.

Besides the introduction section, there are another five sections in this paper.
Section 2 lists the works related to framework of space information network,
task assignment and computation offloading. Section 3 describes the design of
the framework. Section 4 exhaustively explains the related techniques. Section 5
gives a case study and finally, conclusions are presented in Sect. 6.

2 Related Work

The rapid and automatic planning of joint mission can be accomplished by
an integrated control platform, involving multi-task planning and resource
allocation, edge plus cloud computation offloading and other techniques. The
following describes the related works of the framework and techniques.
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2.1 Framework and Control Platform for Space Information
Network

The U.S. military’s C4ISR system [1] integrated aerospace, air force, ground
force, navy and other service information to achieve multi service and multi arm
information sharing, resource optimization and collaborative action.

Shi presented a space information network architecture based on OpenFlow
which achieved the flexibility of the space information network [2]. Yang intro-
duced a language called STeC to model the observation processes of satellite
[3]. In [4], the authors proposed a unified routing framework for space-air net-
work, where realized a HGHR algorithm, improving the performance of message
delivery ratio, end-to-end delay, and power consumption. Zhang proposed soft-
ware defined space-air-ground integrated network architecture to support diverse
vehicular services in a seamless, efficient, and cost-effective manner [5].

Almost all of the research focused on some specific aspect while we require
an integrated framework for space information network.

2.2 Multi-task Planning and Resource Allocation

Peng presented a near-space multitasking scheme that was implemented by
selecting some relatively urgent or special tasks to meet the demands of users
with limited resources [6]. In [7,8], the authors gave the different UAV coop-
erative mission planning approach. Coutinho proposed a distributed resource
allocation framework based on autonomic computing, which could be used to
expand the virtual machine resources [9]. Amazon EC2’s Auto Scaling applied
the idea of reactive virtual machine resource provisioning, allowing users to pre-
define virtual machine resource scaling conditions and carried out the expansion
of virtual machine resources in the process of dynamic application of cloud appli-
cations based on the actual monitoring of data and pre-defined resource expan-
sion conditions [10]. In [11], a predictive adaptive resource allocation framework
was proposed to support the flexibility of cloud applications by estimating future
workloads. In fact, it is better to combine the reactive and predictive adjustment
strategy for space-ground resource adjustment.

Although there has been little research on space-ground resource adjustment
and task planning strategy, we can make use of dynamic resource flexibility
strategy in cloud computing which provides a feasible idea to solve the problem.

2.3 Edge Plus Cloud Computation Offloading

Mobile edge computation offloading strategy was presented in [12–14] and many
other papers, including offloading strategy to minimize execution delay, to min-
imize energy consumption while satisfying execution delay constraint and to
trade-off between energy consumption and execution delay.

Kosta proposed a framework called ThinkAir which helped to move smart-
phone applications to the cloud [15]. In [16], the authors presented the first prac-
tical implementation of mobile cloud computation for Android called Cuckoo.
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Kovachev presented a middleware which helped Android application to extend
from a mobile client into the cloud [17].

Although computation offloading of satellites is an emerging technique, the
mobile edge and cloud computation offloading technique can be leveraged to
solve the problem.

3 Design of the Framework

We propose a complete framework for dealing with space-ground missions
quickly. As shown in Fig. 1, besides three libraries of demand planning library
(DP Lib), task planning algorithm library (TP Algorithm Lib) and dynamic task
adjustment strategy library (DTA Strategy Lib), the framework is composed
of six parts: External Inputs (EI), Demand Planning (DP), Joint Task Plan-
ning (JTP), Space-Ground Task and Resources Adjustment (SGTRA) which
includes Space-Ground Resources Adjustment (SGRA) and Space-Ground Task
Adjustment (SGTA), Virtualized Resource Pool (VRP) and Dynamic Resource
Monitoring and Management (DRMM).

Fig. 1. Framework

EI: It accepts plenty of demands as external inputs of this framework and sub-
mits them to DP for analysis.

DP: With the demand-task template in DP Lib and the real-time virtualized
resource status and capability, DP changes the input demands into task sets
and merges the task sets with task constraints. Then it generates merged sets
and description of resource demands.
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JTP: It plans the generated task sets. It looks for matched task type and plan-
ning algorithm in TP Algorithm Lib, calculates task order with task relation-
ship and use the matched model to allocate resources for each task. Then
tasks will be delivered to the corresponding computing resources.

SGTRA: It predicts the state of resources with the combined resource forecast-
ing approaches and monitored real-time status of resources. It can dynami-
cally adjust the resources allocated for the tasks by combining resources. It
can also plan the execution communication path of the space-ground task
and change the way of using resources by adjusting tasks.

VRP: Space-ground resource is heterogeneous. It consists of remote sensing
satellites, communications satellites, navigation satellites, receiving resources
and many other computing resources. VRP uses virtualization form to shield
the effect of heterogeneity and provides tasks with unified access interface.
It uses software-defined approach to map virtual resources and physical
resources, so that its dynamic adjustment is invisible to tasks that use virtual
resources.

DRMM: By monitoring virtual resources and physical resources, DRMM
adjusts the mapping relations between them to balance workload. Also,
DRMM can realize the disaster recovery of the assigned virtual resources
on demand to improve the completion of the tasks.

The above subsystems are integrated together based on formal description and
resource virtualization approaches. With the demand-task template from DP Lib
and the user demands from EI, DP produce mappings between demands and
tasks; with the resource constrain description model from DP lib and formal
description model, it produces task specification. JTP acquires task sets from
DP, suitable resource planning model and planning algorithm from TP Algo-
rithm Lib to plan the tasks. SGTRM adjust the planning path and resources
according to real-time resources in formal description of resources and adjust-
ment strategy in DTA Strategy Lib. In addition, DRMM monitor the status of
resources in VRP and updates the real-time resources in formal description of
resources. This enables rapidly planning for space-ground missions and unified
management of the space-ground resources.

4 Key Techniques

This paper mainly focuses on five parts: demands planning, joint task planning,
on-demand resource adjustment, dynamic task adjustment and edge plus cloud
computation offloading.

4.1 Rapid Planning for Large-Scale User Demands

The goal of this technique is to achieve unified management and planning for
large-scale user demands, including demand-task mapping mechanism in DP
based on DP Lib, task specification approach in DP and formal description
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Fig. 2. Demand planning sub-framework

model for resource and task resource demands connecting DP with VRP. The
framework of this part is shown in Fig. 2, which is a part of the integrated
framework in Fig. 1. The aspects involved are as follows:

A Demand-Task Mapping Based on Self-learning Task Template
The task set mapped to user demand is determined according to the real-time
status of the cloud resource. Thus, the specific user demands should be mapped
to a communication path with multiple tasks in a workflow template which
contains multiple possible communication paths. That is, there will be a large
number of demand-task mapping templates in the DP Lib, and each specific
user demand will be mapped to a certain communication path in the template
according to the real-time state of the resources to generate a specific workflow
instance. An example of demand-task template can be shown in Fig. 3 which will
be used in Sect. 5. After the demands are mapped into the task set, the feedback
execution effect will be used to improve the demand-task mapping template
through self-learning to provide a more scientific and rational task mapping
template for the planning of subsequent demands.

B Task Specification for Large-Scale User Demand Planning Based on
Efficient Reuse
In planning for large-scale user demands, it is necessary to optimize the con-
straints of the demands and to constrain the resulting task set in order to produce
a compact and efficient task set. In addition to the description of the functional
semantics, the user demands also contain the demands for the quality attributes
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Fig. 3. Demand-task template of investigative missions

of the specific tasks, such as the image resolution, the data transmission rate
and the compression ratio, etc. The same type of task with demands of different
quality possibly needs to be completed by different resources. Therefore, when
using the optimization algorithm to merge and reuse tasks in order to reduce the
intensity of task execution and improve resource utilization, the system should
make sure that the quality of demands are satisfied.

Fig. 4. Description model for satellite resources

C Scalable Formal Description Model for Resource Capability and
Task Resource Demands
The premise of realizing automatic task planning is that the task set generated
in the DP must have a formal description of the resource demands. The satellite
resources can be described by UML graph, as shown in Fig. 4. The execution
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of any task demands requires appropriate resources and the description of the
resource demands will be used as a basis for resource scheduling and allocation.
Only if a formal description is given, task resource demands can be automatically
matched to a formal description of the resource capabilities. This is the basic
guarantee for automatically task planning. As the types and capabilities of space-
ground resources may continue to expand in the future, the formal description
of resource capacity and task resource demands must have good scalability to
ensure that the system can adapt to the description of the types and capabilities
of new resources automatically.

4.2 Intelligent Planning for Space-Ground Joint Tasks Based on
Deep Learning

This technique focuses on planning of generated task set, including task corre-
lation computation and resource allocation as shown in Fig. 5. The details are
shown as follow.

Fig. 5. Task planning sub-framework

A Task Type Classification Management in TP Algorithm Lib Based
on Deep Learning
The algorithms for JTP of different types of tasks are not the same, because they
require resources of different types and capability. Therefore, in this system, TP
Algorithm Lib will classify the algorithms by its corresponding task type. Specif-
ically, it is to manage the parameter of dynamic programming, autoregressive



42 F. Yu et al.

average movement, taboo search and simulated annealing algorithm separately
in each task type and also the algorithm selection strategy. This system also
re-aggregates and classifies the tasks with the historical data according to deep
learning, extending the task types and algorithm to meet the new demands in
the future.

B Task Correlation Computation Based on Graph Calculation
There are data dependencies or control dependencies between tasks in a task
set. However, the result of large scale DP is several task sets defined by the task
set specification instead of one task set. Based on the data dependencies and
control dependencies, the system can determine the order of task execution rea-
sonably and generate the JTP solution by compute the task correlation in these
task sets. Through the task correlation computation, the system can avoid the
redundant computation and reuse the generated data sets to reduce the resource
consumption of task. This can also balance the utilization of cloud resources to
achieve the optimal use of resources. Task correlation computation is achieved
through graph computing techniques. The system executes task planning on the
basis of the generated directed acyclic graphs with associated task dependencies.

Fig. 6. Resource allocation

C Resource Allocation Based on Real-Time Status of Resource
Resource allocation will be achieved by searching the matching between resource
demands description and resource real-time state description. After finding
matched resources, task will be assigned to matched resource in a chosen com-
munication path as shown in Fig. 6. Complex solutions including resource com-
binations can also be searched without affecting the performance. The objects of
resource allocation are virtualized resources that can be placed on any physical
machine which meets the resource demands. But different placement strategies
can have different effects on the reliability, performance, and utilization of phys-
ical resources. Therefore, the system place and manage the virtual resources by
combining the global optimization of the data center with the local optimization
of the single data center. To balance the load of physical resources and minimize
the interference between virtual resources is the goal of resource allocation.
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4.3 Rapid On-demand Adjustment for Space-Ground Resources

This technique aims to implement on dynamic resource adjustment, as shown in
Fig. 7. The aspects involved are as follows:

Fig. 7. Dynamic resource adjustment sub-framework

A Rapid Adjustment of Cloud Resources Based on Combination of
Reaction and Prediction
Adjustment based on reaction relies on real-time monitoring of resource sta-
tus in DRMM. It is easy to implement, but it may result in lag in resource
adjustment solution. The fixed model of space-ground joint missions makes it
possible for adjustment based on prediction. The forecast adjustment approach
will make use of historical data to predict future resource load and reliability,
achieving timely resource adjustment. The combination of reaction and predic-
tion is used to achieve the dynamic reallocation of resources for different types
of tasks by using multiple knapsack and other greedy algorithms, aiming to bal-
ance resource utilization and ensure task performance. It is the key of on-demand
cloud resources rapid adjustment.

B Resource Allocation Based on Resource Combination
Facing with emergency or unable to find matched resources, combination of
resources should be tried to meet demands. For example, if the data translation
resource needed by a mission is using by a high-priority mission and there is
no more data translation resource meets the demands, the system can try to
combine several resources to meet the demands. Because the algorithms chosen
here may have low convergence efficiency(such as greedy algorithm), a timeout
should be set to avoid spending too much time. After timeout, a feasible option
is chosen instead of the best option.

4.4 Rapid Adjustment for Space-Ground Tasks Based on Dynamic
Communication Path Planning

This technique aims to implement on dynamic task adjustment, as shown in
Fig. 8. The details are shown as follow:
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Fig. 8. Dynamic task adjustment sub-framework

A Dynamic Communication Path Planning for Tasks with Multi-
objective Optimization
Excessive task size may bring difficulties to task adjustment. At this time, task
decomposition should be executed so that the system can generate a multi-
objective optimized resource configuration solution for each subtask. By con-
trolling the flow of sub tasks and gathering the execution results, the dynamic
communication path planning of tasks can be achieve. Task decomposition and
sub-task dynamic combination is achieved based on the task real-time state. For
this kind of NP problem, we can use the heuristic pruning algorithm to make
the solution space converge rapidly. So that we can find the desired solution, or
find out that there is no solution.

B Dynamic Regression Adjustment Algorithm for Multi Task Set
Since the task set is a compact set obtained after combination, there is a large
degree of correlation between them. After dynamic communication path planning
is performed on a task, it is necessary to execute dynamic regression adjustment
on the set of all the tasks associated with it. The system needs to adjust the data
and control the dependencies in time, and re-calculate the execution relationship
between the tasks through the graph calculation technique to ensure that the
results of the task adjustment do not result in serious problems that do not meet
the task demands. Because of the high degree of association, this regression
adjustment may cause ripple effects and recursive effects, resulting in higher
cost of adjustment. Therefore, the system is only required to generate acceptable
regression results, not demanding that all tasks be completed in accordance with
the original quality standards.

C DTA Strategy Lib Based on Large Data Analysis
Through the analysis of the historical data of SGTA, we can summarize the
strategy of dynamic task reassignment and resource reorganization. These strate-
gies have a clear applicable scenario of task adjustment, so that they can be
adopted by subsequent task adjustments. At the beginning of the system, since
the amount of historical data is not big enough, the sparse data set interpola-
tion analysis approach is used to determine the initial strategy for task dynamic
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adjustment. With the increase in the amount of data, these strategies will be
revised and improved, and ultimately meet the actual needs, improving the com-
pletion rate of tasks and utilization rate of space-ground resources.

4.5 Edge Plus Cloud Computation Offloading

This technique is used to determine whether a task should be executed on a
satellite or on the ground. By using the techniques above, a space-ground joint
mission can be divided into a task set. Taking into account the computation
capability of satellite resources, the system should offload some of the compu-
tation tasks to the ground cloud resources. In this way, we can mitigate the
computational pressure of satellite and reduce the execution time as well. This
is helpful especially when facing large amount of demands. For those tasks which
must be done by satellite, a satellite with too much pressure can also offload some
of the tasks to the edge side composed with many other satellites. The system
can use the strategies similar to those of mobile edge computation offloading
and cloud computation offloading to achieve the edge plus cloud computation
offloading in space information network.

5 Case Study

5.1 Scenario

Consider a situation:
There are three investigative missions (M1, M2 and M3) of area N = {n1,
n2 . . . nt}.

M1: Search for a signal (“♥”) left by the spy in area ni ∈ N . The maximum
acceptable delay is 5 min.
M2: Determine the impact area of Typhoon in area nj ∈ N . The maximum
acceptable delay is 50 s.
M3: Look for the position of a sunken ship in area N. The maximum accept-
able delay is 5 min.

For simplicity, we assume that there are 2 high-orbit satellites (A1 andA2), 3
low-orbit satellites (B1, B2 andB3) and 2 mid-orbit satellites (C1 andC2) and
all the satellites have the same computing resources and storage resources. In
addition, all the satellites have the same data collection resource, except B2,
whose sensor does not have the ability to collect high resolution images. Only
high-orbit and mid-orbit satellites have transmission resources. We assume that
at this time, A1 and B1 are full loaded while others are idle.
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5.2 Process

At the beginning, with the demand-task template in DP Lib, the mission plan-
ning system changes the three demands into task sets T and description of
constrains C. The matched demand-task template of this example is shown in
Fig. 3 in Sect. 4.

T:
T1 {collection1; processing1; transmission1},
T2 {collection2; processing2; transmission2},
T3 {collection3; processing3; transmission2},

C:
C1{high resolution, area ni; approach1;STP},
C2{low resolution, area nj ; approach2;STP},
C3{high resolution, areaN ; approach3;STP},
where STP stands for Satellite Transport Protocol.

Because the investigative area of collection1 and collection3 are repetitive
and their image constrains are the same, the system can merge collection1 and
collection3.

Then the task sets are planned following the process in Fig. 9 which shows
the detail of Fig. 3.

Fig. 9. Process flow chart based on swim lane
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T1+T3:
Because the size of area N is out of the range of a single satellite, this joint task
should be assigned to several satellites. B3 is chosen as one of the resources.
However, there is no other resource which can meet the demands. So C1 is
adjusted to be used for data collection (C ′). “Collection1 + 3” is assigned to
B3 and C1′. Then, as there are enough high-orbit and mid-orbit satellites, the
collected pictures can be transmitted without processing. Because the data size
of T3 is large, the collected pictures of T3 are transmitted to high-orbit satellite
A2 and A2 transmits them to the ground. Similarly, the collected pictures of T1
are transmitted to mid-orbit satellite C2. Then the two missions can be processed
by ground cloud resources.
T2:
Because the size of nj is not large, collection2 is assigned to a single satellite B2.
However, the communication resource is not enough, so the collected pictures
should be processed on satellites. Processing2 is assigned to B2, and after pro-
cessing, the result is transmitted to A2. A2 transmits them to the ground and
finally M2 is finished.

The process flow described above is shown in Fig. 10, in which each swim
lane stands for a resource and red ones represent full-loaded resources.

Compared to other systems, this framework is integrated. Some optimization
is considered to reduce the response time and ensure the performance. This is
reflected in three parts:

Fig. 10. Process flow chart based on swim lane (Color figure online)
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(1) This framework provides task reuse for large scale demand according to
task correlation computation. In the case above, we can see that collection1
and collection3 are merged. This optimization helps the system avoid the
redundant computation and reuse the generated data sets to reduce the
resource consumption of task.

(2) The system adjusts the path dynamically to ensure the generated path is
the optimal solution of the current state and the planning algorithms are
designed to be constantly optimized by deep learning. In the example, we
can find that the path of a task is not decided at the beginning. At every
sub-process (data collection, data transmission and processing on satellites),
the system will look for an optimal solution according to its current state
for the task.

(3) This framework supports on-demand dynamic resource adjustment for
demands over capacity, which especially benefits emergent demands. In this
case, T1+T3 is assigned to several satellites instead of only one and C1′ is
changed from C1 to meet the requirements.

6 Conclusion

In this paper, we purpose an integrated framework for mission planning in space
information network. We provide the design of the framework, the details and
a case study for a better understanding. With the development of space tech-
niques, space-ground joint missions have been used in many situations, such as
sea rescue, disaster relief, anti-terrorism and etc. Planning, assigning and adjust-
ing this kind of missions manually seriously decrease the efficiency. Also, it is
difficult to deal with emergencies with separated control system. Our framework
is an integrated one, managing the whole process of space-ground missions, able
to plan space-ground joint missions rapidly and adjust resources for emergencies
dynamically and automatically. In case study, we design a situation with three
missions and present their basic process in this framework for a better under-
standing. We believe this framework can help manage space-ground missions and
resources more flexibly and efficiently.
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Abstract. With the development of satellite technology, and continuous
improvement of relay, communication, navigation, remote sensing and meteo-
rological satellite systems in China, massive heterogeneous spatial information
needs for convergence, integration, storage, transmission, processing, forward-
ing and so on had put forward higher requirements to the construction of spatial
backbone network. Proceeding from the architecture design of spatial backbone
network, using the method of geostationary satellite collocation to build the
backbone node was proposed. And then several typical geostationary satellite
collocation styles were analyzed and compared. Using Orbital dynamics and
spherical geometry theory, a fly around model with space-circle configuration
was designed, and its AER performance was analyzed through simulation
software and optimization algorithm. The simulation results showed that the
configuration completely meet design requirements of spatial backbone
network.
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1 Introduction

The various platforms of spatial information network were distributed at different
heights in the space environment, with characteristics of dynamic, complex relation-
ships between nodes and network topology heterogeneous. As national information
infrastructure, taking considering of limited in global station construction, space
information network had basically taken consensus architecture shape of “backbone
network + access network” in China [1–5].
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Space-based Backbone Networks (SBN) were generally composed by integrated
GEO satellite backbone nodes with function of broadband access, data relay, routing
and switching, information storage, processing and integration. Although the network
topology was simple, but massive heterogeneous business access requirements in the
future, made the single platform capacity and scarcity of orbital resources to be chal-
lenges. How to overcome these challenges, there were two solutions: one was the lager
GEO platform and payload; the second was Geostationary Satellite Collocation [6].

However, lager platforms would face vexed problems such as launching, on-orbit
Assembly and invulnerability etc. The structure of Geostationary Satellite Collocation
means that multi-satellite shares the same orbital, and working collaboratively to
recover the lack-ness of single lager platform. The ideal solution had advantages of
(1) allowed space modular growth and (2) could be used in distributed computing
(3) was more robust and (4) platform design and launching were simple. But Geo-
stationary Satellite Collocation would also cause internal clusters structure optimiza-
tion, reasonable designing backbone cluster node with stable structure and little
maintaining cost was the first problem to be solved.

2 Research Progress

2.1 Geostationary Satellite Collocation Architecture

In terms of Geostationary Satellite Collocation architecture design, many famous
Aerospace experts in the field of service and engineering were gathered by Italian
Alcatel Space, Spain GMV company, Switzerland kangtelafusi company, Luxembourg
SESAstra and the Canadian Telesat company. And then the SkyLAN system concept
was proposed [7]. The system was actually a space network composed by multiple
GEO satellites based on the standard inter-satellite communication interface. This
concept was making functions of single satellite separated to multiple different, smaller
satellites in the same orbit. Therefore, SkyLAN was a satellite cluster which exchange
information via ISL, and execute comprehensive and integrated functions. The con-
ceptual diagram was shown in Fig. 1.

Fig. 1. SkyLAN conceptual diagram
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In order to replenish and maintain military failure satellites timely in the war of
future, the United States launched the operational responsive space (ORS) program,
through the rapid Assembly, Integration and Test (AIT) and the deployment of small,
low-cost satellites, complete development of response, enhance or supplement the
space forces, enhancing the use of space and space control capabilities. In order to
verify the above ideas, US DARPA proposed and invested the F6 development plan as
an important part of the ORS program. The F6 program was shown in Fig. 2 [8]. F6
system put a full-function lager satellite into a few special platform groups. These small
platforms exchange data wirelessly. This “plug and play” network could make updating
and changing task simply by add a new satellite.

DARPA planned to implement F6 in four stages. First stage was concept design of
satellite system, designing project framework using orbit dynamics. And also, contract
team would develop a test-bed based on hardware in loop for software simulation on
task of spacecraft module separation. Second stage was accomplishing system detail
design, hardware and software development of satellite function module. Third stage
was completing function module development for system integrated and ground sim-
ulation test validation. Fourth stage was launching function module, compositing
satellite network, and on-orbit demonstration.

2.2 Geostationary Satellite Collocation Orbital Design

Because of the great potential technical advantages of Geostationary Satellite Collo-
cation, it had very broad applications in military and civilian field, and was wildly
researched by many experts and scholars. The fixed circular orbit model was assumed
by Ross [10], and the linear mathematical expressions were given under the J2

Fig. 2. The constellation diagram of F6 plan [9]
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perturbation. However, intersection node perturbation and apsides rotating under J2
perturbation making the model available only in a short time. Analytical expression for
the relative motion of the satellite was given using method of unit spheres by Vadali
[11]. And a linear approximate solution of near-circular orbit was given by constructing
transfer matrix using the spherical geometry method by Schweighar and Sedwick [12].
A higher order moving model based on the Gauss equation was given, and a method
for solution of nonlinear relative motion was proposed in [13]. A trajectory design
method of distributed constellations was given and applied in Earth observation
satellite systems in [14]. A least squares estimation method for satellite formation
flying orbit design was given in [15], using least squares estimation method to design
the orbital elements of rest concomitant satellites under reference satellite orbital ele-
ments and relative motion. A orbital phase control method to achieve orbit approach
and fly-around orbit parameters design in [16]. These methods above were only suit-
able for distributing low-orbit remote sensing satellite orbit design, and orbit resources
does not need to be considered. Taking into account the particularity of the GEO
satellite with the scarcity of orbital resources, not only to ensure the stability of group
structure, but also to ensure flying-around satellite cannot interfere with other satellites
in orbit, Existing methods cannot meet the configuration requirements for Geosta-
tionary Satellite Collocation.

3 Backbone Network Architecture Analysis of Geostationary
Satellite Collocation

3.1 Analyze Requirements

According to spatial development strategy of information network in China, as an
important part of the future global information infrastructure, space-based backbone
network would be the center of information gathering, management and control for
space information system, and could accomplish three core functions of user, control
and operation management. As the core node of space information system, the back-
bone network was designed to work with existing satellite system cluster together to
complete the mission requirements, and accomplish interconnection of heterogeneous
satellite systems, user’s random access and information sharing, and could apply to
modern military activities as well as Government and industry sectors. Space-based
backbone network design must take into account the following factors:

• The SBN will be an information network that has regional expanding to global
coverage. When designing satellite constellation, the ability of global coverage
should be considered. And the GEO satellites to construct the constellation should
be best choice.

• The SBN will provide various services including information gathering, integration,
forward and management for various heterogeneous space platforms of spatial
information network, and must have the link transmission capability of large
capacity. Since lager GEO platform design, launching, assembly is facing a bot-
tleneck, Geostationary Satellite Collocation will eliminate the disadvantages of
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platform, allows modular growth of space segment, at the same time reduce the
initial investment cost of the system;

• The SBN is a global coverage constellation, constricted by setting the abroad
ground and TT&C stations. It requires the network running autonomously to solve
the TT&C problem out of our country and to improve network survivability.

Therefore, under the analysis of space environment characteristics and the
space-based platform ability, facing the different application requirements of national
defense and military, a service oriented uninterrupted SDN architecture was designed.
In Fig. 3, the schematic of SBN structure was given follow. It was divided to six core
nodes, and each core node cluster includes 4–5 GEO satellites, those satellites work
cooperatively to meet service needs for SBN.

3.2 Configuration Analysis of Backbone Node Cluster

According to SBN design, its core node uses the configuration of distributed Geosta-
tionary Satellite Collocation cluster, this configuration can greatly improve system
survivability, self-organization capability, and so on. At present, the typical cluster
configuration includes fly-with, sway, fly-around, each configuration has their own
advantages and disadvantages. After research and analysis, the applicable space-based
trajectory design method for core node will be determined.

• Fly-by cluster configuration

The Fly-with distributed cluster configuration is shown in Fig. 4. All nodes construct a
queue to form a distributed cluster, the advantage of this configuration is the con-
stellation design simple, relatively simple position change the relationship between
adjacent satellites. But for GEO constellation, this configuration occupies multiple
adjacent orbital positions. Considering of GEO orbit resource scarcity currently,
engineering implementation is almost impossible.

Fig. 3. Schematic of space-based backbone network structure
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• Sway cluster configuration

The sway cluster configuration is shown in Fig. 5. All nodes are swing in one orbit
position to form distributed cluster, this configuration has advantage of simply con-
stellation design, and only occupy one GEO orbit position. But the azimuth, elevation
and range between adjacent node change dramatically, taking inter-satellite high speed
directional antenna for example, it is great challenge for antenna Acquisition Tracking
Pointing (ATP).

• Fly-around cluster configuration

The fly-around distributed cluster is designed in Fig. 6. Setting a main fix GEO satellite
node, the others fly around the fix node in circle to form a distributed cluster. The
advantage of this configuration is making the relative position fixed by orbital opti-
mization designed. And because of adding eccentricity, it can effectively avoid crash
with other GEO orbital satellite. While its design is much more complex, need to
optimize the orbital elements, and belong to multi-objective optimization problem.

From the three kinds of distributed cluster configuration analysis above, coplanar
fly-around of GEO distributed cluster configuration scheme is more suitable for SBN
node design. By working cooperatively between flying around node and master node, it
can effectively meet the needs for space information network service, and the con-
figuration can be lunch satellites according to the need of service to improve the
scalability of the system.

Fig. 4. Fly-with cluster configuration
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4 Geostationary Satellite Collocation Design
and Performance Simulation

4.1 Mathematic Model

Orbital element is a set of parameters used to describe the satellite running state,
including semi-major axis a, eccentricity e, inclination i, RAAN X, perigee x and mean
anomaly M, represented in vector form as:

e!¼ a; e; i;X;x;M½ �T ð1Þ

In formula (1), semi-major axis a and eccentricity e determine the size and shape of
the orbit, inclination i, RAAN X and perigee x determine the orbit space pointing, and
the mean anomaly M show the instantaneous position of the satellite in orbit.

Fig. 5. Sway cluster configuration

Fig. 6. Fly-around cluster configuration
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In Geostationary Satellite Collocation, each satellite node distribute into a small
region, so the orbital elements except perigee x and mean anomalyM are almost equal.
In the relative motion model described by orbital elements, the relative orbital elements
are used to analyze the position relationship between satellite nodes. The relative
orbital elements are defined as the difference between orbital elements of each node,
represented as follow:

D e!¼ e!cir � e!ref

¼ Da;De;Di;DX;Dx;DM½ �T ð2Þ

The subscripts ½��ref and ½��cir respectively represent the relative motion of reference
satellite flying-around satellite.

The relative motion relationship of reference satellite flying-around satellite is
shown in Fig. 7, the O, Sref and Scir represent earth center, reference satellite and
fly-around satellite respectively. In order to describe the trajectory of fly-around
satellite relative to reference, the relative coordinate system is defined as follow: the
coordinate origin is reference, x axis along the line from the earth to coordinate origin,
and y axis is the direction of satellite operation, and z axis is perpendicular to the orbital
plane, and x, y axis meet the right hand role.

Fig. 7. The relative motion relationship of reference satellite flying-around satellite
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According to Fig. 7, transferring fly-around coordinate to reference coordinate, the
vector r!¼ Mref�cir r

!
cir � r!ref is gotten as the fly-around trajectory. The transfer

matrix is represented as follow:

Mref�cir ¼ Mz uref
� �

Mx �Di½ �Mz �ucir½ �

¼
cosDu � sinDu �Di sin uref
sinDu cosDu Di cos uref

Di sin ucir Di cos ucir 1

2
64

3
75 ð3Þ

In formula above, the Mx½�� and Mz½�� represent the rotation matrix of circled over x
axis and z axis, the uref and ucir represent the geocentric angle from relative ascending
node to present position of reference satellite and fly-around satellite.

Applying formula (3) on r!¼ Mref�cir r
!

cir � r!ref , by triangular transformation
and further consolidation, we can get equation following:

x ¼ �aeA cosðntþ hÞ
y ¼ 2aeA sinðntþ hÞþ aDk
z ¼ aDi sinðntþwÞ

8<
: ð4Þ

In formula (4), n represents orbital angular velocity of reference satellite, and eA, h,
Dk and W are meddle variables in formula deduction progress. Form formula (4), we
can conclude that: ① the component in x and y axis meet equation

x
aeA

� �2
þ y�aDk

2aeA

� �2
¼ 1, so the projection of fly-around trajectory in x� y plane is

ellipse with 2:1 long-short axle ratio. ② z axis component is an independent simple
harmonic vibration, and its amplitude is aDk.

Assume the fly-around satellite as space circle configuration, its radius is r, the
short axle of x� y plane meets p ¼ aeA ¼ r=2, the amplitude in z axis meet
s ¼ aDi ¼ r

ffiffiffi
3

p �
2, the Initial phase meets a ¼ h� w ¼ p=2 or 3p=2. In actual

satellite orbit design, the orbital parameters of reference satellite are usually known.
Only if D e!¼ Da;De;Di;DX;Dx;DM½ �T is calculated, the orbital parameters of
fly-around satellite are gotten. In order to grantee the cluster could keep the original
configuration after running one period, each satellite of cluster must have the same
orbital semi-major axis a, as well Da ¼ 0. The relationship of relative motion
parameters and orbital elements is given in follow equations:

ecir ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p
a

� 	2 þ e2ref þ 2 p
a eref cos h

q
icir ¼ arc cos � sinDX cosðwref�hþ aÞ�sinðwref�hþ aÞ cosDX cos iref

sin k

� �
Xcir ¼ Xref þDX
wcir ¼ kþ h� a� /þ l

a
Mcir ¼ Mref þ/

8>>>>>><
>>>>>>:

ð5Þ
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DX is the difference of RAAN, k and u are middle various, and shown in follow
formulas.

DX ¼ arctan
sinðwref � hþ aÞ

cosðwref � hþ aÞ cos iref þ sin iref cot s
a

� 	
 !

ð6Þ

k ¼ arctan
sinðwref � hþ aÞ

cosðwref � hþ aÞ cos s
a

� 	þ sin s
a

� 	
cot iref

 !
ð7Þ

/ ¼ arctan
2aperef sin h

a2 e2cir þ e2ref
� �

� p2

0
@

1
A ð8Þ

Assume the fly-around satellite number is N, the semi-major axis a, eccentricity e,
inclination i and perigee x are fixed, the relationship of RAAN X and mean anomalyM
is shown as follow.

Mn ¼ n�1
N pþM0

Xn ¼ X0 þM0 �Mn



ð9Þ

Thus, the entire fly-around orbit parameters are calculated, which could provide
theoretical references for data relay satellite constellation designed based on Geosta-
tionary Satellite Collocation. According to the orbital elements of the satellite con-
stellation, we construct the constellation in the STK software, calculate the AER
characteristics, and analyze its performance in detail.

4.2 Constellation Construction

Taking the GEO satellite above China for example, the initial ephemeris time set as
“2016/12/02 04:00:00.000 UTCG”, the fly-around satellite number is four, distributed
evenly, the fly-around radius is 100 km. Using the method and formula above, the
orbital parameters are given in Table 1. And its constellation configuration is shown in
Fig. 8.

4.3 AER Performance Analysis

Through analyzing the inter-satellite link performance of main-sub and adjacent sub
satellite, the constellation performance parameters and configuration realization will be
given mathematically. The change relationship of Azimuth, Elevation and Range
(AER) along with latitude between main and sub satellites is shown in Fig. 9. And its
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Fig. 9. AER change relationship along with latitude of main-sub satellite

Table 1. Orbital parameters of main and sub satellites

Satellite
name

Perturbation Semi-major
axis (km)

Eccentricity Inclination
(°)

Perigee
(°)

RAAN/longitude(°) Mean
anomaly
(°)

Sat_main J2 42166.3 0 0 0 249.431/118E 0

Sat_sub J2 42166.3 0.0012 0.12 90 159.431/117.869E 0
Sat_sub1 J2 42166.3 0.0012 0.12 90 69.431/117.876E 90
Sat_sub2 J2 42166.3 0.0012 0.12 90 −20.569/117.883E 180

Sat_sub3 J2 42166.3 0.0012 0.12 90 −110.569/117.889E 270

Fig. 8. Constellation configuration with four fly-around satellites

60 Y. Jiang et al.



relationship along with time is given in Fig. 10. From these two figures, we can find
that, change region of the azimuth, elevation and range are 0 deg–360 deg, ±30 deg
and 101.1 km–101.85 km respectively, can meet the configuration requirement.

The AER rate change relationship along with latitude between main and sub satellites
is shown in Fig. 11. And its relationship along with time is given in Fig. 12. From these
two figures, we can find that, change region of the azimuth rate, elevation rate and range
rate are 6.1 � 10−5deg/s–8 � 10−5deg/s, ±3.5 � 10−5deg/s and ±0.75 � 10−6 km/s
respectively. AER rate is in 10−5 magnitude, and the links are stable to meet the ATP
requirement.
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Fig. 10. AER change relationship along with time of main-sub satellite

-0.2 -0.1 0 0.1 0.2
6

6.5

7

7.5

8
x 10

-5

Latidude(deg)

A
zi

m
ut

h 
R

at
e(

de
g/

s)

-0.2 -0.1 0 0.1 0.2
-4

-2

0

2

4
x 10

-5

Latidude(deg)

E
le

va
tio

n 
R

at
e(

de
g/

s)

-0.1 -0.05 0 0.05 0.1 0.15
-1

-0.5

0

0.5

1
x 10

-6

Latidude(deg)

R
an

ge
 R

at
e(

km
/s

)

Fig. 11. AER rate change relationship along with latitude of main-sub satellite
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The AER change relationship along with latitude between adjacent sub satellites is
shown in Fig. 13. And its relationship along with time is given in Fig. 14. From these
two figures, we can find that, change region of the azimuth, elevation and range are
0 deg–360 deg, ±30 deg and 143.1 km–143.9 km respectively, can meet the config-
uration requirement.
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Fig. 13. AER change relationship along with latitude of adjacent sub satellite
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The AER rate change relationship along with latitude between main and sub satellites
is shown in Fig. 15. And its relationship along with time is given in Fig. 16. From these
two figures, we can find that, change region of the azimuth rate, elevation rate and range
rate are 6.1 � 10−5deg/s–8 � 10−5deg/s, ±3.5 � 10−5deg/s and ±1.2 � 10−6 km/s
respectively. AER rate is in 10−5 magnitude, and the links are stable to meet the ATP
requirement.
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Fig. 14. AER change relationship along with time of adjacent sub satellite

-0.2 -0.1 0 0.1 0.2
6

6.5

7

7.5

8
x 10

-5

Latidude(deg)

A
zi

m
ut

h 
R

at
e(

de
g/

s)

-0.2 -0.1 0 0.1 0.2
-4

-2

0

2

4
x 10

-5

Latidude(deg)

E
le

va
tio

n 
R

at
e(

de
g/

s)

-0.1 -0.05 0 0.05 0.1 0.15
-2

-1

0

1

2
x 10

-6

Latidude(deg)

R
an

ge
 R

at
e(

km
/s

)

Fig. 15. AER rate change relationship along with latitude of adjacent sub satellite
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5 Conclusion

Based on the actual application, facing on present urgent needs of spatial information
networks efficient networking and mass information transformation, drawing on the
latest technology and latest achievements, the method that using Geostationary Satellite
Collocation mechanism to construct SBN is proposed in this paper. Multi-satellite
coordination may improve the survivability and organizational ability of backbone
nodes, meanwhile could significantly reduce satellite platform launch and design costs,
and could provide theoretical support for the current problems of less capacity of single
satellite and orbit resource scarce.

Therefore, based on analysis of three typical Geostationary Satellite Collocation
configurations, using the orbital dynamics theory and spherical Geometry methods, the
space-circle configuration is analyzed in detail. Then a fly-around constellation orbital
design example is given, which is lying above China with 100 km radius. Then the
AER performance of main-sub and adjacent sub satellite is simulated in detail. The
simulation result shows that this configuration is best with little AER change character,
and total meeting the antenna ATP requirement.
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Abstract. This paper investigates an adaptive interference mitigation (AIM)
technique at International Mobile Telecommunications for 2020 (IMT-2020) base
station (BS) transmitters to improve the frequency sharing of terrestrial and
satellite systems. In contrast to the conventional schemes, we take into account the
mobile earth station (MES) and planar array antenna (PAA) rather than the fixed
earth station (FES) nor linear array antenna (LAA), respectively. MESmotion has
an effect on the interference mitigation (IM) performance mainly due to the
uncertain MES location resulting in exceeded interference. This paper firstly
modeled the MES mobility and then derived the relation between MES velocity
and MES location updating period. An adaptive interference mitigation
(AIM) scheme is proposed next. Furthermore, simulation results are presented to
illustrate the performance of the proposed scheme.

Keywords: Interference Mitigation (IM) � Frequency sharing
International Mobile Telecommunications (IMT)
Mobile Satellite Service (MSS) � Updating period

1 Introduction

The development of IMT-2020 (5G) and beyond is expected to enable new use cases
and address rapid traffic growth, for which contiguous and broader spectrum bandwidths
than currently available for IMT systems would be desirable. Frequency bands below
3 GHz can be viewed as the most favorable for IMT services for its good propagation
characteristics, but it seems hardly to find an available contiguous large bandwidth to
support the extremely high throughput use case. This suggests the need to consider
spectrum resources in higher frequency ranges [1]. The recent past WRC-15 has adopted
the study item 1.13 on frequency-related matters for IMT identification including
possible additional allocations to the mobile services on a primary basis for the future
development of IMT for 2020 and beyond [2]. However, some bands have already been
allocated on a co-primary basis to mobile-satellite service (MSS) [3], thus making it
necessary and meaningful to study the sharing and compatibility of IMT-2020 and MSS.
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Lots of work has done on sharing studies of IMT and satellite services, most of
which are limited to IMT-2000/IMT-Advanced systems. International Telecommuni-
cation Union (ITU) has published the relating reports on sharing of IMT-2000 ter-
restrial and satellite components in [4], and that of IMT-Advanced and geostationary
satellite networks (GSO) in the fixed-satellite service (FSS) system in [5, 6]. However,
frequency higher than 6 GHz sharing of IMT-2020 and satellite system is in its infancy
due to the propagation model not been reached yet, etc. Study of coexistence between
5G small cells and Fixed Service (FS) at 39 GHz is done in [7], where required
frequency rejection is given for tolerable interference on FS resulting from IMT-2020.
[8] focuses on the spectrum sharing between IMT-2020 and Fixed Satellite Service
(FSS) at 28 GHz, where the achievable performance of 5G under the FSS interference
is simulated.

We consider the IMT-2020 as secondary systems and MSS as primary (or
incumbent) system for that some bands have been allocated to MSS before. A series of
cognitive techniques can be used for satellite terrestrial coexistence including inter-
weave, underlay and overlay schemes. Among these, underlay technique exploits the
interference tolerance capability of the primary systems that allows the secondary users
to transmit even in the presence of the primary users. In this context, the interference
mitigation (IM) [10–12] on interfering transmitter or interference reduction (IR) [12–
16] on victim receiver both based on multi-input and multi-output (MIMO) are pro-
posed. [11, 12, 14, 16] adopted transmitting or receiving beamforming (BF) techniques,
while [13, 15] introduced additional antennas on ES for interference signal process
(ISP). [10] proposed an efficient and robust IM technique based on null-steering
multi-user multi-input and multi-output (MU-MIMO) spatial division multiple access
(SDMA) scheme.

It should be noted here that IM or IR algorithms state of the art mainly limited to
linear array antenna (LAA) in IMT BSs and FESs in FSS system, which is quite
different for our concerned coexistence scenario of IMT-2020 and MSS. Compared
with LAA, planar array antenna (PAA) can realize bigger beamforming gain or higher
order MU-MIMO especially suitable for millimeter wave due to its smaller footprint.
Predictably, PAA and millimeter wave will be used in IMT-2020 downlink providing
extremely high throughput service. What’s more, the effect of mobility is rarely
considered.

Assuming the knowledge of direction of concerning nodes (DoCN), for example,
the concerning node is the earth station (ES) of victim satellite downlink in [10]. DoCN
is updated through accessing the ES location database periodically or other spatial
spectrum estimation techniques. Motion of ES is ignored in FSS systems [10–16],
while things changed when we consider MSS systems characterized by mobile earth
station (MES). Then a series of problems should be clarified, including to what extent
the mobility of victim ES affect existing IM or IR performance, and how to modify the
existing techniques, etc.

In fact, the motion of MES mainly affects the estimation accuracy of DoCN, thus
degrading the IM or IR performance. Updating DoCN more frequently can improve the
DoCN accuracy, while it can increase the system overhead and be wasteful for the low
velocity or static MESs. On the other side, low updating frequency increases the
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uncertain interference probably exceeding the victim MES interference threshold
(IT) due to DoCN error. This paper aims at following two aspects:

• Derived the relation between DoCN updating period and MES mobility;
• Proposed adaptive IM based on the MES mobility prior information.

The rest of this paper is organized as follows: Sect. 2 is the system model. Then the
relation of MES mobility and DoCN updating period is derived and AIM scheme is
proposed in Sect. 3. Simulations are conducted in Sect. 4. At last Sect. 5 concluded the
paper.

2 System Model

2.1 Coexistence Scenario

We consider the frequency sharing of IMT-2020 system and MSS system with both
networks operating in downlink mode co-frequency. The MSS space station is sup-
posed geostationary satellite (GEO Sat) and IMT-2020 is deployed here to provide
hot-spot service. Coexistence scenario of these two systems is illustrated as Fig. 1.

In this context, the desired signal is the GEO Sat downlink signal while the
interfering signal is the BS transmitting signal. Interference from IMT BS on the MES
should not exceed the IT to keep the underlay cognitive coexistence. Supposing the 2D
array antenna with NV � NH elements is deployed at the IMT-2020 BS transmitter.
IMT system can access the MES location database periodically to acquire the MES
geographic location1.

Fig. 1. Coexistence scenario of IMT and MSS

1 In case the database does not exist or unavailable, other techniques such as spatial spectrum
estimation should be adopted to acquire the MES direction.
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2.2 Planar Array Antenna Radiation Pattern

Planar array antenna consisting of identical radiating elements located in yz-plane with
a fix inter-element distance k=2 is supposed for IMT-2020 BS antenna pattern, thus
realizing high order MU-MIMO transmission in downlink. 2D array antenna geometry
is illustrated as Fig. 2. Where, h is the elevation angle ranging from –90 to 90°, u is the
azimuth angle ranging from –180 to 180°.

As we know, array antenna radiation pattern is depended on both antenna element
pattern and array factor. Antenna element radiation pattern in horizon and vertical is
represented as Eqs. (1) and (2) respectively:

AE;H uð Þ ¼ �min 12
u

u3 dB

� �2

;Am

" #
ð1Þ

AE;V hð Þ ¼ �min 12
h

h3 dB

� �2

; SLAv

" #
ð2Þ

where, Am is the front-to-back ratio and SLAv is side-lobe level limit both in dB scale,
u3 dB and h3 dB is horizontal and vertical 3 dB bandwidth, respectively. Vertical and
horizon radiation pattern of element antenna is illustrated as Fig. 3. And the element
antenna pattern gain at u; hð Þ is as Eq. (3).

AE u; hð Þ ¼ GE;max �min � AE;H uð ÞþAE;V hð Þ� �
;Am

� � ð3Þ

whereGE;max is the maximum element antenna gain. Element antenna radiation pattern is
shown in Fig. 4, with GE;max ¼ 6 dBi, u3 dB ¼ h3 dB¼65�, Am ¼ 30 dB, SLAV ¼ 30 dB.

2.3 MES Mobility Model

Different from FSS system ES-static characteristic, mobility characteristic of MES
should be considered. MES mobility can be described by moving velocity and moving
direction etc. Here for simple, we take MES with linear motion specifically into
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Fig. 2. Planar array antenna model geometry
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consideration. As BS can acquire the MES location periodically with updating period
Tud , DoCN can be calculated based on the relative position of BS and MES as illus-
trated in Fig. 5.

At given time t ¼ t1, the DoCN is calculated based on the latest acquired MES
location at time t0, where t0 ¼ t1 � Dt 0�Dt\Tudð Þ. While the real DoCN is the h1
with a difference of Dh¼ h1 � h0 depending on the MES moving direction hv, moving
velocity v, time interval Dt and the distance d0 between MES and BS. Thus, MES all
possible locations form an uncertain area (UA) with radius rua ¼ v� Tud .
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Based on the cosine theorem, d1 and Dh can be calculated as Eq. (6).

d1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d20 þDd2 � 2� d0 � Dd � cos htmp

q
ð4Þ

h1 ¼ h0 þDh ð5Þ

Dh¼ cos�1 d20 þ d21 � Dd2

2� d0 � d1

� �
ð6Þ

where htmp ¼ h0 þ p� hvð Þ, Dd ¼ v� Dt, 0�Dt\Tud .

3 Proposed IM Technique

3.1 IM Based on Null-Steering Algorithm

For IMT-2020 2D array antenna with NV � NH elements, the array antenna radiation
pattern AA h;uð Þ in dB scale is illustrated as Eq. (7).

AA;Beami h;uð Þ ¼ AE h;uð Þþ 10 log10
XNH

m¼ 1

XNV

n¼ 1

wi;n;m � vn;m
					

					
2

0
@

1
A ð7Þ

where wi;n;m and vn;m are the super position vector and the weighting vector.
Basic concept of the IM-NS is to form nulls in the spatial spectrum that correspond

to the DoCN. Here, it’s necessary to give a brief review on IM-NS algorithm.

• Step 1: Compute the null points hnull generated by nT precoding vectors eg;m
(m ¼ 0; 1; � � � ; nT � 1).

• Step 2: Calculate the nT precoding vectors wg;m depending on DoCN h0 and the null
points hnull computed in Step 1.
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Fig. 5. MES mobility scenario
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• Step 3: Select the nT � 1 precoding vectors, wg;n (n ¼ 0; 1; � � � ; nT � 2), forming
nulls at DoCN h0 from nT precoding vectors wg;m computed in Step 2.

Figure 6 shows the BS transmit antenna radiation pattern with IM-NS algorithm
applied. It shows the BS transmitting power on direction hNS is mitigated largely
improving satellite terrestrial coexistence. Detailed theoretical derivation and analysis
can refer to [10]. BS radiation pattern illustrated as Fig. 6 is considered in this paper2.

3.2 Protection Criteria and Interference Assessment

According to the ITU report, an interference criteria of I=N ¼ �12:2 dB DT=T ¼ 6%ð Þ
is chosen as the MES protection criteria, where N is the clear-sky satellite system noise.
Let I1 denote the possible receiving interference changing with the MES location and
can be denoted by Eq. (8).

I1 ¼ PBS þGT ;wi h1ð ÞþGR u0ð Þ � L1 ð8Þ

where the PBS is the BS transmitting power, GT ;wi h1ð Þ is the BS antenna transmitting
gain towards the direction h1 with IM-NS shown in Fig. 6, GR u1ð Þ is the MES antenna
receiving gain at the off-axis angle of u1. L1 is the propagation loss between BS and
MES including path-loss, 3 dB polarization difference loss and bandwidth loss which
accounts for the fraction of interfering signal power that appears in the band of the
victim MES. It should be noted here all parameters in Eq. (8) is in decibel (dB) scale.
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Fig. 6. BS transmit antenna pattern

2 This IM algorithm would require the use of other frequencies to cover the area where the BS transmit
antenna gain is reduced, here specified as hNS.
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Here, we model the path-loss as the free space path-loss model as Eq. (9). How-
ever, in practice more accurate attenuation models can be considered, e.g., diffraction
loss, etc. This leads to extra attenuation, and thus the free space path-loss model is the
worst case scenario. Due to variation of propagation characteristics in bands above
6 GHz, it is appropriate to investigate the propagation characteristics of these fre-
quency bands independently. Some preliminary investigations were conducted by both
industry and academy, and a more precise path loss model used for analysis will be our
further study.

LPL ¼ 92:44þ 20 lg fc=GHzð Þþ 20 lg d=kmð Þ ð9Þ

As MES’s uncertain location in UA illustrated in Fig. 5, the maximum receiving
interference should not exceed the IT. From Fig. 6, we can know GT ;wi h1ð Þ rises sharp
when real DoCN h1 away from the null-steering direction h0 with a difference of Dh.
Compared to GT ;wi h1ð Þ, the other three factors remain static or slowly varied. It is clear
that maximum interference is received in the condition when Dh obtained the
max-value Dhmax. From the Eq. (6), we can get the Dhmax as Eq. (10).

Dhmax = sin�1 v� Tud
d1

� �
ð10Þ

From this Eq. (10), we know updating period Tud is nearly inverse proportional to
MES velocity. For a given MES, reducing the updating period Tud can mitigate the
interference.

3.3 Adaptive IM-NS Algorithm

As there is a great correlation between the MES location for the current moment and
next, we modify null-steering point from h0 to hm. Clearly the more close for hm to h1,
bigger interference mitigation gain can be acquired. In particular, we take into account
the case in which the BS performs a spatial linear prediction for the possible MES
location. Thus proposed adaptive IM-NS forms null at DoCN of hm, where hm is
calculated by

hm ¼ max
p hvð Þ

h0 þ cos�1 d20 þ d21 � v2 � Dt2

2� d0 � d1

� �� �
ð11Þ

Here, a preliminary concept of adaptive IM-NS algorithm is proposed. More pre-
cise prediction on MES location and its performance is our further study.
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4 Simulation Results

4.1 Simulation Parameters

We focus primarily on the interference modes where the interfering signal emitted from
one IMT BS impacts one MSS MES. Operating center frequency of 25.5 GHz is
supposed. The characteristics of typical GEO MSS systems as described in the ITU-R
Report M.2360-0 are used in simulation. Detailed simulation and link budget param-
eters for both the IMT and MSS systems are provided in Table 1.

4.2 Relation Between I/N and Separation Distance

The required separation distance for different MES velocity and updating period are
plotted in Fig. 7. From the simulation results, required separation distance for static
MES is about 2.8 km. While for MES velocity vMES ¼ 120 km/h with updating period
Tud ¼ 10 s, required separation distance increased to about 37 km.

By reducing the updating period to Tud ¼ 1 s, separation distance reduced to a half
about 17 km. From the Fig. 7, other conclusions can be proved: (1) the bigger MES
velocity is, required separation distance is larger; (2) the updating period is shorter,
separation distance is smaller.

4.3 Relation Between MES Velocity and Updating Period

Figure 8 shows the relation between MES velocity and updating period under the
interference criteria I=N ¼ �12:2 dB. From the results, needed updating period Tud

Table 1. System parameters

Parameter Value

IMT-2020 BS characteristics
Carrier frequency 25.5 GHz
Bandwidth 20 MHz
BS transmit power 46 dBm
Antenna pattern 3-sector with h3 dB ¼ 70�

Transmit antenna peak gain 15 dBi
BS feeder loss 1 dB
MES characteristics
Receive antenna diameter 0.33 m
Receive antenna peak gain, GR 36.4 dBi
Receive antenna polarization linear
System noise temperature, Tsys 246.2 K
IF Receive Bandwidth at -3 dB 16.2 MHz
Receive noise power –102.6 dBm
Interference criteria, I/N –12.2 dB
Moving velocity [20 60 120] km
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grows smaller as MES velocity vMES increases. With MES velocity increasing from 20
to 120 km=h, needed updating period reduced from 4 s to 0.6 s with a separation
distance 15 km. It should be noted here that for 120 km=h MES with separation
distance 5 km, the needed updating period is about 0.03 s. This is quite impossible for
IMT BS accessing the MES location database so frequently. Under this condition,
additional separation distance can provide the interference mitigation gain. For
example, 25 km separation distance making the 120 km=h MES needs about 3 s
updating period. In fact, updating period and separation distance should be both
considered depending on the practical scenarios.

4.4 Adaptive IM-NS Performance

Figure 9 shows the performance improvement of proposed IM-NS algorithm. With
prediction on MES moving, bigger interference gain can be acquired and required
distance is largely reduced. Monte Carlo method is used in this scenario [17]. From the
figure, coexistence using static IM-NS algorithm needs about 28 km while using
adaptive IM-NS only needs about 11 km for MES velocity vMES ¼ 60 km/h.

It should be noted here the adaptive IM-NS improvement comparing with static
IM-NS is due to the precise prediction on MES location. In case of MES with stochastic
motion, performance is rarely improved and sometimes become worse for big prediction
error. In fact, reducing the updating period can compensate the performance loss.
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5 Conclusion

Frequency sharing of IMT-2020 and MSS was investigated in this paper. We studied
the required separation distance for different MES velocities. It was shown that the
MES with high velocity suffered more interference from IMT BS. The relation between
MES velocity and updating period is given. Further, we have shown that AIM algo-
rithm can reduce the separation distance.
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Abstract. Aiming at the optimal design of the space information network with
the usage of high altitude platform (HAP) as base station, this paper proposed a
multi-objective optimal deployment methodology for HAP broadband com-
munication network base on network capacity resource matching the demand
distribution. Firstly, a virtual multi-input and multi-output (VMIMO) broadband
communication network model is consisted by multi HAP. Secondly, the net-
work ergodic capacity and the matching degree which is characterized as Hash
fingerprint difference between demand distribution and capacity distribution that
are taken as the optimal objectives. In order to solve this model, the
non-domination sorting genetic algorithm-2(NSGA-2) with restriction judgment
strategy was used. The simulation result shows the effectiveness of the proposed
optimization methods.

Keywords: High altitude platform � Virtual multi-input multi-output
Optimization deployment

1 Introduction

Owing to the usage of high altitude platform (HAP) as base station, the space infor-
mation network can be compatible with the terrestrial network, and has unique
advantages in region coverage enhancement and emergency communication [1]. While
the communication capacity and coverage range are very limited provided by single
HAP, due to its power, bandwidth and height restrictions, generally through inter-
jecting multi-HAP to form a collaborative communication network [2]. Multi-input
multi-output (MIMO) technology is an effective means to improve the capacity of HAP
network. It help achieve high-speed transmission and enhance link reliability by
increasing spatial freedom degree, which require configure multiple antennas at
transmitter and receiver. The current relate research mainly focus on HAP-MIMO
network with plurality of antennas configure on single HAP [3, 4]. Since the short
distance between transmitter antennas and the high altitude that HAP deployed, this
making the links which established between HAP and same ground that experience
basically same wireless environment. This leads to the construction’s poor ability to
overcome large-scale fading. Therefore, each HAP configure a single antenna, and
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multiple HAP collaboration constitute a virtual multiple-input multiple-output
(VMIMO) network, which can make the communication links more robust [5, 6].

Celcer et al. studied the possibility and effectiveness of providing wireless broad-
band access services for high-speed rail users through space-time coding mechanism in
HAP-VMIMO network [5]. Aiming at the problem of overlapping coverage and
diversity reception in HAP-VMIMO systems, Dong et al. studied quantitatively the
effects of different antenna configurations and channel parameters on the system per-
formance [6]. The above studies are performed on the link performance when multiple
HAP positions are pre-fixed, and not consider furthering enhancing network perfor-
mance by optimizing the deployment of HAP. To optimize the deployment of HAP
network with the goal of satisfied more user demand, Zong et al. applied the game
learning algorithm which embed the Restricted Spatial Adaptive Play strategy, and
obtained Nash equilibrium solution [7]. And it’s resulting in a low coverage rate
amount area because only user distributions are taken into account. Zhu et al. optimized
HAP’s position by maximizing joint communication coverage of the cyberspace based
on Linearly Decreasing Weighted Particle Swarm algorithm, without matching user
demand [8]. Dong et al. proposed a HAP network optimal model which aims to
maximum network capacity per cost and guarantees the QoS index and user demand,
also integrate multiple indicates into one to optimal [9]. The existing literature mainly
focuses on how to deploy HAP to cover more users, instead of improving system
performance from the perspective of entire network, and without considering opti-
mization of multiple indicators simultaneously. Based on above, this paper proposed a
multi-objective optimal deployment method for HAP broadband communication net-
work which capacity resource is matching demand distribution. In this method, to
construct VMIMO system based on multi HAP, and making the Hash fingerprint
difference between capacity map and demand map to indicate the matching degree,
then the non-dominated sorting genetic algorithm-2 (NSGA-2) which applied the
constraint judgment strategy is used to solve the optimization models.

The remainder of this paper is organized as follows: Sect. 2 describes the
HAP-VMIMO network model; Sect. 3 presents the multi-objective optimal deploy-
ment model, and introduces the Percept Hash and NSGA-2 algorithm; Sect. 4 conducts
a numerical simulation and analyzes the results. Section 5 concludes the paper.

2 Network Model

2.1 HAP-MIMO Model

Multiple HAPs configured cooperative communication network through network
interconnection, which can enhance the user rate, improve the capacity and reduce the
outage probability in the target area. The following describes the HAP-VMIMO net-
work model, as shown in Fig. 1.

In HAP-VMIMO, this with the same coverage area’s HAP can be interoperable
through inter-platform-link interconnection. At the same time, HAP establish backhaul
link with terrestrial fixed base station or satellite backbone network, this help the
network to obtain strict time synchronization. The model simply considers that HAP is
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configured with single antenna and enable provide single beam. A plurality of antennas
is equipped on the user receiver to establish communication links with the overhead
HAP. The carrier and phase synchronization of the received signal is realized at the
same time slot by signal processing technique. Whether the ground receiver can
establish a link with the HAP is determined by whether the receiver is within the
coverage of the HAP, which equivalent to compare the degree between the elevation
angle formed by the link and the minimum constraint one. In a multi-covered area, all
the overhead HAP base stations with unique antenna can be equivalent to a distributed
multi-antenna system, which combine with the ground receivers constitute a virtual
multi-input multi-output network (VMIMO). Under this circumstance, the distance
between the antennas is very far, the probability of all links being blocked at the same
time is very low, and the channel correlation is very small, so it can approximately
reach the advantage of MIMO technology. To be noted, it’s assumed that the user
receiver possessed software radio function which permit user can freely adjust the
communication mode to avoid the interrupted affection when its’ moving in different
coverage areas.

2.2 Downlink Carrier to Noise Ratio

In the broadband communication network, the downlink transmission rate is generally
much higher than uplink. For the sake of simplicity, this paper assumes that the uplinks
are ideal and only analyzes the downlink carrier to noise ratio (CNR). Under the
HAP-VMIMO model, signals received by user in the same coverage area are all useful,
so the interference caused by multi HAP is not considered here. In this circumstance,
the attenuation of signal propagation mainly comes from transmitter and receiver’s
circuit system, free space loss, atmospheric propagation loss and small-scale fading,
etc. As a digital communication system, in combination with the above analysis, the
user’s downlink CNR can be solved by the following equation (‘[]’ represents the dB
value).

Fig. 1. HAP-VMIMO model
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CNR½ � ¼ EIRP½ � þ Y½ � þ GUS=T½ � � Lfree
� �� Latmos½ � � Lssf

� �� BOo½ � � k½ � � Bn½ � ð1Þ

where EIRP is the equivalent isotropic radiated power, we obtained it by the HAP’s
signal transmission power PHAP, and the transmit antenna gain GHAP, through the
formula EIRP ¼ PHAP � GHAP; Y denotes power allocation factor, which refers to the
ratio of the link power across the area assigned by intelligently system; GUS and
T respective denote the user terminals’ antenna gain and system noise temperature; Lfree
is the free space loss, it determined by distance and signal carrier frequency fc, the

relation is Lfree ¼ 4pfcdHAP;us
c

� �2
; Latmos and Lssf separately represent atmospheric prop-

agation loss and small scale fading, it can be replaced by empirical constant in the
calculation; ½BO�o is the output power back; k is the Boltzmann constant; Bn denotes the
noise bandwidth of receiver. Then, the transmit signal’s signal-to-noise ratio (SNR) is
directly determined by this:

CNR ¼ PC

kBnT
¼ Eb

n0

Rb

Bn
¼ SNR

Rb

Bn
ð2Þ

where PC denotes signal power after propagation loss; Rb is the bit rate of transmission
link; n0 is single sideband noise power spectral density.

2.3 Capacity Model

Analyze the capacity in HAP-VMIMO network, since the random characteristics of
fading channel, this paper mainly considering the ideal expected capacity that user can
obtain under coverage multiplicity and antenna configuration. The way that enhance
the network performance through multiple coverage and multi-antenna configuration,
it’s essentially using two or more statistical independent sub-paths to achieve path
classification, and finally improves the reliability of data transmission. Then the
capacity model is analyzed in detail.

Here supposed the cooperative communication HAP’s number is NT , then the beam
forming vector forming the virtual antenna array is wðNT � 1Þ; the number of recei-
ver’s antenna is, then the received beam vector is vðNR � 1Þ. When the transmit power
is expected to be 1, the receivers SNRR can be obtained by transmitting’s SNRT

combine with fading channel matrix:

SNRR ¼ vHHw
�� ��2SNRT ð3Þ

where H denotes the complex conjugate transpose operation and the fading channel
matrix HðtÞ ¼ ½hijðtÞ�NR�NT

is obscured Rician fading. Only the relationship between
transmitting and receiver’s SNR is considered, we don’t specifically analyzing the
link’s fading channel matrix. In order for the receiver to obtain the maximum SNR, the
way that transmitted beam and received beam formed is usually in maximum ratio
transmit and in maximum ratio merging. After the eigenvalue decomposition of the
signals cross correlation matrix, the optimal beam vector can be obtained, as follows:

82 S. Tang et al.



HHH ¼ ½u1; u2; . . .; uNT �diagðk1; k2; . . .; kNH Þ½u1; u2; . . .; uNT �H
w ¼ u1; v ¼ Hu1= Hu1k kF

�
ð4Þ

where the diagonal matrix in the formula is a descending diagonal matrix, and k1, u1
represent the largest eigenvalues and the corresponding eigenvectors, respectively; �k kF
demotes the Frobenius norm.

The synthetically transmitter’s SNR can be expressed in the sum of multi-antenna’s
SNR. Link obtained the ideal capacity through the Shannon formula. For simplicity, the
channel matrix in HAP-VMIMO model is transformed into independent uncorrelated
subchannels, and the subchannels’ number is determined by the rank of channel matrix,
r ¼ minðNT ;NRÞ. Consider the maximum ergodic capacity that the network can
obtained, it is assumed that the subchannel can reach the ideal channel state information
(CSI) according to the “water injecting” theorem, and the rational power allocation is
carried out to obtain the optimal data rate. Then the resulting channel capacity is:

C ¼ maxP
ci¼NH

W
Xr
i¼1

log2ð1þ SNRTcikiÞ ð5Þ

where W is the work bandwidth, ci is the power allocation factor, ki is subchannel
channel gain (equivalent to HðtÞ’s non-zero eigenvalue).

Since the ideal CSI is generally not available, this paper adopts the equal power
allocation method to carry out the signal transmission, as this ci ¼ 1=NT . Then under
the VMIMO operating mode, the ergodic capacity of the user with multiple antennas is
deduced by the sum of expected values of all subchannel capacities. Express as follow:

C ¼ E W
Xr
i¼1

log2 1þ kiRb

BnNT

XNT

j

CNRj

 ! !
ð6Þ

The establishment of the network capacity model is to study the HAP-VMIMO
network’s ergodic capacity under different coverage circumstances and receiver con-
figuration; therefore, the propagation channel matrix should be treated specially in the
simulation calculation.

3 Deployment Optimization Method

Since HAP’s deployment neither be constrained by landform condition like terrain base
station, nor be constrained by dynamic of orbits like satellite, it’s prone to optimizing
resource distribution by matching user demands which could be targeted to allocate
high capacity to strong demand’s area. In this we propose a deployment optimization
methodology of HAP-VMIMO network with matching the demand distribution based
on p-Hash and NSGA-2 algorithm.
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3.1 Core Idea

Considering the strategy that matching image through “fingerprint” in the image
retrieval process, applied it to deployment design method. Take the demand distribu-
tion as the test chart, and let the capacity map library formed by design vector library
become the image library. Constantly optimize the design victory through the guidance
of matching degree’s comparison between the test chart and the image library’s fin-
gerprint. Finally, the optimum design variable library with the largest matching degree
can be obtained. The flowchart is shown in Fig. 2.

The whole optimization process is divided into two phase. The first-investigation
phase: the main task is obtaining the “demand fingerprint” which possesses the func-
tion of demand guidance. According to the analysis of target area’s demand, generate
the user demand map. Then using the p-Hash algorithm to extract and quantify the
map’s feather to get the “demand fingerprint”. The second-optimization phase: the
phase is the core process of the method. On commence, random spanning a set of
design vector satisfied constraints to construct the design vector library. Each of them is
leaded into HAP-VMIMO model to calculate its capacity performance and generate the
capacity map, and get the ones “capacity fingerprint” in the same way. Then comparing
the match degree with the demand map between the individuals in the capacity map
library, we can get the priority of the individual rank in library. Based on this, the
design library could be optimized by using modern optimization method NSGA-2 after
certain iterative process. And finally we could obtain the best design vector through the
performance and cost analysis. The definitions of some concepts are described below.

Fig. 2. The flowchart of optimized deployment method
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(1) User demand map: is a grid diagram which representing the size and distribution
of the user demand for communication services in target area. The area is gridded
at a certain resolution, and each grid is assigned a numerical value after analysis,
these consist of a numerical matrix become the demand map.

D ¼ demandðgridÞ½ �; grid 2 Area ð7Þ

(2) Capacity map: similar to above, is a grid diagram which representing the size and
distribution of the capacity that the network could offer in the target area. The grid
value is determined by the calculation according to design vector and network
model.

C ¼ capacityðgridÞ½ �; grid 2 Coverage ð8Þ

(3) Hash: refers to an algorithm that can extract and quantify the contents of a
document and form a unique brief summary, as well as possess the character of
unidirectional and anti-collision. Hear using the p-hash algorithm to achieve the
function.

fgðMapÞ ¼ HashðMapÞ; Map ¼ D orC ð9Þ

3.2 Optimization Model

The HAP-VMIMO broadband communication network studied in this paper doesn’t
involve the specific communication system and antenna technology. The method target
is to obtain a network deployment plan that network recourse is well matched with the
user demand distribution. Design variables, optimization objectives and design con-
straints are given below.

3.2.1 Network Design Vector
The set of all variables is the system design vector. This method is at the standpoint of
deploying network, so the design variable should be directly and significantly affected
at the system level. The main effects could be divided into three aspects: coverage
characteristic, complexity and cost. Table 1 shows the selected variables.

Table 1. Table captions should be placed above the tables.

Label Design variable Symbol Directly related character

Cð1Þ HAP number NHAP Coverage, complexity, cost
Cð2Þ Location (longitude, latitude) LongHAPi ; LatHAPj

n o
Coverage

Cð3Þ Minimum elevation amin
i

� 	
Coverage

Cð4Þ Receiver antenna number NR Complexity and cost
Cð5Þ Transmit power cost PHAP

i

� 	
Cost

Cð6Þ HAP antenna gain GHAP
i

� 	
Cost
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The design vector isC ¼ ½NHAP; LongHAPi ; LatHAPi

� 	
; amin

i

� 	
;NR; PHAP

i

� 	
; GHAP

i

� 	�.
If all variables in vector are optimized would result in the consequent that impossible to
obtain the optimal solution because of excessive amount of computation (ifNHAP ¼ 5, the
variables’ number is ð2þ 5NHAPÞ, even if the search space of each is only 10, then the
solution space size is 1027). For simplify, we choice the HAP number, location and
minimum elevation which directly related the coverage character as optimized variable,
and the rests are in predetermined.

3.2.2 Optimization Object
The matching optimization is to obtain the optimal design vector corresponding to the
largest match degree between capacity map and demand map. Because the fingerprint
generated by hash algorithm is a fixed-length sequence, the difference between fin-
gerprints could be represented by Hamming distance. Then the optimal object-match
degree could be expressed as the reciprocal of fingerprint difference. Meanwhile, the
designed network should provide as large capacity as possible, it’s equally important
with the match degree. So the other object is set to network capacity. After the above,
the mathematical model of optimal object is shown below:

maxU1ðCÞ ¼ fgðDÞ xor fgðCCÞk k�1

maxU2ðCÞ ¼ CCk k
�

ð10Þ

where xor denotes an exclusive-OR operation.

3.2.3 Deployment Constraints
In order for the deployed HAP-VMIMO network to be closer to reality, it’s necessary
to analyze the major constraints in the deployment implementation.

(1) The overlap upper limit: Considering the complexity in realizing and the problem
of signal interference, the number of the links accepted by any grid should be less
than one upper limit. Even if the visible HAP’s number is greater than limit at one
grid, it should select appropriate HAP to satisfy the constraint, as the follows.

8grid 2 Area; NTðgridÞ � Nmax
T ð11Þ

(2) Minimum HAP spacing: Although HAP can long time endurance, it’s not com-
pletely static in the air and its position would change slightly over time. To avoid
HAP collision need to limited the spacing between HAPs, as shown below.

8i 6¼ j; dHAPi;HAPj � dmin ð12Þ

where dmin denotes the minimum HAP spacing, dHAPi;HAPj is the virtual distance
between two HAP.

(3) Minimum transmission power: To ensure the normal communication between the
HAP and any grid under its coverage, sufficient transmission power is required.
For simplicity, the unit power per unit area of HAP in its coverage is required to
be greater than a certain minimum value, as shown below.
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8i�NH ;
PHAP
i GHAP

i

SCoveri
�Pgrid

min ð13Þ

where Pgrid
min denotes the certain minimum transmission power, SCoveri is the HAP’s

coverage size which can be calculated according to its minimum elevation:
SCoveri ¼ pð H

tanðamin
i ÞÞ

2.

3.3 Optimization Algorithm

In the flow chart, the two main algorithms are the p-Hash that generates the fingerprint
and the NSGA-2 which can optimize multiple objects simultaneously. The following is
a detail introduction.

3.3.1 p-Hash for Generating Fingerprints
The perception Hash algorithm is widely used in the field of digital image recognition.
There are three basic algorithms in image retrieval technology, include the mean hash
algorithm based on low frequency, enhanced hash algorithm based on discrete cosine
transform, and differential hash algorithms, etc. In this paper, the matching demand
map and capacity map are both two-dimensional matrices, which belong to simple
images, so using the simplest algorithm-mean hash. The main steps are as follows:

Step 1: Scale the MAP in standard size m � m by using bilinear interpolation
method;

Step 2: Calculate the MAP matrix’s pixel mean value in target area (or in coverage);
Step 3: Compare the matrix’s pixel: if the value is greater than the mean, then record

1, else record 0;
Step 4: Generating fingerprint: encode the comparative results in a fixed order to form

a numeric fingerprint.

3.3.2 Non-dominated Sorting Genetic Algorithm-2
The optimization model presented in this paper is a multi-objective and multi-constraint
model. And it’s obvious that the model is a non-linear, non-convex and non-continuous
optimization problem. Because of the large search space and complex solution of
objective function, it’s a typical NP-Hard problem, and the traditional optimization
methods are no longer applicable. Similarly complex global constellation design
problems, multi-objective evolutionary algorithms are widely used as an effective tool
[10]. Therefore, this paper applied the non-dominated sorting genetic algorithm-2 in
multi-objective evolutionary algorithm to solve the problem.

NSGA-2 is an unconstrained multi-objective optimization algorithm, but the model
contains several. To induce the population’s evolutionary direction within the con-
straints, it’s essential to disposed of infeasible solutions. In this paper, we add a
constraint judgment process during the execution of the algorithm: If one individual
does not satisfy the constraint, setting its object to the “worst” level directly and
without any calculate continued. The NSGA-2 pseudocode is given in Table 2.
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4 Simulation and Analysis

In this section, the Yangtze River Delta urban region is used as the target area for
simulation, which to verified the effectiveness of the proposed optimization deployment
method. The simulation software is MATLAB R2014a.

4.1 Target Area and Parameters

It’s complicated to directly investigate the demand distribution of the broadband
communication network in the city. And it’s manifest that the size of demand is
positively correlated with the population. Therefore, here replace the user demand map
with the Night Lights Map that can reflect the population distribution which published
by NSGA2106. The region of the Yangtze River Delta (118.5°E–122.5°E, 29.6°N–
32.4°N) is selected as the target area, and rasterized with 0.005°� 0.005° to constitute
the demand map, as shown in Fig. 3.

In order to make the simulation of experiments close to actual and more compar-
ative, in Table 3 gives the preset fixed parameters in the model. These parameters
remain unchanged during the simulation.

Table 2. The pseudocode of NSGA-2.
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4.2 Algorithm and Experimental Setup

We used the adaptive constraint NSGA2 which with real coding and analog binary
cross strategy to evolution constant generates to obtain the Pareto solution. The
algorithm’s parameters are identical in each experimental, which the population size is
50, the evolutionary generation is 100, the mutation and the crossover probability are
10% and 90% respectively.

By setting up different deployment parameters, multiple experiments are carried
out. After repeated iterations, the Pareto optimal solutions are obtained and compared.
Pre-set EIRP to 2000 W. Set a total of 8 different parameters of the experiment: the
deployment of HAP number is 12 or 18, the minimum elevation is variable value of
10°–20° or fixed value of 15°, the receiver antenna number is 2 or 4 and so on.

Fig. 3. The Yangtze River Delta’s night lights map

Table 3. Simulation parameters.

Parameter Symbol Value

HAP high altitude HHAP 17 km
Carrier frequency fc 48 GHz
Noise temperature T 135 K
Antenna gain GUS 41 dB
Noise bandwidth Bn 1.544 Mbps
Output power back ½BO�o 3 dB
Atoms-propagation loss Datmos 16 dB
Minimum HAP spacing dmin 400 m
Overlap upper limit Nmax

T 5
Minimum trans power Pgrid

min
60 dB
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4.3 Comparison and Analysis of Results

After optimized, we obtained the Pareto solution of the eight experiments object values
of the match degree and the network capacity as shown in Fig. 4. (Note: the left and
right sides are the solution of the receiver antenna number is 2 and 4 respectively, and
all have been normalized.)

From the commonalities of the experiments can be found: The greater the indi-
vidual’s matching degree, the smaller the network capacity. It is proved that the two
objects are mutually limited in the individual level, and it is difficult to get the HAP
deployment scheme to achieve the best of both high capacity and matching user
demand. Moreover, the variation range of the matching degree in each experiment is
much larger than that of the network capacity. This shows that as long as the
deployment parameters contain the number of HAP, the minimum elevation limit and
receiver antenna number have been identified, the obtained total capacity are in tiny
discrepancy between different deployment schemes in VMIMO mode. However, dif-
ferent deployment schemes result in significant difference in the matching degree of
capacity resources and user demand. This explains the indeed need for optimal
deployment of the HAP-VMIMO network to matching demand.

From the comparison of each experiment can be found: When the number of
receiver antennas remains constant, the greater the number of HAP is deployed, the
greater the network capacity is, and this is obviously, while the optimal match obtained
in the individual is also greater. As the number of HAP increases, in addition to the
increase in power source, it also increases the number of overlapping covers in the
target area, which can gain a larger capacity gain. When the number of receiver
antennas is from 2 to 4, the network capacity of each group is greatly increased, and the
difference of network capacity between the same groups is reduced. Because of the
increase in the number of receiver antennas, the VMIMO network formed is more
efficient, and the receiver can more fully obtain the capacity gain through the HAP
multi-repetition cap. When a fixed number of HAP, compare the minimum elevation

Fig. 4. The optimal solution.
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angle constraint is a variable values of 10°–20° or a fixed value of 15°, its show that in
the same experiment, the individuals with the same amount of network capacity have
better matching degree when the minimum elevation is variable, and which converse is
also the same. Because the deployment scheme can be more flexible when configured
an adjustable minimum elevation, but the actual variable minimum elevation is more
difficult to implement.

Figure 5 gives the typical HAP distribution of simulation when the receiver antenna
number is 4. It can be found that the typical solutions are well matched with the
demand distribution in the Yangtze River Delta urban agglomeration. Comprehensive
the above results and analysis, the optimization deployment method is reasonable and
effective, and it is shown that the HAP position distribution with high matching degree
and network capacity can be optimized under different parameter configurations, which
is able to give some reference to the actual deployment of HAP network.

5 Conclusion

In the circumstance of using multiple HAP’s interconnection to construct the space
information network, this paper present a multi-objective optimal deployment method
for HAP broadband communication network base on capacity matching demand.

Fig. 5. The typical HAP distribution of simulation when the receiver antenna number is 4.
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Firstly, the HAP-VMIMO network model is established. After analyzed the single
HAP’s CNR, the network capacity model is given when covered area’s overlap and
receiver antennas’ number are different. Secondly, according to the principle of image
retrieval, the paper proposes an optimized deployment idea that minimizes the Hash
fingerprint difference between the capacity map and the user demand diagram. And
considering the entire network’s performance that let the match degree and the network
capacity both as optimal objectives, then the NSGA-2 which applied the constraint
judgment strategy is used to solve the nonlinear, discontinuous and non-convex opti-
mization model. Finally, set The Yangtze River Delta as the target area for simulation.
After several experiments, the optimization results of different parameters such as the
HAP quantity, the minimum elevation angle and the receiver antenna number are
obtained, which verified the method’s effective.
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Abstract. In recent years, China’s rapid growth on the demand for satellite
communication application, not only impels the continuous expanding on the
management scale of network operation and maintenance (O&M) system, but
also puts forward higher demand for intelligent network management and
control. Under this circumstance, the data management function, which services
as the core of the satellite network O&M system, is faced with the serious
management challenges brought by the huge amount and complex datasets. In
this paper, we study the distributed cooperative storage management technolo-
gies for big data management issue in satellite network O&M. We propose a
distributed cooperative big data storage model for the satellite network O&M,
and further study the intra-site hybrid database management strategy and
inter-site fast data synchronization technology, to improve the scalability and
disaster tolerance of data service in the O&M application. Finally, we evaluate
the hybrid database architecture based on Oracle and HBase using the bench-
mark, and compare the theoretical network traffic with the actual flow measured
by GoldenGate, then perform the quantitative analysis on the system disaster
tolerance of data services.

Keywords: Satellite network � Operation and maintenance � Big data
Distributed storage � Hybrid database � Data synchronization
Disaster tolerance

1 Introduction

The operation and maintenance (O&M) management of satellite communication net-
work is the critical service for the whole system running in reliability, safety, high
efficiency and cost-efficiency [1]. It includes station control, network control and
operating control services. The station control service is responsible for the terminal
device control and operational management in the earth station. The network control
service is responsible for the communication networking between earth stations and the
dynamic resource management in the network. The traffic control service is responsible
for the coordinated allocation of the unified managed satellite transponder resources
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among various networks. Through the monitoring and management of network
equipment, server, database and all kinds of application services, network O&M
management can improve the efficiency and service level agreement of application in
satellite communication network, to meet the needs of various users. Data service, as
the core service of the satellite communication network O&M system, is responsible
for managing the massive system operation log information, as well as the configu-
ration and status information of all kinds of equipment and services. With the devel-
oping of satellite communication applications in China, not only the management scale
of the operation and maintenance system will soon reach more than a hundred satel-
lites, hundreds of ground stations, millions of mobile users, but also it put forward
higher requirements in the intelligent network control, the professional application
services and the fine-grained resources usage. The scale expansion of satellite network
and the increasing of data category cause the satellite communication network O&M
system to be faced with the big data challenge of massive complex operation and
maintenance dataset [2].

Different from the application demand of traditional distributed storage system, the
satellite communication network O&M data management application, not only faces
the traditional big data storage management challenges, but also brings the complexity
problems from the space-ground integrated network due to the combination of ter-
restrial networks and satellite networks [3]. At present, the branches of satellite network
O&M site collect and manage data independently, and the information in each site
cannot be shared because of the management authority and the security responsibility
reasons. But in the event of earthquake, flood, large area blackout and even war, data
service of one or more sites in the whole system will fail or even be destroyed. This
traditional information isolated management model cannot make full use of the limited
storage resources in the site to manage the massive operation and maintenance data,
and cannot further meet the disaster recovery needs of the core data services in O&M
applications [4, 5]. We study distributed cooperative storage technology by combining
the big data storage management challenges of satellite network O&M and the com-
plexity characteristics of space-ground integrated network, to enhance the system
scalability and disaster recovery capabilities of O&M data service in the satellite
network.

In this paper, we will study the key technologies of distributed cooperative storage
for satellite communication network O&M, including big data storage architecture,
hybrid database management strategy and fast data synchronization technology.

In traditional network O&M systems, data management is relatively independent,
and without distributed collaborative design, which makes the insufficient capability in
data disaster recovery and low utilization rate of IT resources in the site [6]. We design
an integrated distributed collaborative big data storage framework to support data
sharing, disaster recovery and heterogeneous architecture for big data management
requirements of satellite communication network O&M system.

Due to the diverse variety and complex structure of operation and maintenance
data, a single relational data management model has been unable to effectively manage
the big data in satellite network O&M. The application demands of the massive,
complex and highly distributed O&M data storage force the data management system
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to scale out, and drive us to adopt the hybrid database management technology to
support the network O&M data service.

The distributed cooperative big data management for network O&M application
has greatly increased the demand for inter-site data replication, and it seriously affects
the quality of service in data management [7], since the O&M sites are connected by a
wide area network and the network bandwidth is very limited. By mining the poten-
tiality to optimize data migration in remote disaster tolerance, we study the fast data
synchronization mechanism to improve the recovery capability of the O&M data
service when part of the system fails.

The rest of the paper is structured as follows. Section 2 presents the necessary
background and related work. Section 3 describes the architecture of our distributed
cooperative data storage system, hybrid database management strategy and database
synchronization technique. Section 4 evaluates the system prototype in system fault
tolerance, hybrid database performance, data synchronization throughput, and Sect. 5
draws conclusions.

2 Related Work

According to the research content of distributed cooperating storage management
technology for big data in satellite network O&M application, we introduce the related
work in the three aspects: distributed storage system, hybrid database management and
database synchronization technology.

2.1 Distributed Storage System

The research in distributed storage system for massive data management began in
1980s, and then had drawn great interests from both the industrial and academic
communities. The core technology of the distributed storage system is distributed file
system, it includes: network file system, SAN cluster file system and object based file
system to support the distributed storage management for massive dataset.

Network file system: it focuses on file sharing in network environment, and mainly
solves the interaction between client and file server. The server architecture is basically
symmetrical structure, and each server stores a directory subtree to support the storage
management of large dataset. It provides a unified namespace, but the storage server
does not share the storage space between the servers, and there is no load balancing and
fault tolerance mechanism among the servers. The representative products include:
AFS [8] developed by Carnegie Mellon University and Sun’s product NFS [9].

• SAN cluster file system: it replaces the SCSI bus with network, and a file can be
written into several storage nodes in parallel by data striping, which can signifi-
cantly improve the I/O throughput. All computing nodes share storage space to
maintain a unified namespace and file data. But because of the tight coupling
characteristics of shared critical resources, distributed locks are required to perform
complex cooperation and exclusive operations among nodes, which makes it

Distributed Cooperative Storage Management Framework for Big Data 95



difficult to scale out in large-scale server nodes. The typical SAN cluster file sys-
tems include IBM’s GPFS [10] and VMFS [11] developed by VMware.

• Object based file system: it utilizes object-based storage devices with intelligent
ability, and divides the file into a plurality of objects, which are stored separately
into different object-based storage devices. This can significantly reduce the file
metadata. The object-based storage devices are completely independent, so that the
object based file system can be expanded to large scale, and effectively solved the
capacity expansion problem of the storage system. The current widely used
object-based parallel file system: Panasas [12] developed by Carnegie Mellon
University, Oracle’s Lustre file system [13], Ceph [14] developed by University of
California, Santa Cruz, Google file system (GFS) [15] and the open source project
HDFS [16] launched by Yahoo.

With the function expansion of distributed storage system software, compared with
the traditional storage system with dedicated hardware, the standard open hardware
platform can achieve all their storage function by using software, which makes the
Software Defined Storage (SDS) as an emerging concept. Compared with the tradi-
tional distributed file system, besides the storage function, SDS has obvious advantages
in scalability, availability, flexibility, management and cost efficiency. The typically
representative products include: VMware VSAN [17], EMC ScaleIO [18],
Nutanix NDFS [19], and Huawei Fusion Storage [20]. In recent years, SDS had
extended to Hyper Converged Infrastructure (HCI) to support virtualization in com-
puting, storage and network source. HCI makes the equipment units can be aggregated
through the network to form a unified resource pool with seamless modularize scala-
bility. Comparing with the traditional distributed architecture, the HCI architecture
have some merits in system reliability, performance, availability, scalability,
cost-efficiency, deployment and maintenance, and we build a HCI based software
defined storage to implement the upper level hybrid database system, and provides
dynamically scalable system resources in computing and storage, in order to support
the fast, safe and reliable big data management in satellite network O&M application.

2.2 Hybrid Database Management

In the era of big data, we need to use a variety of architectures to support different
applications in order to cope with the needs of big data management. The existing
database management systems can be broadly divided into three categories: SQL
database for transaction processing, NoSQL database for Internet applications and
NewSQL database for data analysis. But in some complex scenarios, single database
architecture cannot completely meet the application requirements of storage manage-
ment, association analysis, complex query, real-time processing and control of con-
struction costs and other aspects for massive structured and unstructured data.
Therefore, hybrid database architecture has become the inevitable choice to meet the
complex application.

Nowadays, the design and development of hybrid database has become a research
focus in big data management. HyPer [21] is a main-memory-based relational DBMS
for mixed OLTP and OLAP workloads, which is developed by Technical University of
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Munich. Its OLTP throughput is comparable or superior to dedicated transaction
processing systems and its OLAP performance matches the best query processing
engines. Google has launched a new cross data center hybrid database called F1 [22] to
support the AdWords business. It combines high availability, the scalability of NoSQL
systems like Bigtable [23], and the consistency and usability of traditional SQL
databases. It also provides synchronous cross-datacenter replication, strong consistency
and hidden commit latency. Alibaba’s HybridDB [24] is an online massively parallel
processing data warehousing service based on the open source Greenplum database. It
enables mixed use of row and column stores, and supports real-time analytics on JSON,
XML and fuzzy strings data in SQL syntax. Xeround [25] is an in-memory distributed
database to provide database as a cloud service for applications based on MySQL
database. It offers MySQL as a front-end, on the back-end it is a NoSQL system
distributed on a large number of physical nodes.

The existing hybrid data management techniques are designed and optimized for
the specific application scenarios. According to the needs of massive complex O&M
data management in satellite network, we carry out data classification according to
different data acquisition source and application management, choose SQL and NoSQL
hybrid model to efficiently manage different types of data in the suitable databases.

2.3 Database Synchronization

Database synchronization refers to the exchange of data between two independent
databases so that any change in a database will occur in the same way in another
database. With the development of SQL and NoSQL database applications, the typical
SQL database (such as Oracle [26]) and the mainstream NoSQL database (such as
HBase [27]) support data synchronization technology for disaster backup management.

Oracle database mainly provides four kinds of data synchronization technology:
Advanced Replication, Streams, DataGuard and GoldenGate. Advanced Replication
uses “internal trigger” to capture updates when data operating, and these operations are
encapsulated in remote procedure calls (RPCs), then pushed RPCs to the target data-
base with transaction queue, the target database executes these RPCs using “internal
trigger” to finish data replication. Streams capture process extracts the changes from the
redo log files in the source database and formats each change into a logical change
record (LCR), which is stored in a queue, then propagates LCRs to another queue and
can then apply the LCRs to the destination database. The principle of DataGuard has to
transfer redo, and then apply redo, redo consists all the changes made in the database in
the form of the log files that are required by oracle database to recover a database
transaction. GoldenGate is implemented by extracting the source database Redo Log or
Archive Log, and then delivered to the target database through TCP/IP, and finally
analyze and decode the log to the target database for synchronization; it also supports
Oracle, DB2, SQL Server, Sybase, MySQL, Teradata and other database platform for
heterogeneous data synchronization. According to the application characteristic dif-
ference among these database synchronization methods, the comparative analysis is
shown in Table 1, GoldenGate is the preferred way for Oracle data synchronization due
to its prominent advantages in every aspect.
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HBase database can use Distcp, CopyTable, Export/Import, Snapshot and Repli-
cation commands for data backup or disaster recovery. The basic idea of data syn-
chronization between HBase clusters is: At first, the target cluster establishes the same
tables as the source cluster, and then copies the data to the destination by Snapshot,
moreover, start real-time synchronization by Replication between the two clusters,
finally the target cluster copy data generated between Snapshot starting and Replication
starting using the MR tasks.

To meet the business continuity of the satellite network O&M application,
according to the hybrid data management architecture based on NoSQL and SQL, we
study the data synchronization technology based on Oracle and HBase to provide
reliable data services when man-made and natural disasters appear, and it can also be
used for load balancing, data transfer and database merger without interruption or loss,
when the database access pressure is too large.

3 Distributed Cooperating Data Management Framework

To meet the demand of big data management for satellite network O&M application,
we propose a distributed cooperative data storage management framework. Firstly, we
design a scalable distributed cooperative big data storage architecture. Then, a hybrid
database management strategy over this architecture is described. Finally, a fast data
synchronization technique with network topology awareness is designed.

3.1 Distributed Cooperative Big Data Storage Architecture

As shown in Fig. 1, we propose the scalable network storage system architecture for
the distributed cooperative management of massive complex data in satellite commu-
nication network O&M. This architecture consists of in-site database server clusters

Table 1. The comparative analysis of Oracle data synchronization methods

Characteristics Advanced
Replication

Streams DataGuard GoldenGate

Replication
Topology

Bi-directional Bi-directional Uni-directional Bi-directional

Replication
Granularity

Database,
Schema, Table

Database,
Schema, Table

Database Database,
Schema, Table

Data
Timeliness

Medium Medium Good Good

Data
Conversion

Unsupported Supported Unsupported Supported

Transmission
Compression

Unsupported Unsupported Unsupported Supported

Bilateral
Version

Can be
different

Can be
different

Must same Can be
different

Maintenance Hard Hard Medium Medium
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with the back-end reliable storage pool and inter-site interconnection with wide area
networks (WAN) or the alternative satellite communication network. It can be divided
into five logical layers: storage device layer, block management layer, database layer,
satellite network O&M application layer and network interconnection layer. In oper-
ating control site, the storage device layer is a highly reliable storage pool based on
HDD and SSD hybrid storage; it can manage the local storage resource independently.
The distributed cooperative block management layer supports the in-site fault tolerance
management for the massive O&M data by building the scalable database cluster
system based on HCI, so as to improve storage sharing and I/O performance. The
database layer supports hybrid data management model with traditional SQL database
and novel NoSQL database, and provides unified data access interfaces for the upper
application by leveraging the abstraction over various database interfaces. Satellite
network O&M application layer includes service monitoring, configuration manage-
ment, performance management, fault management, accounting management and
security management to support the normal operation of satellite communication net-
work. The network interconnection layer is to build interconnection between operating
control sites by the conventional ground network and emergency satellite communi-
cations network, and provide an inter-site distributed cooperative data management
services using database synchronization technology, and enhance the disaster recovery
capability of satellite communication network O&M application.

3.2 Hybrid Database Management

Traditional relational databases are inadequate in dealing with data intensive applica-
tions due to their disadvantages in flexibility, scalability and performance. The appli-
cation demands of the massive, complex and highly distributed network O&M data
storage force the data management system to scale out, and drive us to adopt the hybrid

Fig. 1. Distributed cooperative big data storage architecture
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database management technology to support the network O&M data service. Through
in-depth analysis on the distribution storage management requirements of network
O&M big data, we perform data classification for network O&M datasets according to
the difference in data acquisition sources and application requirements, and select the
suitable database to efficiently manage different data types. The database management
of satellite network O&M system chooses the Oracle and HBase hybrid database
scheme due to the considerations in performance, scalability, compatibility and relia-
bility. We store the high value density O&M data, like network device configuration
information and link state information, to Oracle database to ensure data consistency
and efficiency, and use HBase database to manage the low value density data network,
such as network log information. This achieves high system scalability for data storage
at the expense of data consistency in order to deal with the growing scale of satellite
communication system, and it also provides consistent and reliable data service. To
create an integrated storage access model, an abstract data access layer is added
between system services and the implementation of data persistence to hide different
data storage implementations.

3.3 Fast Data Synchronization

Because of the complexity of data synchronization requirements in the satellite network
O&M management, a large number of nodes adapt network topology with two-way
business center or multiple-service center, and the long physical distance between
nodes, low the network speed and poor system reliability, result in a large number of
backlogged data. To support big data management, we not only perform data syn-
chronization in both relational database and non-relational database to achieve conjoint
analysis for structured and unstructured data. According to the application scenarios of
satellite network O&M requirements, we select GoldenGate for synchronous replica-
tion between Oracle databases, and multiple copy commands for data synchronization
among multiple HBase databases, and we can choose single table independent pro-
cessing or multi-table batch processing for data synchronization. According to the
difference in sharing permissions and disaster recovery requirements of in-site database
table, we can firstly build the shared logic network topology for sites with the same
sharing permission, then establish one-to-one, broadcast (one-to- many), polymeriza-
tion (many-to-one) and bi-directional synchronous transmission among the directly
adjacent sites in its logical network topology, in order to improve the I/O performance
of data sharing, disaster recovery capability of data service in network O&M
application.

4 Evaluation

We carry out the demonstration experiments on disaster tolerance ability of our pro-
posed distributed cooperative big data storage architecture, the query performance of
our hybrid database management system and the network throughput of data syn-
chronization mechanism.
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4.1 Disaster Tolerance

As shown in Fig. 2, we built a highly fault-tolerant HCI platform based on
VMware VSAN virtualization software consists of four Dawning I620 servers con-
nected by two Huawei Gigabit S6700 switch, on total 512 GBmemory capacity, 6.4 TB
SSD capacity, 48 TB enterprise HDD capacity, to verify the feasibility and disaster
tolerance of our proposed distributed storage system architecture for satellite network
O&M data. We create eight virtual server nodes on the HCI platform, including two
nodes for Oracle RAC database server cluster and six nodes for HBase highly available
server cluster. In operating control site, the two database cluster can support server level
fault tolerance, due to the double replica configure of HDFS based HBase and the nature
of Oracle RAC system, and both of them can tolerate half of the nodes fail.

For the inter-site data disaster tolerance, we currently only implement the remote
data synchronization between two operating control sites, and the average network
latency of two Oracle databases is 5.2 s, and 6.5 s for that of two HBase databases
replicate data update operations. The reason for high network latency is that the wide
area network interconnection between two sites is not a private network, and there is
great potentiality for optimization on the synchronization delay of the databases. But it
can still meet the needs of disaster recovery for the critical data in satellite network
O&M application. According to the data replication mechanism in Sect. 3.3, each of
shared logical network topology in the distributed storage architecture can tolerate at
least one site data service failure.

4.2 Hybrid Database Performance

To support unified data access interface under the hybrid database management
framework, we install the Phoenix [28] on the HBase to provide the SQL like access
interface to hide the difference of various database access interfaces. We mainly focus
on the performance impact of HBase and Phoenix integration since there are many
existing works related to the Oracle database performance research. We employ 6
virtual server nodes with Ubuntu12.04 LTS version in the HBase database system, to
verify the efficiency of the conversion between HBase platform and Phoenix interface,
and our experimental platform deploys the following software: Hadoop-1.2.1,

Fig. 2. Hybrid database cluster system based on HCI.
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HBase-0.98.6.1, Zookeeper-3.4.5, Hive-0.13.1, Pig-0.13.0, Phoenix-4.0.0. We test
each test value more than 5 times to calculate the average value.

Phoenix is a high-performance relational database layer for low latency applications
in HBase, enabling the use of SQL statements on HBase database, which is
open-sourced in 2014. The founder of Phoenix project James Taylor believes that the
existing SQL solutions for NoSQL data storage cannot achieve horizontal compression,
and cannot adapt to the large amount of data changes. As a result, Phoenix has been
developed for better scalability and faster response time. Adding Phoenix’s SQL
interface layer between data access and operation execution of HBase can simplify the
use of HBase, reduce the amount of code, and optimize the query operation.

We selected the decision support benchmark TPC-H running on the data warehouse
Hive [29] over Hadoop platform with the Phoenix over HBase for the comparative
analysis. TPC-H is developed for data mining and analysis processing to evaluate the
decision support capability of specific queries. The results are shown in Fig. 3. Phoenix
differs little from Hive in the simple query performance of a single SQL statement, such
as Q1, Q6, Q12 and Q14. But for complex queries Q15 and Q20, Phoenix performs
much better than Hive, since these queries contain both single table queries and
multi-table joint queries.

4.3 Data Synchronization Throughput

We select two Oracle RAC clusters in two remote operating control sites, which are
configured as bidirectional data replication with Goldengate middleware. We feed the
platform with the simulation dataset of the operation and maintenance application in
satellite network, that the metadata and access characteristics are the same as the real
operation and maintenance application, but fill the data content with random data. We
deploy two cluster as the Active-Active mode, different from uni-directional Active-
Passive mode, we create a Extract and Data Pump process on the target side pointing to
the source terminal based on the original uni-directional replication, and create a
Replicat process at the source to execute the Trail file pass over by the target side. We
generate 61.5 MB Trail files at two sides, and perform data synchronization in about

Fig. 3. The comparison test on Hive and Phoenix over HBase.
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10 min. Through simple calculation, the theoretical value of network traffic throughput
is 102.5 KB/s for uni-directional replication, and 205 KB/s for bidirectional replication.
The traffic firewall monitoring data analysis for database bi-directional replication with
GoldenGate is shown in Fig. 4. The theoretical network traffic throughputs in two
directions are basically consistent with the actual traffic flow monitored by the traffic
firewall. The maximum range of data fluctuation is about 1100 KB, the average value is
about 230 KB, and the replication processing is stable, the average value does not
greatly fluctuate with time.

5 Conclusion

In this paper, we integrate distributed cooperative big data storage technology into the
satellite network operation and maintenance application, and provide the technical
support for the planning, scheduling and adjustment of the data storage resources of the
satellite network O&M. We study the distributed cooperative storage management for
the massive complex network O&M data management, and break through the thinking
mode of information isolation management among the satellite network operating
control sites. We not only design a distributed data storage management framework to
support the reliable and scalable data services among multiple sites, but also create an
integrated storage access model on Oracle and HBase hybrid database, and an efficient
network-topology aware data synchronization mechanism, to enhance the scalability
and disaster tolerance in the massive complex O&M data management system.
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Abstract. With the rapid development of navigation and aviation, more and
more countries are being urged to quickly collect the state information of marine
and aerial targets. The satellite network has been applied information collection.
At present, the two systems of AIS and ADS-B are mature marine and aerial
targets monitoring systems. Considering the information collection and return-
ing, this paper proposed a design of multi-band and multi-mode information
collection based on global space information network. A design of multi-band
and multi-mode information collection payload based on software radio is
proposed. The method of covering band is used to design the constellation.
Inter-satellite links are also applied to the satellite network. Finally, based on
hardware-in-the-loop simulation, this paper provides a ground testing experi-
ment which contains testing performance of payload and the satellite network.

Keywords: Space information
Multi-band and multi-mode information collection payload � Ground testing

1 Introduction

Globalization causes the indicators of aviation and navigation, such as traffic volume,
the business of lane, become an important representation of the world economy.
Collecting static and dynamic information (identity, location, velocity, etc.) of marine
and aerial targets can achieve real-time tracking and even management of the targets
[1]. Recently, the global information collection with the satellite constellation has been
the prevailing trend [2]. Moreover, the type and amount of information gradually
increases, leading to an imperious demands that information collection platform needs
to have the characteristics of lower cost, rich function and easy configurability [3]. For
instance, the Orbcomm company plans to carry AIS (Automatic Identification System)
payload on its second system [4]. And the operation of the Argos has been changed
from single-tasking mode to multi-tasking mode [5]. At present, there are two relatively
mature monitoring systems for marine and aerial targets. They are AIS and ADS-B
(Automatic Dependent Surveillance – Broadcast) system [6, 7] respectively. But they
have unique communication standard. Usually, satellite platform needs to carry
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different payloads. Actually, for the payload, the satellite has strict limitation on their
size and weight. To save cost and space, this paper proposes a method of multi-band
and multi-mode real-time information collection system based on SDR (software-
defined radio). In addition, for the globally distributed marine and aerial targets, a
constellation scheme that can cover global region is proposed in real-time. And
inter-satellite links are also designed for guaranteeing collecting and returning infor-
mation timely.

The rest of the paper is organized as follows. In Sect. 2, we will describe the
principle of the payload of multi-band and multi-mode real-time information collection.
In Sect. 3, we will develop a constellation scheme. And we will analyze the com-
munication performance based on the time delay. Moreover, a method based on
hardware-in-the-loop simulation shall be proposed for testing constellation scheme on
the ground. We summarized our findings in Sect. 4.

2 Multi-band and Multi-mode Real-Time Information
Collection Payload

AIS and ADS-B use VHF (Very High Frequency) and L band as their carrier frequency
respectively. And their signals have different requirement on the antenna gain, leading
to the result that they cannot share the same antenna. The way based on SDR can
receive different signals from different targets at the same time. The diagram about two
types of signals collection is shown in Fig. 1.

For improving efficiency of information collection, AIS and ADS-B needs to have
two antennae respectively. One of two antennae is at an angle of 45° to the movement
of the satellite while the other is at an angle of −45° to the movement of the satellite.

Fig. 1. Signals collection and processing
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Due to electromagnetic wave in VHF having longer wavelength, the VHF antenna
needs the big size antenna. Regarding the antenna gain, the L band antenna adopts to
single helix antenna. From Fig. 1, we can know that firstly, signals will enter the
band-pass filter, which can filter some noise out of band. And then the low noise
amplifier improves gain of signals. Secondly, the important part is RF (radio frequency)
agile transceiver which can process signals containing quick AD/DA, frequency con-
version, etc. Lastly, the FPGA processing unit achieves baseband conversion,
demodulation and grouping. For reducing complexity, it is noticeable that ADS-B
signals needs to switch into VHF band before the RF agile transceiver. AIS and ADS-B
signals have different characteristics as shown in Table 1.

And then we will describe the design of the payload containing frequency dividing
and signals processing.

2.1 Frequency Dividing

The hardware of the payload includes a variety of the nonlinear thyristors. It is
inevitable that signals carried by different frequency will produce inter modulation
distortion [8]. Usually, the third intermodulation severely affects signals processing.
The distortion item of the third intermodulation can be expressed by (1)

2f1 � f2 and 2f2 � f1 ð1Þ

Where f1 and f2 are different carrier frequencies. AIS signals contain four types of
frequencies. The frequency spectrum and the third intermodulation are shown in Fig. 2.

In the first frequency conversion, ADS-B signals should approach the AIS fre-
quency. Besides, ADS-B signals need 3 MHz bandwidth as transitive band. Regarding
1 MHz as the allowance, ADS-B signals can be converted into 148 MHz–152 MHz.

Table 1. Signals parameters

Modulation frequency (MHz) Modulation Checkout

AIS 156.775/156.825/161.975/162.025 GMSK/BT = 0.5 CRC-16
ADS-B 1090 PPM CRC-16

Fig. 2. Frequency spectrum
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2.2 Multiple Sub-channels Modulation

AIS signals are modulated by GMSK (Gaussian Filtered Minimum Shift Keying).
Generally, they can be demodulated by coherent demodulation or non-coherent
demodulation. For the microsatellite which has the weak ability of computing on
orbit, the signals processing scheme should not be complex. And considering the high
velocity of the satellite and limitation on preambles, this payload employs
non-coherent differential demodulation [9]. Moreover, high-speed motion of satellite
leads Doppler frequency offset of received signals, which deteriorate the performance of
demodulation scheme. However, the method that signals are directly extracted and then
used to estimate frequencies by the FFT (Fast Fourier Transformation) will cost much
time and resources. Therefore, according to different frequency, we set several
sub-channels to deal with signals consistently. For instance, AIS signals contain four
frequencies. At present, the number of ships using 161.975 MHz and 162.025 MHz is
more than these with 156.775 MHz and 156.825 MHz [4]. For reducing packets loss
due to many signals arriving simultaneously, the signals transmitted by the former two
frequencies are modulated by the method of multiple sub-channels modulation. The
Doppler frequency offset ranges from −4 kHz to 4 kHz. From the Sect. 2, the single
antenna can receive signals with either positive or negative frequency. For instance, one
of the antenna can receive signals with the positive frequency offset. These signals can
be put into eight sub-channels to process. The frequency offsets of eight sub-channels
are 3.5 kHz, 3.0 kHz, 2.5 kHz, 2.0 kHz, 1.5 kHz, 1 kHz, 0.5 kHz, 0 kHz. However,
signals with 156.775 MHz and 156.825 MHz can be processed by directly extracting
present signals and estimating frequency offset. The procedure of signals processing is
shown in Fig. 3.

ADS-B uses the PPM (Pulse Phase Modulation) which is similar to amplitude
modulation. The code mode is bidirectional level code. The procedure of demodulation
is that: firstly, we reshape the baseband wave of the impulse signals. Secondly, we
ensure the location of message head and identify type of message. Finally, the correct

Fig. 3. Processing of signals
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ADS-B messages can be obtained after they pass the CRC (Cyclic Redundancy Code).
The whole procedure is shown in Fig. 4.

3 Design of Constellation and Communication Performance

3.1 Performance of Coverage

The building of architecture is the precondition of designing space information net-
work. For obtaining the good performance of receiving signals globally, this paper
designs a polar orbit constellation which can almost cover the earth based on covering
band method. The covering band method makes use of overlapping coverage with
several satellites in the same orbit to form a consequent area. It is shown in Fig. 5.

From the Fig. 5, we know that the semi-geocentric angle a and the width of
covering band satisfy the following geometric relation.

c ¼ arccos½ cos a
cosðp=SÞ� ð1Þ

Fig. 4. Processing of ADS-B signals

Fig. 5. The covering band
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The adjacent satellites in different orbit can display the two relative movements.
They are the direct orbit and contrary orbit respectively. The satellites in direct orbit
need to keep fixing phase relation while the phase of satellites in contrary is varying.
Through the reasonable design of longitude difference between adjacent orbits, the
polar orbit constellation can achieve the global coverage. It is shown in Fig. 6.

For ensuring the seamless coverage, the two types of orbits need to satisfy the
following relation respectively.

D1 ¼ aþ c ð2Þ

D2 ¼ 2c ð3Þ

The polar orbit constellation should satisfy

ðP� 1ÞD1 þD2 ¼ p ð4Þ

We put (2), (3) and (4) into (5). And then we can obtain

ðP� 1ÞaþðPþ 1Þ arccos½ cos a
cosðp=SÞ� ¼ p ð5Þ

Where P is the number of the orbits. S counts the satellites. a as the semi-geocentric
angle depends on the height of the orbit h and the minimum elevation angle h. Their
relation is shown in Fig. 7.

Fig. 6. The relation of the adjacent orbit
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From the Fig. 7, we can know that

a ¼ 90� � b� h ð6Þ

In the triangle

RE

sin b
¼ RE þ h

sinðhþ 90�Þ ð7Þ

By the law of cosines, the distance from the satellite to edge of its coverage can be
obtained

d2 ¼ R2
E þðhþREÞ2 � 2 � RE � ðhþREÞ � cos b ð8Þ

According to above, a is determined with the value of h and h. The whole con-
stellation is based on the LEO microsatellite. In the simulation, we set h ¼ 600 km and
E ¼ 5�. Moreover, there are some requirements to receive signals in orbit. The half
beam angle of the antenna need to satisfy b

0
\b. According to criterion of AIS and

ADS-B, the needed parameters about computing the value of communication link are
shown in Table 2.

From the Table 2, if the allowances of AIS and ADS-B outperform 10 dB, the
furthest of communication distances are 718 km and 722 km respectively. Since the
AIS antenna has almost the same coverage as the ADS-B antenna, we set d ¼ 718 km.
Moreover, according to (7) and (8). we set b ¼ 65:5� and a ¼ 19:4�. The outcome of

Fig. 7. The coverage of the satellite
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simulation indicates that the constellation consists of 6 orbits and 13 satellites in every
orbit. To avoid different satellites’ confliction in polar region, the orbit inclination and
the difference of longitude of the direct orbit are designed as 85° and 31° respectively.
The simulation time is from 5 Apr 2017 04:00:00 to 6 Apr 2017 04:00:00. And the
architecture and coverage of the constellation are shown in Figs. 8 and 9.

From the Fig. 9, we can know that the ratio of single-time global coverage reaches
99.83%, which almost guarantees global information collection. Besides, the inter
satellite link needs to be designed to ensure information returning to the ground station
in time.

Table 2. Link parameters

Items AIS ADS-B Comment

Emitting Power P 10.9 dBW 25 dBW AIS Class A
Emitting Gain Gpt 2 dBi 0 dBi
Transmission Loss Lt 1.0 dB 1.0 dB
Frequency f 161.xx MHz 1090 MHz
Receiving Gain Grp 0 dBi 6 dBi
Feed Line Loss Lr 0.5 dB 1 dB
Atmospheric Loss Lg 0.5 dB 0.5 dB
Polarization Loss Lp 1 dB 1 dB
Receiver Sensitivity Sen <-133dBW <-134dBW
Free space Transmission
Loss Ls (dB)

Ls = 32.44 + 20lgf + 20lgd d is transmission
distance

Allowance (dB) P + Gpt-Lt-Ls-Lg + Grp-Lp-Sen >10 dB

Fig. 8. The architecture of constellation
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3.2 Performance of Communication

Based on the characteristic of multi-band and multi-mode real-time information, this
section proposes a testing scheme based on hardware-in-the-loop simulation to test
performance of space information network. The principle is shown in Fig. 10.

The whole testing scheme contains the hardware performance and the software
simulation. The hardware performance’ testing mainly includes transmitting and
receiving simulated signals correctly. It is highlighted in non-dashed parts in Fig. 10.

Fig. 9. Performance of constellation coverage

Fig. 10. The makeup of hardware-in-the-loop simulation
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The main equipment consists of signals simulators, antennae, the attenuator and the
payload of multi-band and multi-mode information collection. Moreover, the emitting
power ranges from 3–15 W. And the value of power reduction is about 40–70 dB. The
signals are received by the antenna and then demodulated in the payload. The rest of
the Fig. 10 is the software simulation. In this part, the computer collects and sends data
by HITL interface. And these data are used to produce heterogeneous network modes.
And then based on the network protocol and some constraints, the computer establishes
the architect of the space information collection network. The whole procedure of this
testing scheme can be divided into three parts. Firstly, the signals simulator produces
simulating signals based on targets distribution. Secondly, the payload receives and
demodulates signals. Finally, the computer counts the received messages and adjusts
the architect of the constellation based on the performance of receiving signals and the
network protocol.

And then we need to estimate the number of data possibly received by this
information collection system. We regard AIS as an example and utilize AIS data
collected by the ‘Tiantuo III’ satellite during some time to plot a ships distribution map
which is shown in Fig. 11.

The map is divided into many regions in a difference of longitude and latitude. The
number of every region is marked by the red figure. There are about 130 thousand of
ships installing the AIS on the global maritime space [11]. Moreover, the probability of
ships detection is one of the significant indicators of the space AIS. And the probability
is mainly influenced on distribution of ships. According to the above, we have had
simulation. The outcome indicates that the probability of ships detection is about
41.3%, which is corresponding to that proposed in recent papers [12]. Assuming every
ship emits message with per 10 s, we can compute that the space information collection
network can receive 463881600 AIS messages during the 24 h. Moreover, in the

Fig. 11. Ships distribution map
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coverage of the single satellite, a large number of ships result in collision of uplink
signals. However, it can narrow the antenna width or use method of signals separation
to alleviate the collision.

Moreover, the design of inter satellite link is significant for data returning. Since the
communication distance cannot be too far, the inter satellite link is deserved to be
established within adjacent satellites. The total time delay is shown as follow

tdelay ¼ tcdelay þ thdelay þ tpdelay ð9Þ

Where tcdelay is the time of signals transmission. thdelay is the time during which
information passes several hops and tpdelay is sum of time of processing in every satellite
node. The simulating outcome based on STK indicates that the average communication
distance of adjacent satellite is 3339.9 km in the same orbit while that is 3172.4 km in
the adjacent orbit. The information passes maximum hops is 6. The total time delay is
kept in level of millisecond, which can satisfy the requirement of signals emission cycle
of AIS (10 s) and ADS-B (about 4 s) [13, 14].

4 Conclusion

Considering the data collection based on space multi-band and multi-mode information
collection network, this paper proposes the design of payload and constellation net-
working. In the design of payload, this paper proposes the scheme of frequency band
dividing and multi-band and multi-mode signals demodulation. Moreover the con-
stellation has been designed based on covering band method. It can cover 99.83% of
the global region in real-time. At the end of this paper, we design the
hardware-in-the-loop simulation to test performance of space information network
based on time delay and ships distribution. In a word, the scheme of multi-band and
multi-mode information collection can provide design of future space information
network as a reference.
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Abstract. Micro-satellite ad hoc network has attracted a lot of inter-
est from both the academia and industry, due to its better performance
of earth coverage, data access delay and so on. MAC protocol design
is one of the key and important problems in the micro-satellite ad hoc
network. In this paper, we propose the Multi-Detection based CSMA
protocol for the micro-satellite ad hoc network named as MD-CSMA, in
which each satellite senses the channel by multiple detections. Compared
with the traditional CSMA, the MD-CSMA protocol provides better per-
formance of channel utilization ratio and guarantees the space mission
with high-level priority. First, the related works about MAC protocols
and micro-satellite ad hoc network are reviewed, and we show that the
CSMA protocol better suits the micro-satellite ad hoc network than the
TDMA protocol. Then, we propose the MD-CSMA protocol and its anal-
ysis. Finally, we construct various simulations to verify that the MD-
CSMA protocol has better performance in terms of channel utilization
ratio, mission satisfied ratio, and average latency of data access than the
CSMA/CA protocol and the TDMA protocol.

Keywords: Micro-satellite · Ad Hoc network · CSMA protocol
Multi-detection

1 Introduction

Compared with one single big satellite, the micro-satellite ad hoc network can
not only implement the full function of the single big satellite, but also provide
higher efficiency gain by promoting adaptability, scalability, reconfigurability,
and affordability [1]. Therefore, micro-satellite network has become an efficient
and economical approach to resolve many new space missions, such as navigation,
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communications, remote sensing, and scientific research [2]. The MAC protocol
is an important and key role in the micro-satellite network. In this paper, we
design a multi-detection based CSMA protocol, named MD-CSMA, to improve
the performance of channel utilization, mission satisfied ratio, and data access
latency.

In order to make the best use of micro-satellite ad hoc network and complete
various kinds of space missions. The Medium Access Control (MAC) protocol
should be designed by considering the network and mission features, such as
network topology, micro-satellite number, mission priority [3], and so on.

There has been many MAC protocols proposed for satellite network [4–7].
In [7], the authors proposed the Time Division Multiple Address (TDMA) pro-
tocol for a cluster of micro-satellite, in which time is divided into time slots
and each micro-satellite is allowed to transmit or receive in one time slot. The
Frequency Division Multiple Access (FDMA) protocol for micro-satellite net-
work is analyzed in [8], in which multiple satellites can communicate at the
same time by using different frequencies. However, when the number of micro-
satellites is huge, TDMA will cost a high data access delay, and FDMA will waste
channel resources. The Carrier Sense Multiple Access with Collision Avoidance
(CSMA/CA) protocol is proposed in [9,10], in which transmitting node detects
the channel state by using Request-to-Send (RTS) and Clear-to-Send (CTS)
signals. With the increase of the micro-satellite number, the performance of
CSMA/CA will deteriorate caused by too many collisions. In this paper, we
propose a multi-detection based CSMA protocol to improve the performance
of channel utilization ratio and mission satisfied ratio by multiple collision
detections.

In MD-CSMA protocol, we divide a time slot into multiple mini-time slots,
containing multiple mini-time slots for contention (denoted as contention mini-
time slot) and one mini-time slot for data transmission (denoted as data mini-
time slot). The length of contention mini-time slot is much shorter than the
length of data mini-time slot. In the contention mini-time slot, transmitting
micro-satellites contend for the data mini-time slot. If there is a collision hap-
pened in this contention mini-time slot, each micro-satellite will stop contending
with a retreat probability in order to avoid contention. The retreat probability
relates to the mission priority. The MD-CSMA protocol can increase the channel
utilization by multiple contentions, and guarantee the high-level priority mission
by retreat probability.

The main contributions of the paper are as follows.

– We are the first to propose the MD-CSMA protocol for micro-satellite net-
work. In this protocol, the micro-satellite contends channel in the multiple
contention mini-time slots when it has transmission mission, which increases
the channel utilization ratio by multiple detections.

– We propose the retreat probability, which guarantees the high-level priority
mission. The retreat probability relates to the mission priority, i.e., the lower-
level space mission owns the higher retreat probability. Therefore, the higher-
level space missions are satisfied with higher probability.
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– We construct various simulations to evaluate the efficiency of the MD-CSMA
protocol. Evaluation results show the proposed MD-CSMA protocol outper-
forms the traditional CSMA protocol and the TDMA protocol in terms of
channel utilization ratio, mission satisfied ratio, and data access latency.

The remainder of our paper is organized as follows. In Sect. 2, we briefly
review the related work. Then we propose the MD-CSMA protocol in Sect. 3.
In Sect. 4, we propose the theoretical analysis about the MD-CSMA protocol.
We present the evaluation results in Sect. 5. Section 6 concludes our work and
propose our future work.

2 Related Work

With the development of Chinese economy and the advancement of One Belt
And One Road policy, the number of space missions experiences a huge explo-
sion. Because of the adaptability, reconfigurability, and affordability, the micro-
satellite ad hoc network has become a promising and economical approach to
resolve the explosion space mission. In [11], the authors reviewed the Project
“F6” of Defense Advanced Research Project Agency (DARPA), which propose
the Distributed Satellite System (DSS).

The MAC protocol plays an important role in the inter-satellite commu-
nication [4]. There has been lots of research on the MAC protocol design for
micro-satellite ad hoc network, which can be generally divided into two cate-
gories: conflict-free protocols and contention based protocols. Some basic proto-
cols of the conflict-free protocols are TDMA (Time Division Multiple Access),
FDMA (Frequency Division Multiple Access), and CDMA (Code Division Mul-
tiple Access). Their common idea is that each satellite use different time slot, or
frequency, or code to transmit, which ensures that collision of data transmission
never occurs. In [6], the authors analyzed multiple contention based protocols,
such as ALOHA, CSMA, BTMA (Busy Tone Multiple Access), ISMA (Idle Sig-
nal Multiple Access), and so on. Their common idea is that satellites contend for
the channel. Due to the scalability of network and the difficulty of synchroniza-
tion, the conflict-free protocol might not be the best option for inter-satellite ad
hoc network. Therefore, we propose a contention based protocol, which adapts
the changes in the network size and network topology.

3 The MD-CSMA Protocol

In this paper, G is used to denote the micro-satellite network. We take micro-
satellite i as an example to illustrate the MD-CSMA protocol. We assume that
micro-satellite i has N neighboring micro-satellites. And some of the micro-
satellite i’s neighboring micro-satellites request to communicate with the micro-
satellite i, denoted as the requesting micro-satellites.

In the MD-CSMA protocol, a time slot is divided into multiple mini-time
slots, containing multiple contention mini-time slots and one data mini-time
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slot, as shown in Fig. 1. The requesting micro-satellites contend in the contention
mini-time slots, and complete the communication mission in the data mini-time
slot. Figure 2 illustrates the framework of the contention mini-time slot. The
contention mini-time slot contains two sub-mini-time slots. In the first sub-mini-
time slot, the transmitting micro-satellites transmit the Request To Send (RTS)
to the micro-satellite i. In the second sub-mini-time slot, micro-satellite i feed-
backs the Clear To Send (CTS) if it receive a RTS successfully.

Fig. 1. A motivation example for movement.

Fig. 2. The framework of contention mini-time slot.

Figure 3 illustrates the successful reservation and collision. Figure 3(a) illus-
trates the successful reservation between micro-satellite i and one of its neighbor-
ing micro-satellites. More specially, there is only one micro-satellite transmitting
RTS to micro-satellite i. Once micro-satellite i receives the RTS, it will feedback
the CTS to the transmitting micro-satellite. If the transmitting micro-satellite
receives the CTS, they reserve the data transmission successfully and the other
micro-satellite i’s neighboring micro-satellites know this reservation by receiving
this CTS (since this CTS contains the id of micro-satellite i and the id of the
transmitting micro-satellite.). Figure 3(b) illustrates the collision, in which there
are more than one micro-satellite i’s neighboring micro-satellites transmitting
RTS to micro-satellite i. That causes a collision in micro-satellite i, and none of
these neighboring micro-satellites can reserve data transmission.

If a requesting micro-satellite wins in the contention mini-time slot, it will
transmit data to micro-satellite i in the data mini-time slot. If there is a collision,
in the next contention mini-time slot some transmitting micro-satellites will stop
contending with a retreat probability in order to decrease the probability of
collision.
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Fig. 3. The illustration of contention.

Generally, there are many kinds of space missions with different priority in
the micro-satellite ad hoc network. In order to satisfy the high-level-priority
mission, the high-level priority mission has a lower retreat probability. In our
paper, we assume that there are M levels. The lower-level space mission owns
the higher retreat probability. We define the retreat probability of the m-th level
space mission as

Pm = 1 − 1
m
. (1)

The length of the contention mini-time slot is much shorter than the length
of data mini-time slot, which increase the channel utilization ratio.

4 Analysis of the Protocol

In this section, we propose the theoretical analysis of the MD-CSMA protocol.
To clarify the presentation, we list the notations used in the analysis here.

– i: the micro-satellite i,
– N : the number of micro-satellite i’s neighbors,
– N0: the number of micro-satellite i’s neighbors requesting to communicate

with micro-satellite i at t0-th time slot,
– M : the number of mission kinds,
– m: the level of mission priority, m = 1, 2, . . . ,M ,
– pm: the retreat probability of the m-th mission,
– K: the number of contention mini-time slots.

There are N0 micro-satellites requesting to communicate with micro-satellite
i at t0-th time slot, and these N0 will transmit RTS at the first contention
mini-time slot of the t0-th time slot. If there are more than one micro-satellites
transmitting RTS to micro-satellite i, there is a collision in micro-satellite i. We
define (1−P1) as this probability. In order to avoid the collision, these N0 micro-
satellites will stop contending in the second contention mini-time slot with the
corresponding retreat probabilities.
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The retreat probability relates to the level of mission priority. Generally, the
mission with higher priority has lower retreat probability (as shown in Eq. 1),
which satisfies that the higher-level mission can win in the contention mini-time
slots with higher probability.

We define P2 as the probability of successful conservation at the second mini-
time slot, as shown in Eq. 2.

P2 = (1 − P1) ·
N∑

n=1

((1 − pn) ·
∏

n0 �=n

pn0). (2)

(1−P1) is the probability that these N0 > 1 requesting microsatellites lost in the
first contention mini-time slot. (1 − pn) · ∏

n0 �=n pn0 is the probability that the
micro-satellite n wins in the second contention mini-time slot, where (1 − pn) is
the probability that micro-satellite n transmitting RTS at the second contention
mini-time slot, (1 − pn) is the probability that the other micro-satellites stop
transmitting RTS at the second contention mini-time slot. Therefore, there is one
micro-satellite winning in the second contention mini-time slot is P2. Similarly,
we define Pk as the probability that there is a micro-satellite winning at the k-th
contention mini-time slot, as shown in Eq. 3.

Pk =
∏

1,··· ,k−1

(1 − Pk−1) ·
N∑

n=1

((1 − pn) ·
∏

n0 �=n

pn0). (3)

∏
1,··· ,k−1(1−Pk−1) is the probability that there is no micro-satellite winning

before the k-th contention mini-time slot. Nk−1 is the number of micro-satellites
transmitting RTS at the (k − 1)-th contention mini-time slot, and the micro-
satellite n is one of these Nk−1 micro-satellites. ((1 − pn) · ∏

n0 �=n pn0) is the
probability that the micro-satellite n wins at the k-th contention mini-time slot.

We define P as the probability that there is a micro-satellite winning in K
contention mini-time slots, as shown in Eq. 4.

P = P1 +
K∑

k=2

Pk. (4)

P1 is the probability that there is a micro-satellite winning in the first contention
mini-time slot. Pk is the probability that there is a micro-satellite winning at
the k-th contention mini-time slot.

The number of contention mini-time slots has an influence on the performance
of the MD-CSMA protocol. On one hand, too many contention mini-time slots
will cause waste. On the other hand, if there is not enough contention mini-time
slots, there may be no micro-satellite winning in the K contention mini-time
slots. In Eq. 5, we analyze how to get the minimum number of contention mini-
time slots that guarantees P > P0 (P0 is a given probability.).

minK (5)
st. P ≥ P0 (6)
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In Eq. 5, P is an increasing function of K. Therefore, we can easily get the
result of Eq. 5.

5 Experimental Evaluation

In this section, we construct various simulations to evaluate our proposed MAC
protocol. In order to illustrate the outperformance of the MD-CSMA proto-
col, we compare our proposed MAC protocol with the TDMA protocol and the
CSMA/CA protocol. In the TDMA protocol, a time slot is divided into N mini-
time slots for the N neighboring nodes. In the CSMA/CA protocol, each satellite
contend at a random time slot. When there is a collision, they stop contending
for a random period.

The following three metrics are used for evaluating our proposed protocol.

– Channel utilization ratio: the ratio of channel reserved successfully. It refers
to the effective bandwidth utilization

– Mission satisfied ratio: the ratio of space missions being satisfied. It refers to
the efficiency of the MD-CSMA protocol.

– Average latency of data access: the average delay over all the generated
queries, where data access delay is defined as the time elapsed between gen-
eration of query and the reservation.

We construct various simulations in two different scenarios. In the first sim-
ulation scenario, the number of micro-satellites varies from 48 to 288. There are
12 Low Earth Orbits (LEO), each containing 4/5//24 micro-satellites. Micro-
satellite uses directional antenna, and its beam width is 5o. The number of each
micro-satellite’s neighboring micro-satellites varies from 2 to 10. Due to the
mobility of micro-satellites, each micro-satellite cannot meet all of its neighbor-
ing nodes at the same time. In the traditional TDMA, we divide a time slot into
10 mini-time slots. There are 10 levels of mission priority. And the distribution of
mission priority obeys to the Zipf-distribution, i.e., pmission

m = 1
ms /(

∑M
m=1

1
ms ),

where m is the mission priority level, M is the number of mission priority levels,
s = 1. Each micro-satellite transmits RTS with probability Pm.

Figure 4 shows the performance comparison of channel utilization. With the
increase of micro-satellite number, each micro-satellite has more neighboring
micro-satellites. The X-axle denotes the number of neighboring nodes. The Y-
axle denotes the channel utilization ratio. Figure 4 shows that the proposed
MD-CSMA protocol outperforms the CSMA/CA protocol in terms of channel
utilization ratio. When Pm is large, the MD-CSMA protocol outperforms the
TDMA protocol. The reason is as follows. The MD-CSMA protocol provides
a better channel utilization ratio than the CSMA/CA protocol by using mul-
tiple contention. Since the time slot structure of the TDMA protocol is fixed,
the MD-CSMA protocol can provide a better performance of channel utilization
ratio.

Figure 5 shows the performance comparison of mission satisfied ratio. Gen-
erally, the MD-CSMA protocol outperforms the CSMA/CA protocol in term of
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Fig. 4. Channel utilization.

Fig. 5. Mission satisfied ratio.

mission satisfied ratio by multiple contentions. When Pm = 0.8, the MD-CSMA
protocol outperforms the TDMA protocol in terms of mission satisfied ratio. The
reason is as follows. The MD-CSMA protocol provides a better mission satisfied
ratio than the CSMA/CA protocol by using multiple contention mini-time slots.
Since the time slot structure of the TDMA protocol is fixed, when Pm is large,
the MD-CSMA protocol can provide a better performance of mission satisfied
ratio.

Figure 6 shows the performance comparison of data access delay. Generally,
the MD-CSMA protocol outperforms the CSMA/CA protocol in term of data
access delay by using multiple contention mini-time slots. When Pm = 0.2, the
MD-CSMA protocol outperforms the TDMA protocol in terms of data access
delay. The reason is as follows. The time slot structure of the TDMA protocol is
fixed, when Pm is small the MD-CSMA protocol can satisfied the space mission
with less delay than the TDMA protocol.

In the second simulation scenario, there are 12 Low Earth Orbits (LEO),
each containing 24 micro-satellites. And each micro-satellite has 10 neighboring
micro-satellites. Pm (m = 1, 2, . . . , 288) is the probability that the micro-satellite
m is a requesting micro-satellite. We various Pm from 0.2 to 0.8.
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Fig. 6. Average latency of data access.

Fig. 7. Channel Utilization ratio comparison.

Figure 7 shows the performance comparison of channel utilization ratio. The
MD-CSMA protocol outperforms the CSMA/CA protocol and the TDMA pro-
tocol in term of channel utilization. And the performance improvement is more
significant with a larger requesting probability. The reason is as follows. The
time slot structure of the TDMA protocol is fixed, the requesting micro-satellite
cannot use the time slot of the other micro-satellites (even these micro-satellites
are not requesting micro-satellites). The MD-CSMA protocol makes the best use
of the channel resource by using the multiple contention mini-time slots. There-
fore, the MD-CSMA protocol achieves a better performance of mission satisfied
ratio. We have got the similar comparison results in terms of mission satisfied
ratio and average data access latency.

6 Conclusion and Future Work

In this paper, we propose a new MAC protocol for the micro-satellite ad hoc net-
work, named Multi-Detection Carrier Sense Multiple Access (MD-CSMA), where
the micro-satellites reserve the mission mini-time slot by multiple contention.
When there is a collision, the transmitting micro-satellite stop contending by a
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retreat probability. The retreat probability relates to the mission priority, which
guarantees the space mission of high-level priority. Compared with the TDMA
protocol and the CSMA/CA protocol, our proposed MD-CSMA protocol pro-
vides better performance in terms of channel utilization ratio, mission satisfied
ratio, and data access delay.

In the future, we will research how to set the retreat probability by consider-
ing the game theory, in order to improve the efficiency of contention mini-time
slot.
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Abstract. In this paper, the possibility on frequency sharing of IMT-2020 and
mobile satellite systems (MSS) in the 45.5–47 GHz band is investigated. This
study is of great importance to related research community, industry and reg-
ulators which are currently investigating spectrum requirements and technology
options for IMT-2020 and beyond. Focusing on the scenario of MSS GSO
uplink as victim, we analyzed the interference from IMT-2020 to the MSS
receiving GSO satellites (Sat) and compared that with the predefined threshold
to assess whether the frequency sharing is possible. Different density of
IMT-2020 stations and elevation areas are considered in sharing analysis. In
addition, separation distance needed is simulated in terms of separation
longitudes.

Keywords: International Mobile Telecommunication (IMT)
Mobile Satellite Service (MSS) � Frequency sharing � Interference assessment

1 Introduction

The development of IMT for 2020 and beyond is expected to enable new use cases and
applications and addresses rapid traffic growth, for which contiguous and broader
channel bandwidths than currently available for IMT systems would be desirable. This
suggests the need to consider spectrum resources in higher frequency ranges [1]. The
recent past WRC-15 has adopted the resolution of studies on frequency-related matters
for IMT identification including possible additional allocations to the mobile services
on a primary basis including 45.5–47 GHz bands for the future development of IMT
for 2020 and beyond [2]. However, this band has been allocated on a co-primary basis
to MSS [3], thus making it necessary and meaningful to study the sharing and com-
patibility of IMT-2020 and MSS.

Lots of work has done on sharing of IMT and other services, most of which are
limited to IMT-2000 and IMT-Advanced systems. International Telecommunication
Union (ITU) has published the relating reports on sharing of IMT-2000 and other
services in [4], and that of IMT-Advanced and other services in [5, 6]. However,
sharing of IMT-2020 and other services is in its infancy. Study of coexistence between
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5G small cells and Fixed Service (FS) at 39 GHz is done in [7], where required
frequency rejection is given for tolerable interference on FS resulting from IMT-2020.
[8] focuses on the spectrum sharing between IMT-2020 and Fixed Satellite Service
(FSS) at 28 GHz, where the achievable performance of 5G under the FSS interference
is simulated. [9] analyzed the coexistence of MSS and MS in 2.1/1.9 GHz band, and
interference from MS on MSS is done assuming the MS CDMA scheme.

However, existing research mainly focused on the interference to earth stations
(ES) and few concerned that to receiving Sat. Besides, aggregate interference from IMT
on MSS is analyzed without consideration of IMT stations numbers. To the authors’
best knowledge, few studies has assessed on frequency sharing of IMT-2020 and MSS
at 45.5–47 GHz band. We focus on the interference from IMT systems to MSS
receiving GSO Sat in 45.5–47 GHz with co-channel interference specified.

Existing work can be guide on our study, but still many challenges are undergo.
Propagation model, power control schemes and antenna radiation patterns can all do
effect on the frequency sharing of IMT-2020 and MSS. In particular, we consider the
parameters provided by ITU, 3GPP and other newly publications. We first verify the
interference scenarios and classify the interference cases in detail. Then we analyze the
interference of IMT-2020 on MSS satellites in terms of different operating elevations
and various densities of IMT nodes. In addition, the separation between IMT systems
and MSS is simulated in terms of separation longitude with different operating lati-
tudes. The contributions of this paper are twofold as follows:

• We evaluate and analyze the interference from IMT-2020 to MSS receiving GSO
Sat in the band of 45.5–47 GHz with co-channel interference specified.

• We test different IMT station densities on simulation. Effective area percentage and
equivalent UEs density are defined to describe aggregate interference from IMT to
MSS.

The paper is organized as follows: Sect. 2 is the system model and interference
assessment. Section 3 describes the simulation methods and the results analysis. Sec-
tion 4 concludes the paper.

2 System Model and Interference Assessment

2.1 Sharing Scenario

We consider the coexistence scenario of MSS and IMT networks as illustrated in Fig. 1
where the MSS spot beam GSO satellite (Sat) and IMT-2020 is specified. In addition,
no cooperation of these two networks is assumed.

2.2 Interference Assessment

The interference scenario from IMT to MSS uplink can be illustrated as Fig. 1.
Detailed interfering model can be classified into 2 cases and separately denoted by C1–
C2 in Fig. 1.
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• Case 1: IMT downlink interfere MSS uplink, denoted by C1.
• Case 2: IMT uplink interfere MSS uplink, denoted by C2.

For C1–C2 each case, the interfering link contains two nodes, that is IMT trans-
mitting nodes and MSS received nodes, denoted by Tx and Rx separately, where Tx
limits to the IMT BS or UE while Rx limits to the MSS Sat. Transmit powers of ith Tx is
denoted by Pi Txð Þ. Interference jth Rx received from ith Tx is Ij;i and can be expressed as
Eq. (1):

Ij;i ¼ Pi Txð ÞþGi Tx; hdð ÞþGj Rx; hað Þ � PLj;i ð1Þ

where the hd is the angle of departure for transmitting signals and the ha is the angle of
arrive for the receiving signals, as illustrated in Fig. 2.

Omnidirectional radiation pattern is supposed as IMT-2020 BS antenna, with the
vertical radiation pattern is referenced in [10]. For MSS Sat antenna pattern, we
assumed a tapered circular apertures antenna with uniform distribution, described in
Eq. (2) with n ¼ 0 [11].

G /ð Þ ¼ Gmax 2nþ 1 nþ 1ð Þ! Jnþ 1 /ð Þ
/ð Þnþ 1

�����

�����

2

ð2Þ

Antenna patterns for MSS Sat and IMT-2020 BS are shown in Fig. 3.

Fig. 1. Frequency sharing scenario of IMT and MSS
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Note that Tx power is assumed to be controlled with an LTE-like power control
mechanism [12]. The uplink power control parameter PLx�ile value is modified to
105.9 dB, with shadowing effect considered.

The path-loss PLj;i is calculated based on line-of-sight (LOS) in Recommendation
ITU-R P.2001-2 [13] expressed as follows:

PL ¼ 92:44þ 20 lg fc=GHzð Þþ 20 lg d=kmð Þþ Lo ð3Þ

where Lo means other losses, characterized by operating frequency, MES elevation and
local climate etc. Lo is mainly determined by rain attenuation with other inevitable
factors like atmospheric attenuation and cross-polarization discrimination. Rain

Fig. 2. Antenna radiation pattern for BS and Sat
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attenuation for p% percent of the time where p ranges from 0.001 to 1.0 is calculated
about 13 dB for a typical city with specific p = 0.01, 58 mm/h rain drops is supposed
[14].

Then the interference on jth Rx considering number of NTx Tx should be summed as
described in Eq. (4):

Ij ¼
XNTx

i¼1

Ij;i ð4Þ

The whole interference of IMT on MSS will be averaged as Eq. (5):

I ¼ 1
NRx

XNRx

j¼1

Ij ð5Þ

Interference from IMT systems on existing MSS systems should be compared with
the pre-defined interference threshold. We select an equivalent satellite link noise
temperature rise, DT=T ¼ 6%, as the maximum interference threshold [15], where
DT=T is defined as follow:

DT
T

¼ I
N0Bref

ð6Þ

where I is the receiving interference in the bandwidth of Bref , N0 is the thermal noise
density corresponding to the equivalent noise temperature of the satellite link, Bref is
the MSS link reference bandwidth.

3 Performance Evaluation

3.1 Simulation Environment

Deterministic calculations, while being simple, do not always provide a complete
picture of the interference scenarios that arise. For this reason, we use the recom-
mended Monte Carlo method in simulation analysis [16]. Table 1 lists the system
parameters in simulation.

3.2 Results and Analysis

3.2.1 Different IMT-2020 Stations Density
For area of satellite spot beam and IMT small cell are greatly different in size, and
number of IMT BSs or UEs can do make difference on aggregate interference
assessment. We define the effective area percentage (EAP) to describe the deployed
IMT area in a spot beam.
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EAP ¼ Area of IMT
Area of spot beam

ð7Þ

Figure 4 shows the interference of IMT BSs to MSS receiving GSO Sat on different
EAP and MES elevations. The results show that DT=T always exceeds the threshold of
DT=T ¼ 6%, making it scarcely possible to deploy IMT-2020 downlink co-frequency
with MSS uplink in the same geographical region.

We define the Equivalent UEs Density (EUD) as the ratio of total UEs and area of
spot beam, described as Eq. (8).

EUD ¼ Number of UEs
Area of spot beam

ð8Þ

Figure 5 shows the interference from IMT UEs to MSS receiving GSO Sat on
different EUD. The results show that DT=T exceeds the threshold of DT=T ¼ 6% when
EUD exceeds about 600=km2. Typical IMT-Advanced active UE density is 18=km2 for
dense urban macro, 115=km2 for dense urban micro [5]. Considering the IMT-2020
new arising Machine-to-Machine (M2M) services, M2M device subscribers will
occupy an increasingly large proportion in UEs. For example, subscriptions in China in
2030 are predicted to be 22.7 billion, about 450 times of 50 million in 2013 [17].
Likelihood or not of sharing between IMT-2020 interfering UEs and MSS receiving
GSO Sat will be possible only once whether used for M2M services in this band, the
accurate EUD of IMT-2020 and that of specific RF technical characteristics in a
satellite spot beam will be made available.

Table 1. System parameters

Parameter Value

IMT-2020 system
Carrier frequency 46 GHz
Inter-site distance 200 m
BS transmit PSD 36 dBm/MHz
BS antenna pattern Equation (1d) Ref [10]
BS feeder loss 1 dB
UE transmit PSD 7.5 dBm/MHz
UE feeder loss 1 dB
MSS system
Sat transmit power 50 W
Sat antenna main lobe gain 41.6 dBi
Sat antenna radiation pattern Equation (2)
Link noise temperature 501 K
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Fig. 4. Interference from IMT-2020 BSs to MSS receiving Satellite

Fig. 5. Interference from IMT-2020 UEs to MSS receiving Satellite
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3.2.2 Separation Needed in Longitude
To keep the interference of IMT BSs to victim MSS GSO Sat under the threshold,
additional loss should be provided by alternative geographic separation, here particular
refer to separation in longitude (SiL) as illustrated in Fig. 1. Same latitude of satellite
spot beam and IMT deployment, IMT BSs density of EAP ¼ 30% are supposed.

Figure 6 shows the interference of IMT BSs to MSS receiving GSO Sat in terms of
different of MES elevations and SiLs. It shows that the needed SiL differentiate with
the operating MES elevation. The SiL increases as MES elevation is smaller for IMT
BSs has bigger antenna gain towards MSS receiving GSO Sat. From Fig. 6, the SiL
should be more than about 7� when MES elevation is 90� to guarantee the MSS GSO
Sat.

4 Conclusion

In this paper, we investigated the frequency sharing of IMT-2020 and MSS in the band
between 45.5–47 GHz. The interference from IMT on receiving MSS GSO Sat is
simulated and compared with the predefined threshold. Particularly, we analyzed the
interference in terms of different IMT deployment densities and MES elevations. In

Fig. 6. Interference from IMT-2020 BSs to MSS receiving Satellite under different longitude
separations and MES elevations
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addition, the separation needed to protect the MSS GSO Sat from IMT BSs excessive
interference is given in terms of longitude separation. Simulation can be reference
guide for spectrum relating issues for IMT-2020 and beyond.
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Abstract. Due to its high coverage and communication capacity in bat-
tlefield and disaster area, space information networks have become an
important apart in the next generation communication system. As the
surging demand of burst business in hotspot regions, existing architec-
tures of space information networks lack scalability and cannot meet the
demand for high quality of service. This paper first proposes a flexi-
ble network architecture with dynamic reconstruction capability. Next,
space task sensing and traffic prediction technology are introduced to
forecast space task types and acquire the optimization objective of
dynamic reconstruction problem. Finally, we formulate the utility and
cost functions about different dynamic reconstruction strategies and then
select the optimal dynamic reconstruction scheme to satisfy the surging
demand of sudden business around the world.

Keywords: Space information networks · Network architecture
Task-oriented · Dynamic reconstruction

1 Introduction

Space information networks are carried by space platforms (including geosta-
tionary orbit satellites, nonsynchronous medium earth orbit satellites, non-
synchronous low earth orbit satellites, stratospheric airship, near-space UAVs
(Unmanned Aerial Vehicles) and so on). They can support space information
acquisition, transmission and processing in real time [1]. As a national strategic
infrastructure, space information networks have more prominent advantages in
various significant applications such as earth observation, aerospace measurement
and control, emergency communications, air transport and ocean voyage [2]. With
the rapid development of Chinese military and economy as well as the promotion
of the “the Belt and Road” initiative, the interests and influence of China in the
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world are expanding. At the same time, the number of various space missions has
risen rapidly, especially in hotspots, where sudden space missions occur with high
possibility. These large and unexpected missions put forward higher requirements
for the dynamic scalability of space information networks.

The GEO orbit resources and global ground stations are all limited in China
[3]. Existing space information networks cannot serve for the increasing number
of space users, especially in regional hotspots with the proliferation of resource
requirement. It becomes a great challenge to build a space information network
to meet the increasing and sudden space tasks. In this paper, we propose a
methodology about task-oriented dynamic reconstruction of space information
networks.

In view of the large scale, time-varying, space-varying and high dynamic char-
acteristics of space information networks, many scholars and research institutions
have explored the dynamic reconstruction technology of space information net-
works. The high-throughput distributed spacecraft network (Hi-DSN) proposed
in [4] could provide a vertically integrated network infrastructure and maintain
high-throughput multi-hop communications among mobile spacecraft operating
in diverse orbits, Hi-DSN also supported the dynamic extension when adding
new nodes. The authors in [5] introduced a cluster network model and proposed
an efficient scheme for satellites communication and self-healing when suffering
damage. The routing protocol under the star cluster structure was proposed to
support the dynamic reconstruction of nodes and links. Liang et al. in [6] pro-
posed an in-orbit reconfigurable software/hardware architecture for LEO satellite
communication system so that the satellites could be developed according to the
latest technology and updated on orbit by means of load reconstruction. These
existing researches on dynamic reconstruction of space information networks
mainly focused on physical layer, MAC layer and network layer and provided
some theoretical basis for dynamic reconstruction separately. However, to the
best of our knowledge, there is lack of task modeling and systematic analysis,
which cannot specifically guide the dynamic reconstruction of space information
networks.

2 Architecture of Space Information Networks

The architecture design of Space information networks is the prerequisite of
dynamic network reconstruction, so we combine the current research status
and the space information network characteristics and propose a task-oriented
reconfigurable network architecture. Recently, most researches have assumed the
architecture of space information networks is hierarchical, i.e., “backbone net-
work + access network” [7–9]. We analyze the TSAT system of the U.S. as an
example. Its backbone network consists of 5 GEO satellites which complete the
interconnection by laser link, while other space nodes and sub networks get access
to the backbone network. It’s a typical kind of “backbone + access” network [7].
In order to deal with the burst regional traffic, we introduce the supplement of the
backbone network as “region enhancement layer” based on the existing “back-
bone + access” network architecture. Region enhancement layer is temporarily



138 Q. Zhang et al.

constructed to increase service capacity for hotspot regions by various satel-
lites and aerial platforms interconnecting with each other. Since satellites and
aerial platforms constantly enter and leave, region enhancement layer changes
dynamically and should be constructed through the least costly way. The two-
layer backbone network architecture, “backbone + regional enhancement”, can
improve the data transmission ability for regional emergency business due to
its dynamic reconstruction capacity. We abstract the space information network
into a backbone network characterized by resource supply and an access network
characterized by resource requirements, as shown in Fig. 1. The resources in this
paper mainly refer to the communication resources carried by network nodes
(including bandwidth, antenna, power, frequency, etc.), computing resources,
cache resources and so on. Taking the communication resources as an example,
in the hotspots (red dotted circle in Fig. 1 represents a large number of new
users in this region), the backbone network needs to use MEO/LEO satellites
and aerial communication platforms to get more communication resources for
data transmission. We construct the “region enhancement layer” pertinently as
a supplement of the “GEO backbone layer” to ensure that the backbone net-
work can provide enough resources for surging business in hot spot regions,
which improve the space information backbone network service capacity and
ensure the whole network’s quality of service. Because of the MEO/LEO satel-
lite’ time-varying orbit characteristics, a part of satellites will leave the “region
enhancement layer”, while another part of satellites will come to the hot spot
region and be incorporated into the “region enhancement layer”. In this scenario,
we formulate the network dynamic reconstruction problems as minimizing the
reconstruction cost to satisfy the traffic carrying capacity of space information
networks. In terms of space information networks with two-layer backbone archi-
tecture, the following challenges will be considered:

Network heterogeneity: Two-layer backbone network architecture in space infor-
mation network has obvious heterogeneity. One the one hand, High orbit back-
bone nodes, such as relay satellites, have a relatively fixed position due to the
characteristics of their orbits. According to the evolution trend, high orbit nodes
will accomplish laser interconnection and form an available efficient high orbit
backbone network with fixed topology. On the other hand, the satellite nodes
located in the MEO/LEO have periodic dynamic topology because of their peri-
odic motion characteristics. Due to the different periods of satellite motion in
different orbits, the region enhancement layer shows the characteristic of dynamic
connections. Thus, the backbone of a space information network shows an obvi-
ous heterogeneity feature that high orbit satellites have static topology and
MEO/LEO satellites have dynamic topology.

Dynamic reconstruction: In order to enhance the backbone network’s capacity,
MEO/LEO satellites or aerial communication platforms are scheduled to con-
struct temporary regional enhanced network based on various mission demand.
We regard all kinds of satellites with communication function as “resources satel-
lites”, which carry different resources. Thus, we can not only use orbiting satel-
lite nodes, but also temporarily expropriate MEO/LEO satellite nodes or aerial
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Fig. 1. An example of dynamic reconstruction of the space information networks.
(Color figure online)

communication platforms to build the temporary region enhancement layer. At
the same time, due to the motion characteristics of MEO/LEO satellites, some
satellites will shift out of the region enhancement layer, while other MEO/LEO
satellites will move into the hot spots area, so the network needs to be reconfig-
ured in order to maintain the adequate service capacity. After space tasks are
completed, the network connection of region enhancement layer should be can-
celed to release the communication resources of MEO/LEO satellites and aerial
communication platforms. Thus, the backbone layer of the space information
network has an open network structure, which can accept new satellite nodes to
enter the backbone layer and support dynamic reconstruction.

Heterogeneous space resources: Satellite resources under the two-layer architec-
ture differ from each other greatly due to intergenerational update and distinct
missions of satellites. As far as the relay satellites are concerned, different gener-
ations will coexist for some time. The satellite resources, including the communi-
cation frequency, bandwidth, antenna type, cache, computing and power are all
dissimilar. Satellites in the region enhancement layer will also show the difference
about their communication, storage and computing capability. For example, the
earth observation satellites have broadband communication capability, while the
communication bandwidth of navigation satellites is relatively narrow. We can
also regard the air communication platforms as a special “resources satellites”.
Thus, the space information networks have various and heterogeneous space
resources.

Space missions with large quantity, massive types, and regional burst: According
to the task type, network services can be classified as high-speed service (such
as remote sensing service), low-speed service (such as measurement and control
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services); from the users’ motion characteristics, services can be classified as
those with predictable motion track (such as spacecraft users) and others with
random motion track (such as ground mobile users); from delay characteristics,
services can be classified as real-time service (such as real-time voice, video com-
munication) and non-real-time service (such as the playback of remote sensing
data); from the access mode, services can be classified as pre planned service
and burst service. The resource requirements of these services have some con-
sistency, but also have differences in many aspects, especially for the regional
burst traffic which has obvious region characteristics. From the view of whole
network, demands for resources are unevenly distributed.

The heterogeneity of backbone network, heterogeneous node resources and
diversity of space task demands put forward some challenges to maximize the
utility of space information networks.

3 Task-Oriented Dynamic Reconstruction of Space
Information Networks

In this paper, we aim at improving the service carrying capacity of space infor-
mation networks by dynamically reconstructing the backbone network. First of
all, the modeling and analysis of three classical space tasks are presented, which
are image transmission, measurement and control and voice service. We present
a cognitive scheme for fast and accurate space task prediction and grasp the
resource demand from the task level. Then, the network reconstruction goal of
service carrying capacity is introduced. Next, this paper will study the service
carrying capacity gain and implementation cost under different network dynamic
reconstruction methods and propose a reasonable reconstruction strategy so that
the space information networks can finally meet the regional task needs.

3.1 Space Task Perception and Prediction

Space information networks mainly serve three classical tasks. One is image
transmission task (such as earth observation), which is characterized by high
return speed and severe asymmetry between forward and backward links. By
2020, the data transmission rate of most earth observation satellites will reach
2Gbit/s, the highest requirement is about 8Gbit/s. The second category is the
measurement and control task, which has a high reliability, low rate characteris-
tics. The in-orbit measurement and control of satellite requires that the forward
control and the backward telemetry constitute a closed loop alignment mecha-
nism. The forward control and backward telemetry data rates of satellites are
generally only a few Kbit/s, and the small part of spacecraft can reach dozens
of Kbit/s. The third type of task is voice service. Because of the harsh condi-
tions of space environment, the space modem’s switching processing capability
is generally not high.

In order to perceive distinct tasks in space information networks, we sense
the traffic types through data transmission rate and the correlation between data
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frames. Firstly, the decision threshold TH1 is set according to past network data
transmission rate, this parameter should be constantly modified according to
the decision feedback result. Then, the data transmission rate c to be analyzed
in the space information networks is measured. If c < TH1, it is considered that
the measured task is the measurement and control task; otherwise it is image
transmission task or voice service. Next, in order to further sense the image
transmission task, we intercept a part of data stream, and extract the adjacent
M frames. Let X(i) denote the frame i, and X(i)j denotes column of j. We
define ρ as the correlation coefficients of frame i,

ρi = max
1≤j≤M,1≤k≤M,j �=k

< X(i)j ,X(i)k >

‖X(i)j2‖‖X(i)k2‖
. (1)

And further define as the mean correlation coefficient, denoted as

ρ =
1
M

M∑

i=1

ρi, i ∈ [1,M ]. (2)

The threshold TH2 is first set according to the experience value of network data
transmission, this parameter also needs to be constantly modified according to
the feedback of the decision result. Taking into account the high correlation of
image data frames, if ρ ≥ TH2, it is considered that the measured task is image
transmission task; otherwise it is voice service.

The classical tasks carried on the space information networks are different
from that on the terrestrial mobile communication network or the traditional
service on the Internet. In general, the space tasks have typical arrival laws and
task attributes, which are more conducive to the task prediction of space infor-
mation networks. However, due to the complexity of space information network
topology and the uncertainty of space transmission link, it brings challenges to
space mission prediction and service support. This paper focuses on breaking the
traditional coarse-grained traffic measurement and analysis model, and studies
the effective traffic analysis, modeling and resource demand forecasting for space
tasks, so as to realize the precise perception of network traffic status, reveal the
law of space task and optimize network resources configuration.

In this paper, a fast and accurate space task prediction and service decision
result are obtained by establishing a cognitive method for space users’ quality
of experience. The details of forecasting process are as follow:

(1) Get the type, and requirements of different tasks for different space users.
(2) Build a dynamic database of classical tasks for space information net-

works and maintain multidimensional information (constraints, priority, task
model and QoE) of classical space tasks and network states.

(3) By means of data mining, statistical analysis and evolutionary prediction,
the model of distinct types of task is established, the task characteristics are
extracted, and the clustering decision is implemented.

(4) To match the knowledge database and then formulate the traffic analysis
and resource requirements analysis of space tasks.
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(5) Based on the current state of the network, user demand status and network
optimization scheme, we can predict the task type and resource require-
ments of current space information network, and then the demand of burst
service for network access capability and data transmission capability can
be obtained.

(6) Release relevant forecast information and service strategy.

3.2 Reconstruction Strategies of Space Information Networks

After obtaining the demand of network access capability and data transmission
capability in hotspot region, we then reconstruct region enhancement layer to
satisfy the burst demand accordingly. The region enhancement layer in backbone
network of space information networks has a variety of dynamic reconstruction
methods, including upgrading satellite nodes in orbit, expropriating temporary
satellites, launching new air communication platforms. These dynamic recon-
struction methods bring different carrying capacity gain and implementation
cost. Our objective is to compare distinct reconstruction strategies and select
one to satisfy the actual demand with least cost.

We take the expropriation of in-orbit satellites as an example. First, we calcu-
late the gain of the backbone network access capacity by expropriating a satellite
vi, denoted as Δλvi

. Next, we analyze in detail the gain of the data transmission
capability the backbone network. When the space information network expro-
priate a new satellite, the link of the original network needs to be reconstructed
to achieve maximum data transmission capability. Using the graph theory and
dynamic programming theory, the gain of the data transmission capability of
the backbone network caused by dynamic reconstruction can be calculated. The
detailed solution is as follows:

Let T be the satellite node set of current backbone network, and vi ∈ T
denotes the new satellite node which is going to be added to T . We further
define Uvi

as the set of nodes in T that can connect with vi. The discussion is
divided into two cases: backbone network without isolated nodes and that with
isolated nodes:

(1) Backbone network without isolated nodes
Find the node vi in Uvi

with the largest weight of edge (vi, vj). Assume that
vj has connected with vm, then compare the weight of edge (vi, vj) and that of
edge (vj , vm).

(a) if Evi,vj
> Evj ,vm

, then disconnect the original link (vj , vm) and establish
a new link (vi, vj). For the node vm whose link is disconnected, find the
optimal solution again.

(b) if Evi,vj
≤ Evj ,vm

, keep the original link (vj , vm) of vj and find the edge
with second largest weight in Uvi

, then find the optimal solution again.

(2) Backbone network with isolated nodes
Assuming that the isolated node vg ∈ T , if we have vg /∈ Uvi

, then the
reconstruction scheme of vi is the same as that of without an isolating node.
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If vg ∈ Uvi
, find the node vj in Uvi

with the largest weight of edge (vi, vj) and
assume that has connected with vm.

(a) If Evi,vg
+Evj ,vm

≥ Evi,vj
+max(ΔEvm

), then keep the original link (vj , vm)
of vj , find the edge with second largest weight in Uvi

, then find the optimal
solution again. If the above equation still holds after the traversal, then we
connect the new node and the isolated node.

(b) If Evi,vg
+ Evj ,vm

≤ Evi,vj
+ max(ΔEvm

), then disconnect the original link
(vj , vm) and establish a new link (vi, vj). For the node vm whose link is
disconnected, find the optimal solution again.

In the above formula, max(ΔEvm
) is defined as the increased maximum data

throughput after removing node vi, vj , vm and merging vm into T . Through the
above algorithm, the data transmission capacity gain ΔCvi

of the backbone
network is calculated.

When reconstructing the network, we should strike a better tradeoff between
the gain of the network carrying capacity and the implementation cost. We define
f(vi) as the implementation cost function of expropriating the new satellite vj .
Moreover, we can calculate the access demand Δλ0 of new emergency service and
the transmission capacity requirements ΔC0 for backbone network by space task
perception and prediction method introduced in the Sect. 3.1. In order to satisfy
the new unexpected tasks in the hot spot regions via dynamic reconstruction
with the minimum implementation cost, we formulate the optimization problem
as (3).

min
∑

vi

f (vi)

s.t.
∑

vi

ΔCvi
≥ ΔC0 (3)

∑

vi

Δλvi
≥ Δλ0

The optimal reconstruction strategy of space information networks can be given
by resolving the above optimization problem.

4 Conclusion

In this paper, the “backbone + regional enhancement” two-layer backbone
architecture of space information networks was proposed. We have studied the
task-oriented dynamic reconstruction of space information networks and pro-
posed novel reconstruction schemes, which can provide support for improving
the dynamic scalability of space information networks. Specifically, in view of
the surging business in hotspot area, this paper firstly established a cognitive
traffic prediction model and then obtained the burst service requirements for
network access capacity and data transmission capacity which were regarded as
the dynamic reconstruction target. By formulating an optimization model, the
optimal dynamic reconstruction strategy can be selected to satisfy the demand
for task carrying capacity under the condition of minimal reconstruction cost.
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Abstract. Due to the relative orbiting of Low Earth Orbit (LEO) satellite and
Medium Earth Orbit (MEO) satellite, the inter-layer links (IIL) of LEO/MEO
Double-Layered Satellite Networks (DLSN) have to switch dynamically,
resulting in dynamic changes of satellite network topology, which has an impact
on the data transmission performance of DLSN. In this paper, the IIL topology
of LEO/MEO DLSN is analyzed and simulated. Firstly, the visibility calculation
method and establishment strategy of IIL between LEO and MEO satellite as
well as the calculation and optimization of system snapshots is analyzed. Then,
simulation analysis regarding the number and duration of system snapshots, IIL
switching time for LEO, the number of switching IIL in each system snapshot,
the number of IILs that each MEO needs to establish are presented. Finally, the
future research trends of DLSN IIL topology are discussed, such as how to
reduce the maximum IIL number for MEO and so on.

Keywords: Double-Layered Satellite Networks � Inter-layer link
Snapshot optimization � Simulation analysis

1 Introduction

In non-geostationary orbit satellites, Low Earth Orbit (LEO) satellites have a lower
transmission latency, lower link loss and thus low requirements to user terminals due to
its low altitude. However, the coverage of a single LEO satellite is limited and usually
need a larger constellation to achieve global coverage thus having a big system
investment. Meanwhile, Medium Earth Orbit (MEO) satellites have a higher altitude,
higher transmission latency and higher link loss, thus have higher requirements to user
terminals. However, due to the higher altitude and wide coverage of MEO satellites,
global coverage only needs a dozen MEO satellites and thus having a low system
investment. Moreover, the long distance transmission latency of MEO constellation is
better than LEO constellation. Therefore, LEO/MEO Double-Layered Satellite Net-
works (DLSN), which can combine the advantages of both LEO and MEO satellites,
has become a research focus in satellite communication network field [1].

© Springer Nature Singapore Pte Ltd. 2018
Q. Yu (Ed.): SINC 2017, CCIS 803, pp. 145–158, 2018.
https://doi.org/10.1007/978-981-10-7877-4_13



In LEO/MEO DLSN, LEO satellites have to establish Inter-Layer Link (IIL) with
MEO satellite in addition to establishing Inter-Satellite Links (ISL) with intra-orbit
LEO satellites and inter-orbit LEO satellites. MEO satellites also have to establish IILs
with LEO satellites in addition to establishing ISLs with intra-orbit and inter-orbit
MEO satellites [2]. Because MEO satellites cannot always be visible to LEO satellites,
the IILs have the characteristics of dynamic switching. Meanwhile, the ISLs in LEO
constellation and MEO constellation can generally be fixed by choosing a reasonable
constellation configuration [3]. Therefore, it can be concluded that the topological
dynamics of LEO/MEO DLSN are mainly due to the dynamic change of the IIL.

At present, the academia mainly focuses on the satellite network routing algorithm
[4, 5], and the research on the dynamic of satellite network topology is relatively little
[3, 6–11]. Markus et al. [3] proposed that choosing an inclined walker constellation can
achieve fixed laser ISLs for broadband LEO satellite networks. Wang et al. [6] pre-
sented an analysis on how to reduce the dynamics of LEO satellite network topology
by choosing a reasonable constellation configuration. Wang et al. [7] proposed an
equal-duration snapshot optimization method for LEO satellite networks. The above
researches are mainly focus on topology analysis and optimization for single layer
satellite networks. Wang et al. [8] argued that the LEO constellation selection has an
impact on the topology dynamics of multilayered satellite network. Wu and Wu [9]
proposed a centralized IIL establishment strategy for LEO/MEO DLSN and made a
performance evaluation. Zhou et al. [10] and Long et al. [11] proposed a snapshot
optimization method based on snapshot merging and achieved a remarkable
improvement.

The establishment strategy of IIL in LEO/MEO DLSN is generally based on
satellite grouping and routing protocol [1], that is, LEO satellite will choose MEO
satellite with the longest predicted coverage time to establish IIL. Each time the IIL
changes, one new snapshot will be generated. Since the strategy did not initially take
into account the snapshot optimization problem, the number of snapshots generated
was high and the duration of the snapshot was short. Large number of snapshots makes
the satellite network topology more dynamic and requires more storage space of the
satellite; short duration of snapshots makes a higher demand for the convergence speed
of the satellite routing algorithm. The snapshot optimization method based on snapshot
merging proposed by Zhou-Long can greatly reduce the number of snapshots while
increasing the duration of snapshots.

Since the IIL topology of LEO/MEO DLSN has not been thoroughly analyzed and
simulated in the literature, therefore this paper will try to fill the gap and point out the
future research direction. Firstly, the visibility calculation method and establishment
strategy of IIL are presented. Secondly, the calculation and optimization of system
snapshots proposed by Zhou-Long is analyzed. Thirdly, simulation analysis regarding
the number and duration of system snapshots, IIL switching time for LEO, the number
of switching IIL in each system snapshot, the number of IILs that each MEO needs to
establish are presented. Finally, the future research trends are discussed.
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2 The Establishment Strategy of IIL

The architecture of LEO/MEO DLSN is shown in Fig. 1. LEO constellation generally
needs a larger number of satellites to achieve global coverage due to its low orbit
altitude while MEO constellation only need a dozen or more satellites to achieve global
coverage due to its high altitude. Each LEO satellite generally establishes ISLs with
two intra-orbit satellites and two inter-orbit satellites while each MEO establishes ISLs
with MEO satellites according to the same strategy. Meanwhile, each LEO satellite will
also choose an MEO satellite to establish IIL. Since the ISLs in LEO layer and in MEO
layer can be fixed by choosing reasonable constellation configuration, the topology of
LEO constellation and MEO constellation can be regarded as static. However, due to
the relative orbiting of LEO and MEO satellites, the IILs are characterized by dynamic
switching. Then, it can be concluded that the topological dynamics of LEO/MEO
DLSN are mainly due to the dynamic change of the IIL.

At present, the establishment strategy of IIL is generally based the longest coverage
time strategy proposed in satellite grouping and routing protocol [1], that is, the LEO
satellite will choose the MEO satellite with the longest predictable coverage time in all
visible MEO satellites to establish IIL until the MEO satellite can no longer cover itself.
Then, the LEO satellite will use the same longest coverage time strategy to select the
next MEO satellite to establish IIL. Each time the IIL changes, one new snapshot will
be generated.

Since LEO satellite and MEO satellite must be visible to each other to establish IIL
between them, we first formulate the LEO-MEO visibility condition which is shown in
Fig. 2 [1]. O is the earth center and A is an MEO satellite while B is the LEO satellite.
A’ is the crossing point of line OA and the sphere with the radius (R + hL) where R is
the radius of the earth and hL is the radius of LEO constellation.

Fig. 1. Architecture of LEO/MEO DLSN
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Assume the radius of the MEO constellation is hM and e is the minimum elevation
angle between LEO and MEO satellite, the half-sided center angle of the MEO cov-
erage area on the LEO layer k is calculated as:

k ¼ 90� e� arcsin
Rþ hL
Rþ hM

sin 90þ eð Þ
� �

Then, LEO-MEO visibility condition is as follows:

\A0OB ¼ 2 arcsin
A0Bj j=2
Rþ hL

� k

According to the visibility conditions of LEO and MEO, the visible period of a
LEO for all MEOs can be obtained. According to these visible periods, we can get
MEO satellites that LEO will choose to establish IILs and the switching time of IILs.
For all LEO satellites to perform the above operations, we will be able to get all IIL
switching time of all LEO. All IIL switching time of all LEOs together constitute the
division time of the system snapshot.

Since the satellite grouping and routing protocol does not take into account the
optimization of the snapshot at first, the number of snapshots generated by the above
method is large which makes the topology of DLSN highly dynamic. At the same time,
the resulting snapshots have a short duration which makes a higher demand for the
convergence speed of the satellite routing algorithm. In order to solve the above
problems, Zhou-Long proposed a snapshot optimization method which can greatly
reduce the number of snapshots while increasing the duration of the snapshots. The
snapshot optimization method will be introduced in the following section.

Fig. 2. Visibility condition between LEO and MEO satellite
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3 Snapshot Optimization Method

Assume ti is one division time of the system snapshots. At ti one LEO satellite will
switch IIL from one MEO satellite to another MEO satellite with longest predictable
coverage time. Assume tip1 is another division time of the system snapshots. At ti+1 one
LEO satellite Li will no longer be visible to one MEO satellite Mi. Therefore, the IIL
between Li and Mi will be disconnected and Li will select another MEO satellite Mi+1

according to longest coverage time strategy. This situation is shown in Fig. 3 [11].

Since Li disconnects IIL with Mi and establishes a new IIL with Mi+1 at ti+1, a new
division time ti+1 of the system snapshots is generated, resulting in a new snapshot.
Because Li is visible to both Mi and Mi+1 at time ti, Zhou-Long tried to advance the IIL
switching time of Li with Mi and Mi+1 from ti+1 to ti, thereby reducing a system
snapshot.

As regarding to implementation of the snapshot optimization method, it is possible
to traverse the division time of the system snapshots which are sorted by time, and for
each division time ti, search for division time ti+1 that can be merged with ti. Whether ti
and ti+1 can be merged is based on two conditions: the first one is that the start time of
the visible period of Li and Mi+1 is earlier than ti; the second one is that the end time of
the visible period of Li and Mi is later than ti (Since ti+1 is greater than ti, therefore the
second condition must be satisfied).

4 Simulation Analysis of IIL Topology

In this section, the IIL topology is analyzed by simulation. The simulation time is one
solar day and the simulation step is 1 s. In the simulated LEO/MEO DLSN, LEO layer
uses a Celestri constellation and MEO layer uses an ICO constellation [12]. The
constellation parameters of LEO and MEO are shown in Table 1. Celestri constellation
is an inclined walker constellation, so ISLs within LEO layer can be fixed.

Li, Mi visible period 

Li, Mi+1 visible period 

ti ti+1

Li, Mi link establishment 
period-before opt

Li, Mi+1 link establishment 
period-before opt

t

Li, Mi link establishment 
period-after opt

Li, Mi+1 link establishment 
period-after opt

Fig. 3. Snapshot optimization method

Topology Analysis of ILL for LEO/MEO DLSN 149



Firstly, the visible period of LEO and MEO are simulated and Fig. 4(a) shows the
visible periods between LEO1 and all 10 MEO satellites while Fig. 4(b) is the simu-
lation result of STK (Systems Tool Kit) which is consistent with our simulation result.

Table 1. Constellation parameters of LEO/MEO DLSN

Constellation parameter LEO MEO

Inclination (°) 48 45
Altitude (km) 1400 10390
Number of planes 7 2
Number of satellites per plane 9 5
Inter-spacing of planes (°) 51.43 180
Inter-spacing of satellites in one planes (°) 40 72
Phase factor 5 0

(a)

(b)

Fig. 4. Visible periods between LEO1 and all 10 MEO satellites. (a) Our simulation results;
(b) STK simulation results.
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For each LEO satellite, based on the longest predictable coverage time strategy to
select an MEO satellite to establish IIL, we can obtain the IIL switching time of each
LEO as shown in Fig. 5. Figure 5(a) is the IIL switching time of each LEO before
snapshot optimization while Fig. 5(b) is the IIL switching time of each LEO after
snapshot optimization. In Fig. 5 the horizontal coordinate is time while the vertical
coordinate is LEO satellite.

Since the IIL switching time is plotted densely (one LEO has to switch IILs 42
times at least while 52 times at most), it is difficult to find the IIL switching time
improvement after snapshot optimization from Fig. 5. So the number of IIL switching

Fig. 5. IIL switching time for each LEO. (a) Before optimization; (b) After optimization.
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at each division time of system snapshots before and after snapshot optimization are
collected and shown in Fig. 6. As we mentioned earlier, all IIL switching time of all
LEOs together constitute the division time of the system snapshot. Therefore, Fig. 6 is
the combination of IIL switching time of all LEO in Fig. 5. Before snapshot opti-
mization, the number of IIL switching at each division time of system snapshots is only
1 or 2 or 3 at most. While after snapshot optimization, the number of IIL switching at
each division time of system snapshots is 12 in average and 23 at most. In another
word, the snapshot optimization makes many IILs that have been switched in difference
times to switch at the same time, thereby reducing the number of system snapshots.

(a)

(b)

Fig. 6. The number of IIL switching at each division time of system snapshots before and after
snapshot optimization. (a) Before optimization; (b) After optimization.
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Figure 7 shows the distribution of the number of IIL switching at each division
time before and after optimization. From Fig. 7(a) we can see that before snapshot
optimization, the number of IIL switching at each division time is mostly 1. While after
snapshot optimization, the number of IIL switching at each division time increases
dramatically.

The number and duration of system snapshots before and after optimization is
shown in Fig. 8.

(a)

(b)

Fig. 7. The distribution of the number of IIL switching at each division time before and after
optimization. (a) Before optimization; (b) After optimization.
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Table 2 shows the statistical characteristics comparison of system snapshots before
and after optimization. The total number of system snapshots reduced from 2737 to
226, i.e. reduced to the 8.26%. The shortest duration of system snapshots increase from
1 s to 46 s. The longest duration of system snapshots increase from 458 s to 731 s. The
average duration of system snapshots increase from 31.4370 s to 378.6593 s. The
reduction of the number of system snapshots can reduce the topology dynamics of
DLSN while the increase of snapshot duration can make the routing algorithm have
enough time in each snapshot to converge, which is of great importance to improve the
data transmission performance of DLSN.

(a)

(b)

Fig. 8. The number and duration of system snapshots before and after optimization. (a) Before
optimization; (b) After optimization.
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Figure 9 shows the distribution of system snapshot duration before and after
optimization and it can be seen more clearly that the snapshot optimization has reduced
the number of snapshots and increased the duration of snapshots.

For the optimized system snapshots, the number of IIL that MEO needs to establish
is analyzed. Figure 10(a) shows the statistical properties of the number of IIL for all
MEOs in each system snapshot while Fig. 10(b) shows the statistical properties of the
number of IIL in all snapshots for each MEO. It can be seen that MEO needs to
establish 10 IILs at most and 2 IILs at least. The average IIL that MEO has to establish
is 7 (The statistical result is 6.3).

Table 2. Statistical characteristics comparison of system snapshots

Statistical characteristics Before optimization After optimization Improvement

Total number 2737 226 Reduced to 8.26%
Shortest duration/s 1 46 46 times
Longest duration/s 458 731 1.6 times
Average duration/s 31.4370 378.6593 12 times

Fig. 9. The distribution of system snapshot duration before and after optimization.
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5 Discussion and Future Research Trends

When constructing a DLSN, each LEO satellite will generally be equipped with one IIL
while the number of IILs that MEO satellites needs to be equipped should be the
maximum number of IIL established by all MEO satellites. Therefore, the simulated
DLSN should equip 10 IIL for MEO satellites. However, due to the reason that some
MEO satellites only needs to establish 2 IILs at some time, so 8 IILs will be idle. From
the point of view of efficient use of resources, this will result in wasted IIL resources.
Ideally, all MEO satellites equipped with 7 IILs should be the optimum configuration.
Therefore, future research emphasis should be put on how to reduce the maximum
number of IILs that MEO satellites needs to establish or to conduct multi-beam antenna
research to achieve multiple IILs with one antenna.

(a)

(b)

Fig. 10. The statistical properties of the number of IIL MEO need to establish. (a) The number
of IIL for all MEOs in each snapshot; (b) The number of IIL in all snapshots for each MEO.
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In addition, since MEO satellites should be equipped with 6–10 IILs to connect
with LEO satellites as well as 4 ISLs to connect with other MEO satellites, how to
equip so many antennas on one MEO satellite platform is also a problem that needs
further study.

If an MEO satellite platform can only be equipped with limited IILs (e.g., less than
the average 7), then there will be some LEO satellites that cannot establish IIL with
MEO satellites. Therefore, how to assign IILs among all LEO satellites to achieve
optimum network topology is also a research problem.

6 Conclusions

In this paper, the IIL topology of LEO/MEO DLSN is analyzed and simulated. Firstly,
the visibility calculation method and establishment strategy of IIL between LEO and
MEO satellite as well as the calculation and optimization of system snapshots is
analyzed. Then, simulation analysis regarding the number and duration of system
snapshots, IIL switching time for LEO, the number of switching IIL in each system
snapshot, the number of IILs that each MEO needs to establish are presented. Finally,
future research trends are discussed.

It should be pointed out that although this paper is for LEO/MEO DLSN, but the
analyzed method is also applicable to GEO/MEO, GEO/LEO and other DLSN. At the
same time, multi-layer satellite networks such as GEO/MEO/LEO also is applicable.
Unlike double-layer satellite networks, multi-layer satellite networks needs to perform
snapshot optimization in each DLSN (GEO/MEO and MEO/LEO), and combines the
two DLSN optimized snapshots into whole system snapshots.
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Abstract. To overcome the network difficulty such as long propagation delay
and traffic load imbalance when forwarding data packets through multiple hops
in LEO satellite network, we propose an optimal strategy based routing algo-
rithm for LEO satellite network using the cooperative game theory. With the
idea of cooperation for mutual benefit, a LEO satellite node has the motivation
of improving its own network performance gain by cooperation with neighbors
to accomplish the multi-hop forwarding task of data packets. A satellite node
compares the benefits of joining various routing coalitions, and tends to choose a
more powerful next-hop coalition member node for data packet forwarding,
which effectively distributes and balances the traffic load of the popular nodes.
Such preference also improves the utilization of the satellite network resources,
and reduces the average network delay of data packets. Our simulation results
show that compared with the traditional satellite routing algorithms based on the
shortest path, the average packet routing delay using the proposed algorithm is
reduced by 18.5% and the traffic load balance of the network is increased by
65.6%. By replacing the shortest routing path with a path of satellite nodes with
the expected optimal routing performance benefit, the proposed routing algo-
rithm outperforms the existing algorithm on both the temporal and spatial net-
work performance.

Keywords: Satellite network � Cooperative game theory
Optimal strategy routing

1 Introduction

With the rapid advance in satellite industry, satellite mobile communication is
becoming more indispensable to humans’ daily life. Compared with the traditional
terrestrial mobile communication systems, a satellite mobile communication system is
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characterized by the fast deployment to cover a large area without a lot of ground-based
supporting infrastructures. For communications in wild mountainous areas, offshore
islands, disaster-stricken areas, cruising vessels and voyage aircraft, Satellite-based
communication network has unique irreplaceable advantage [1]. Communication
satellites can be classified into low-orbit LEO satellites, medium-orbit MEO satellites
and geostationary orbit GEO satellites. GEO satellite is more suitable for broadcasting
services and stationary users for high-rate data service. Although GEO satellites have
been widely used in radio and television services, they are not suitable for real-time
communication services due to the long propagation delay of hundred milliseconds.
The distance between LEO satellites and ground users is comparably shorter, and the
propagation delay of satellite-ground links is thus reduced to the order of milliseconds.
A terrestrial mobile terminal only needs a smaller than dish antenna to setup a
space-terrestrial link. LEO satellites is time and cost efficient in manufacturing,
launching, and operating, which makes it a natural choice in many communication
scenarios of service-oriented systems. In 1998, the first truly LEO-based satellite
communication network Iridium is deployed with on-board switching and on-board
processing capabilities. After that, the heat of academic study and industrial capital
investment in LEO satellite networking grows for two decades.

Users of the LEO satellite network have desires real-time data communication with
low packet delay, low packet loss ratio and optimal bandwidth utilization. The LEO
satellites forms a multi-hop routing, self-organizing network with dynamic topology
change by a series of inter-satellite links within the same orbit or between different
orbits. However, compared with the random motion of nodes in the ground mobile ad
hoc network, the motion of a LEO satellite node has a significantly periodic regularity.
The dynamics of a satellite network topology predictable and schedulable. Such reg-
ularity can greatly improve the satellite network routing efficiency and resource
utilization [2].

In the study of routing algorithms for LEO satellite networks, Werner et al. pro-
posed a routing algorithm for satellite networks based on virtual topology for the first
time. They carried out a great deal of in-depth research and discussion on this routing
algorithm [3]. The main characteristic of this algorithm is to make full use of the
periodic motion regularity of satellite nodes, converting the dynamic topology of LEO
satellite network into a series of static topology on time, and conducting the calculation
operation of all time slices routing tables in advance. The algorithm does not require
too much computing capability onboard in satellite nodes. Ekici et al. designed a
satellite network routing algorithm based on virtual nodes [4]. The basic idea is to
divide the earth surface into regions and allocate a logical address for each region. The
address of the LEO satellite node over each region area uses the same logical address.
On this basis, each satellite node calculates its routing table according to the current
logical address. Because a satellite node can infer the position of any satellite node in
the whole network according to the logical address, it can avoid the link state infor-
mation interaction among the nodes in the network. This idea shields the impact of
satellite motion in the network. There are also a class of satellite network routing
algorithms called satellite network dynamic routing algorithm. Its essence is based on
the similarity between the satellite network and the ground mobile network. This kind
of algorithm migrates the dynamic routing algorithm in the terrestrial network to the
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satellite network, which is an improvement and extension to the traditional terrestrial
network routing algorithm. For example, the LAOR (Location-Assisted On-demand
Routing Algorithm) proposed by Karapantazis is to apply the AODV routing algorithm
in the mobile ad hoc network to the LEO satellite network [5].

On the basis of the above three categories of satellite routing strategies, other
researchers put forward several novel satellite network improved routing protocols [6].
Aiming at the problem that the static route in the virtual topology routing algorithm
cannot adapt to the dynamic network traffic, Song et al. proposed a traffic-light-based
intelligent routing strategy (TLR) based on traffic signal mechanism [7]. The routing
strategy firstly combines the predictability and periodic motion characteristics of the
satellite network topology, and calculates multiple routing paths from the source
satellite node to the destination satellite node in advance with the propagation delay as
the routing cost. Then each satellite node periodically broadcasts its status information
such as the queue occupancy rate to the neighbors, which is the traffic light information
of the node. In the data packet relay forwarding process, the first routing path is
adjusted locally according to the traffic signal information of the neighbor nodes, so as
to bypass the congested satellite nodes and inter-satellite links as much as possible.
This strategy uses the multi-path routing mechanism combined with static and dynamic
planning to avoid and reduce network congestion, so as to balance the network traffic
load. However, the application of the routing strategy has a prerequisite that the author
believes in which the satellite node congestion can only happen in one or two
inter-satellite links. With the progress of satellite network technology and the
increasing degree of social informatization, the trend of the rapid increase of satellite
network traffic makes this assumption not practical. Local optimization of routing path
cannot achieve satisfactory results in the real satellite network. In the following sim-
ulation experiments, we compare this routing strategy with the optimal strategy routing
algorithm based on cooperative game proposed in this paper, and the result analysis and
discussion of these two strategies illustrates this limitation in local optimization.

In recent years, many researchers begin to apply the game theory in economics,
especially the non-cooperative game theory to the network resource allocation prob-
lems such as bandwidth, power and channel. For example, Baig et al. applied the
non-cooperative game theory to mobile ad hoc networks to establish a selfish node
incentive mechanism, which makes the selfish nodes tend to participate in the relaying
of data packets to get higher returns [8]. Paramasivan and Zheng et al. tried to solve the
network security problem in mobile ad hoc networks by dynamic Bayesian signal game
[9, 10]. Jiang et al. introduced the Stackelberg game into a hybrid multi-layer satellite
network composed of GEO and LEO satellites to implement data packet routing, relay
forwarding and network traffic load balancing [11].

In this paper, routing in a LEO satellite constellation network is taken as the
problem study scenario, and an optimal strategy routing algorithm based on coopera-
tive game is proposed. Cooperative game can make LEO satellite nodes have better
cooperation initiative. According to the predictable topology of the LEO satellite
constellation network, a number of routing paths between the source satellite node and
the destination satellite node are constructed. The coalitional game is introduced into
the data packet forwarding process of the LEO satellite node. The ground of LEO
satellite relay nodes on the routing path are treated as an alliance, and the cooperative
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benefits of the routing alliance are defined by using the nodes’ real-time status infor-
mation and the performance of network routing path. The Shapley value of the
coalitional game is used as the solution of the cooperative game and determines the
individual benefits of LEO satellite relay node. In the process of forwarding data
packets, the LEO satellite nodes independently calculate, compare the gains that can be
obtained from each routing game alliance, and then determine the next hop of the data
packet. In order to improve its own revenue, LEO satellite nodes tend to join more
profitable routing alliances, and select the next hop member node of the alliance to
forward the data packets. Therefore, it can bring better node traffic load balancing
effect, shorten the network delay of data packets, and significantly improve the uti-
lization rate of satellite resources.

The rest of this paper is organized as follows. Section 2 discusses the proposed
coalition routing game. Section 3 presents NS-2 simulation results for the proposed
approach and compares the results with those of TLR. Section 4 provides the con-
clusion and some discussion on future works.

2 Cooperative Gaming Routing Model

The periodic motion of LEO satellite nodes makes the LEO satellite network natural
with multipath routing attributes. How to use the multipath routing in LEO satellite
network to realize the efficient utilization of satellite resources, and the effective
improvement of network performance has become an important subject of current
research on satellite networking.

Game theory is amathematical tool used to solve the cooperation and conflict between
individuals. In this paper, we introduce the cooperative game theory to analyze the routing
and forwarding of data packets in LEO satellite network, and to solve the typical problems
such as unbalanced traffic load, network congestion and low resource utilization rate in
LEO satellite network due to the uneven distribution of population on earth.

According to the three elements of game theory: player, strategy space and utility
function, this paper defines the relay forwarding behavior of data packets in LEO
satellite network as a cooperative game, and achieves the game revenue maximization,
a reasonable allocation of resources, network performance optimization through the
cooperation between nodes.

2.1 Coalitional Gaming Routing Model

In this paper, a coalitional game [12] is introduced in the data packet forwarding
process of the LEO satellite node. A plurality of LEO satellite relay nodes from the
source node to the destination node are treated as an alliance. As mentioned earlier, due
to the natural multipath routing attributes of the LEO satellite network, a LEO satellite
node usually has multiple associations as choices to join. In order to maximize its own
benefit, a node tends to join the game alliance that can achieve the highest revenue.
A satellite node chooses to join the optimal routing alliance based on the revenue that
the node can achieve when joining the alliance, which is the revenue that the routing
alliance allocates to the node based on the contribution of the node to the alliance, and
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the contribution of the satellite node to the routing alliance can be quantified by the
Shapley value [13]. This paper uses the Shapley formula as the solution of the coali-
tional game, that is, the allocation scheme of the coalitional game utility, which can
effectively guarantee the rationality and fairness of the cooperative revenue allocation.

In the above cooperative game model, the players of the game are defined as LEO
satellite nodes, and the strategy space includes the next hop of the data packet for-
warding, or the neighbor node of the current LEO satellite node. Next, we define the
revenue of the alliance and the revenue of the node in detail. The alliance’s revenue
describes the gains that can be obtained by all nodes on a routing path. The revenue of
a single node is closely related to the revenue of the alliance, and the higher the revenue
of the alliance, the higher the revenue that the node receives from the alliance. In this
paper, we use the data packet routing performance and the overall performance of the
network to measure the revenue of the routing alliance, because our ultimate goal is to
improve the forwarding efficiency of data packets and the overall performance of the
network through the cooperative game between satellite nodes. Therefore, the revenue
of the alliance is positively correlated with routing performance and network perfor-
mance, and it is feasible and reasonable to measure the effect of cooperative game with
observable routing performance and network performance parameters.

2.2 Routing Coalition Revenue Function Definition

The performance parameters of the LEO satellite node n described in this paper mainly
include the current remaining available bandwidth of the node, namely the throughput
attribute throughput nð Þ, the node queue delay attribute queuedelay nð Þ, the network
packet loss rate attribute packetloss nð Þ, and the node buffer capacity attribute
bufferlength nð Þ. These attributes are critical to network routing performance. For a
routing path P ¼ s; n1; n2; . . .; dð Þ from the source satellite node to the destination, its
routing performance parameters are computed as follows:

throughput Pð Þ ¼ minn2p throughput nð Þf g ð1Þ

delay Pð Þ ¼
X

n2P
queuedelay nð Þ ð2Þ

packetloss Pð Þ ¼ 1�
Y

n2P
1� packetloss nð Þð Þ ð3Þ

bufferlength Pð Þ ¼ min
n2P

bufferlength nð Þf g ð4Þ

Consider the grouping problem for satellite networks as a coalitional game. Every
route from the source to the destination is treated as a coalition. The satellite nodes are
the players and the game is concerned with whether a node should join a group or not.
How the node may select the best group to join, we need a utility function which reflects
the benefit for the node’s joining a coalition. Here we use the quality of routing to
measure the payoff for a participation node, because quality of routing is shared among
every participation node. The payoff function of a path P can be expressed as follows:
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f Pð Þ ¼ a throughput Pð Þ � Tminð Þþ b Dmax � delay Pð Þð Þ
þ c 1� packetloss Pð Þð Þþ k bufferlength Pð Þ � Bminð Þ ð5Þ

where throughput Pð Þ, delay Pð Þ, packetloss Pð Þ, and bufferlength Pð Þ, respectively,
denote throughout, delay, packet loss ratio, and buffer capacity for the path as defined
in (1), (2), (3), and (4). Tmin, Dmax and Bmin indicate the path’s minimal tolerable
throughput, maximal tolerable delays and minimal buffer size available, respectively. a,
b, c and k are the weighting factors for normalizing these requirements. That is to say,
the value of a, b, c, k itself is of no significance, and the ratio between them is
meaningful. By adjusting the ratio between a, b, c and k, different routing QoS
requirements can be achieved, and different network performance requirements can be
improved to meet the needs of different data traffic for different service quality.

2.3 Routing Coalition Revenue Allocation Mechanism

The most important thing in the cooperative game is the allocation of the cooperative
revenue, as it relates to whether the cooperative coalition can be maintained steadily.
A reasonable, fair and equitable coalition revenue allocation scheme ensures that any
one of the participants in the coalition is reluctant to leave the current coalition and join
another coalition. Because even if the participant leaves the current coalition to join
another coalition, it cannot get higher returns. Based on individual rationality, it has no
incentive to leave the current coalition.

As a widely applicable concept, the Shapley value is a solution that assigns a single
benefit allocation to benefit sharing games.We choose this solution to a cooperative game
since the computational complexity is small and the Shapley value provides relatively
anonymous solution by a random ordering of the nodes. It had been proved that the
Shapley value is the unique value on the set of games satisfying anonymity, dummy, and
additivity. The benefits of the nodes in the coalition are calculated as follows:

ui fð Þ ¼
X

S�An if g

Sj j! n� 1� Sj jð Þ!
n!

f S[ if gð Þ � f Sð Þð Þ ð6Þ

In (6), S � An if g denotes all coalitions S of A not containing node , where A is a

finite set of nodes. Sj j! n�1� Sj jð Þ!
n! represents the probability that the participant joins the

coalition S, and Sj j represents the number of participants in the coalition S. Therefore,
ui fð Þ indicates the benefit allocation in the benefit sharing game for node i in the
coalition S[ if g. There are two coalitions in (6): one is S and the other is S[ if g, and
they are all routing coalition. In coalition S, the routing probe cannot arrive at desti-
nation node, so the payoff of S is 0. Then the benefit allocation in the cooperative game
for node i in the coalition S[ if g can be written into:

ui fð Þ ¼
X

S�An if g

Sj j! n� 1� Sj jð Þ!
n!

f S[ if gð Þð Þ ð7Þ
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In (7), the benefit allocation in the benefit sharing game for node i decreases with
the number of participation being increased and with coalition benefits being
decreased. So as a rational node, in order to maximize the benefits, the node tends to
join the coalition which has less participation number and more benefits.

2.4 Cooperative Gaming Routing Cost Problem

Although the topology of a satellite network is dynamic, its change is not random, but
can be determined in advance according to the laws of the constellation movement. In
order to make full use of the periodic motion law of LEO satellite constellation and to
reduce the routing control overhead of cooperative game routing algorithm, this paper
transforms the dynamic topology of LEO satellite network into static topologies in
several time slices by referring to the virtual topology routing mechanism in satellite
network. In a certain time slice, we firstly calculate multiple node-disjoint routing paths
as the alternative routing coalitions in the cooperative game routing algorithm based on
the Dijkstra shortest path algorithm, so as to avoid spending too much unnecessary
control overhead to collect network topology information.

The above-mentioned satellite network topology is predictable, but the traffic dis-
tribution in the network is unpredictable. We want to construct an adaptive optimal
revenue routing algorithm based on cooperative gaming to deal with the dynamic
network traffic distribution. In order to collect this dynamic traffic change information
and avoid the large additional routing overhead, this paper uses the data piggyback
mechanism to collect the state information of satellite nodes and inter-satellite links.
These network state information is encapsulated into the data packet traffic, which
gradually spreads over the entire LEO satellite network with the relay forwarding of the
data packets. Finally, a satellite node uses the collected network state information to
calculate the revenue of each routing coalition, and forwards the data packets according
to the routing path determined by the routing coalition with the best revenue.

In the network state awareness scheme used in this paper, each satellite node needs
to be aware of the state of all its inter-satellite links, which are connected to the
neighbor nodes of the satellite. By adding additional piggyback information such as
throughput, queue delay, and packet loss ratio to the data packets, LEO satellite nodes
can obtain these information in real time during the forwarding of data packets and
estimate the traffic load status of other network nodes based on these information [14].
This paper focuses on the cooperative game routing modeling process rather than the
network state awareness and its cost analysis. The detailed description of the network
state awareness scheme and the analysis of the routing cost can be found in the above
referred literature.

3 Experimental Evaluation

To evaluate the performance of the proposed cooperative gaming routing protocol for
LEO satellites, we benchmark the new protocol with the two mostly referred and
studied ones, the Dijkstra shortest path routing algorithm based on propagation delay
and the intelligent multi-path routing strategy TLR based on the traffic light signal
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mechanism. The corresponding LEO satellite network routing protocols simulation
program is implemented on the ns-2 (Network Simulation Version 2) platform.
The LEO satellite constellation model uses a polar orbital constellation model of
Iridium-like systems.

3.1 Constellation Model Construction

Figure 1 shows the structure of the Iridium-like constellation model experimented in this
paper. The LEO satellite constellation model is designed with 6 orbital planes, each with
11 LEO satellites for a total of 66 LEO satellites with an orbital inclination of 86.4° and an
orbit height of 780 km. Each LEO satellite has four inter-satellite links connected to the
neighbor nodes. An ISL between neighbor satellites in the same plane (orbit) is an
intra-plane link, while one connecting cross-plane (cross-orbit) satellites is an inter-plane
link. The relative inter-satellite distance and angle is constant inside the same orbit, so that
intra-plane ISLs can be built and maintained continuously. The relative distance, speed
and angle of satellites are time varying between different orbits. In general, the relative
angular velocity between satellites at both ends of the inter-satellite link is significantly
increased in the bipolar region, and the satellite antenna cannot maintain satellite com-
munications on different orbits at an ever-changing angular velocity. Therefore, in order
to reflect the characteristics of LEO satellite network operation with high fidelity, when a
LEO satellite runs to a high latitude area above 60°, it closes its inter-plane links. The cost
of building and maintaining cross-seam links is very expensive. Previous research
indicates that cross-seam links only have trivial impact on network performance when
doing satellite networking and communication, so our experiments do not consider the
cross-seam links as others [15].

Fig. 1. Network topology with nodes and links in satellite constellation
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3.2 Simulation Parameter Configuration

In the above LEO satellite constellation network model, the optimal revenue routing
algorithm of cooperative game is simulated. With theoretical analysis and empirical
evidence, we determine the ratio of weighting factors a, b, c and k as 4:3:2:1, for
network traffic load balancing. Therefore, in the simulation experiment, the values of a,
b, c and k are normalized and then set to 0.4, 0.3, 0.2 and 0.1 respectively. The
simulation time for each experiment is 7200 s, which is about one satellite network
running period. The data results are the mean of 100 simulation experiments. In order
to more directly reflect the performance of the routing algorithm under different net-
work load conditions, 200 data flows are established at the network application layer.
The transmission time of each data flow is 15–25 s, and the distribution of data flows is
in accordance with the Pareto distribution characteristics. That is, only a small number
of satellite nodes transmit and receive data packets, and most of others are only
responsible for relaying and forwarding data packets.

Note that this paper only considers inter-satellite routing, assuming that the ter-
restrial user node has sent the data packet to the source satellite node, and then the data
packet is routed by the LEO satellite relay node to the destination satellite node. The
main parameters of the LEO satellite network simulation are shown in Table 1.

3.3 Results and Discussion

In order to fully verify the performance of the cooperative game routing algorithm in
the LEO satellite constellation network, especially its ability to balance the traffic load,
respectively to measure the network performance of Dijkstra shortest path algorithm,
TLR routing algorithm and the optimal revenue routing algorithm under different
network loads. The network performance index measured in the experiment mainly
includes the packet delivery ratio and the average end-to-end delay. The former reflects
the reliability of the routing strategy, while the latter reflects the efficiency of the
routing strategy. Finally, we compare the real-time node load variance of the three
algorithms in the simulation process. This result is more intuitive to show the traffic
load balancing ability of the optimal revenue routing algorithm. In this paper, the
network load is divided into three states, including mild network load, moderate net-
work load and heavy network load. The data packet sending rate of mild network load
is less than 4000 per second, and the data packet sending rate of heavy network load is
higher than that of 7000 per second. The data packet sending rate of moderate network
load is between the two.

Table 1. Network simulation parameter setting

Simulation parameters Value

Packet type CBR (Constant Bit Rate)
Packet size 512 Byte
Packet rate 1000, 2000, 3000, …, 10000
Link bandwidth 25 M
Queue length 50
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The packet delivery ratio of the three routing algorithms under different network
loads is shown in Fig. 2. When the traffic load is light, the performance of the shortest
path routing algorithm, the traffic light intelligent routing algorithm and cooperative
game routing algorithm is quite similar with no significant gap. This is because at this
point, whether the routing coalition with the best revenue in the cooperative game or
the first routing path chosen by the traffic light routing policy is the routing path
determined by the shortest path routing algorithm. When the network load is further
aggravated, the packet delivery ratio of the three routing algorithms begins to decline.
At this point, the input and output buffers of the LEO satellite nodes are gradually
filled, and the excess data packets cannot get enough buffer space, or the waiting time
in the queue is too long to be discarded.

The shortest path routing algorithm simply uses the minimum hop counts as the
routing basis, ignoring the real-time status information of the satellite nodes and the
inter-satellite links, such as whether the satellite node is already in the congestion.
Traffic light intelligent routing algorithm considers the real-time status of the neighbor
nodes when selecting the next hop, and bypasses some congestion nodes by dynami-
cally adjusting the local route, thus improving the packet delivery ratio to a certain
extent. The cooperative game routing algorithm implements the maintenance of mul-
tiple routing alliances in real time. It evaluates the quality of the routing path by
real-time calculation of the cooperative benefit of the coalition. It takes full advantage
of the existing network resources to achieve load balancing of traffic, which greatly
improves the packet forwarding rate and packet delivery ratio, and reduces the pos-
sibility of network congestion. Even if network congestion occurs, the cooperative
game routing algorithm can also alleviate network congestion to some extent, espe-
cially to improve the performance of the network under heavy load conditions.
Therefore, the average packet delivery ratio of cooperative game routing algorithm
proposed in this paper is obviously higher than that of shortest path routing algorithm
and traffic light intelligent routing algorithm.

Fig. 2. Packet delivery ratio under different network loads
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Figure 3 shows the average end-to-end delay of the three routing algorithms under
different network loads. The end-to-end delay in the LEO satellite network is the sum
of the propagation delay of the data packet in the inter-satellite links and the queue
processing delay of the data packet in the nodes. The shortest path routing algorithm is
based on the number of hops in the routing, only considering the propagation delay of
the data packets regardless of its queue processing delay. The traffic light intelligent
routing algorithm dynamically selects the next hop relay node according to the
real-time queue occupancy rate of each neighbor node, and avoids the over-congestion
neighbor node as the next hop. When the network load is heavy, the algorithm can
achieve the goal of reducing the overall end-to-end delay by reducing the queue
processing delay of data traffic. The cooperative game routing algorithm takes into
account the status information of each LEO satellite node and inter-satellite link in the
routing coalition in the process of selecting the route. In particular, the algorithm not
only considers the number of hops in the choice of routing path, but also takes into
account the real-time data packet processing capability such as throughput, queue delay
and packet loss ratio of LEO satellite nodes. Therefore, the routing established by
cooperative game routing algorithm is more stable, and the algorithm can effectively
reduce the end-to-end delay. Especially in the case of heavy network load, the satellite
node compares the gains obtained from different cooperative game coalitions, and then
selects the routing path determined by the coalition with the highest revenue to forward
the data packets, which greatly reduces the waiting latency of the data packets in the
queue.

Figure 4 shows the average routing path length of data packets forwarded from a
source satellite node to a destination satellite node under different network loads, which
is consistent with the results shown in Figs. 2 and 3. With the increasing network load,
the number of popular satellite nodes and inter-satellite links increases, and the per-
formance of each routing path is damaged to varying degrees. The traffic light intel-
ligent routing algorithm needs to dynamically adjust the local routing path in most LEO

Fig. 3. End to end delay under different network loads
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satellite relay nodes, which results in a significant increase in the average number of
hops. The cooperative game routing algorithm proposed in this paper can select the
current optimal routing path according to the real-time status of LEO satellite nodes
and inter-satellite links in multiple routing alliances, thus improving the satellite net-
work resource utilization and network throughput performance. The cost is also an
increase in the number of inter-satellite routing hops, since the selected routing path
must bypass some hot nodes and inter-satellite links that are prone to network con-
gestion as much as possible to ensure routing performance. The simulation results show
that when the LEO satellite network is in moderate network load, the cooperative game
routing algorithm increases the average packet delivery ratio by 6.7% and decreases
packet transmission delay by 21.2%, compared with the shortest path routing algorithm
with an average increase of about 3 hops. Especially in the heavy network load con-
ditions, the cooperative game routing algorithm with an average increase of about 5
hops to achieve an excellent routing performance that the average packet delivery ratio
is increased by 23.7% and the packet transmission delay is reduced by 31.8%.

Figure 5 shows the average load variance values of the satellite nodes under heavy
network load varying with the simulation time. The figure shows the traffic load
balancing capability of the routing algorithm more intuitively. The Dijkstra shortest
path algorithm always chooses the shortest path to forward data packets, which can
easily cause the congestion of popular satellite nodes and inter-satellite links. There-
fore, the load variance of satellite nodes is not only large but also dramatic. The traffic
light intelligent routing algorithm can dynamically adjust the local routing path through
the relay nodes to avoid aggravating the congestion of the hot nodes and inter-satellite
links. The traffic light intelligent routing algorithm can dynamically adjust the local
routing path through the relay nodes to avoid aggravating the congestion of the hot
nodes and inter-satellite links. The load variance of satellite nodes is smaller and
gentler than the shortest path routing algorithm by locally balancing the network traffic
load. The cooperative game routing algorithm proposed in this paper dynamically

Fig. 4. Path length under different network loads
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adjusts the optimal routing path according to the cooperative revenue and balances the
network traffic load from the global point of view. Therefore, the traffic load can be
distributed evenly across the whole satellite network and the load variance of satellite
nodes is the smallest and the most gentle in the three routing algorithms.

4 Conclusion and Future Work

This paper presents an optimal revenue strategy routing algorithm for LEO satellite
network based on cooperative game theory. The motivation of this algorithm design is
to reduce the data transmission delay of LEO satellite network and to balance the traffic
load of network nodes effectively. The algorithm is based on cooperative game theory
to study the collaboration between LEO satellite nodes for data packet forwarding.
LEO satellite nodes are more likely to cooperate with their best neighbor nodes to form
an alliance, thereby increasing their own benefits. By comparing the benefits of joining
the various coalitions, the node tends to select the lighter neighbor node as the next hop
for data packet forwarding, which can effectively balance the nodes’ traffic load. It can
be seen from the experimental results that the cooperative game routing algorithm has
significant effectiveness on reducing the transmission delay and balancing the network
traffic load.
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(F2016020013), the CERNET Next-Generation Internet Innovation Project (NGII20160601),
and Innovation Projects of Beijing Engineering Research Center of Next Generation Internet and
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Fig. 5. Traffic distribution under heavy network load
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Abstract. Near space aerostat has the advantages of all-weather, high
maneuverability, easy arrangement, In extreme cases where unexpected events
and satellites are unavailable, aerostat platform has become a fast and effective
means to provide various communication services. A plurality of aerostat
components into a network. Constructing a wide coverage near space network is
a key link in the integration of space and ground. Due to the impact of
high-altitude air and other environmental factors. The aerostat platform strong
mobility and track control difficult. That aerostat is facing network topology
changes quickly, routing design complex Based on this, this paper creatively
puts forward non connection oriented dynamic opportunity routing in aerostat
network-NSOPNet. With the moving of aerostat, In the light of sight, com-
munication is realized by means of store and forward. At the same time, this
paper designed routing algorithm- OP-NSR. It requires each aerostat platform
maintains a message queue. When the two aerostat can communicate in the light
of sight, exchanging messages that are not stored by the other aerostats, Iterate
until the source messages are delivered to the destination. The simulation
experiment with multi nodes of aerostat. Through the simulation of OP-NSR
routing algorithm show that the method can effectively solve the aerostat net-
working and routing problem in near space.

Keywords: Aerostat � NSOPNet � OP-NSR

1 Introduction

At present, the ground network has been developed for nearly twenty years. Although
the coverage of the network is comprehensive, communication services are faced with
many challenges. [1] Some remote areas not fully cover the network, Communication
services are not provided. Subject to the national territory limits, the ground network
cannot be extended to land overseas, ships on the high seas cannot use the ground
network for information services. In the event of natural disasters such as earthquakes
and typhoons, ground communications facilities have been damaged; in the case of
satellite unavailability, the breakdown of communications and navigation services will
result in significant economic losses; [2] The near space vehicle because has the
characteristics of all-weather, long-time, high mobility, easy arrangement [3], Not only
can provide long-term service information in remote mountainous areas, but also to
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provide information service for the public emergency. as an alternate mode, it can be
fully deployed in a short time and take on most of the emergency tasks when in the
satellite unavailable state. It costs low and easy to implement. [4] Aerostat is the
tethered balloons and the airships as a platform for a lighter than air aircraft equipment.
Including the capsule (used for filling gas lift), fairing, tail, nose, equipment rack,
power supply system, pressure regulation system etc. The basic structure is shown in
Fig. 1, Aerostat has the following advantages. (1) can all-weather work, long, strong
endurance, suitable for the provision of emergency communication guarantee for public
emergency. (2) High mobility, easy to control, can be arranged in remote areas and
mountainous areas. (3) carrying capacity is big, survival ability is strong, can flexibly
carry all kinds of communication resources, payload, providing diversified information
services [5–7].

2 Related Work

2.1 Aerostat Communication

As In 2001, SKY Site company of the United States launched the space data platform,
using wireless communication equipment installation of stratospheric aerostats on
expanding the coverage of cellular network [9]. In 2009, scholars in Japan put forward
the idea of using the ball borne wireless mesh network system for emergency network
communication after disasters. The balloon floats at the height of 40–100 m and
connects to the ground mobile nodes through the IEEE802.11b/g protocol to access the
Internet [10]. At present, the more successful the aerostat application case is Google
Project Loon. It is a network operating in the stratosphere. Designed to connect rural
and remote areas to fill gaps in network coverage. Google also cited the use of balloons
to provide communications services after natural disasters. After a natural disaster like
Hurricane Sandy, communications infrastructure in the affected areas will be damaged
and will take a long time to recover, while the Loon balloon will become a very useful
alternate communication facility. Google balloons can be provided to wireless net-
works in corresponding areas, with speeds of about 10 Mbps. There are two com-
munication links in the network: (1) the communication network between balloons;

Fig. 1. Basic structure of airship
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(2) the balloon to the ground station network. ISM band 2.4G/5.8 GHZ [11] is cur-
rently in use. Users send signals to their nearest balloon at ISM band via a special
antenna, final signal is transmitted to a balloon which connected to the ground network.
As the balloon moves, the wireless mesh network will continue to adjust. The signal
jumps between the balloons, thereby forming a network of at least 5 balloon nodes.
Each balloon can be connected to a balloon within 48 km by radio receivers. Another
radio transceiver guarantees that balloons can communicate with hundreds of antennas
within 40 km in diameter on the ground. Theoretically, thousands of balloons can
cover the whole world, [12–14].

2.2 Aerostat Network

In 2009, a research team at Iwate University in Prefectural, Japan, made a further
attempt to form an air balloon network of Mesh mesh to provide a temporary emer-
gency network for earthquake disaster [15]. The network structure of this vision is
composed of balloons with wireless devices in the air, which form a network of
autonomous networks. These balloons configure themselves by detecting the power
density of electromagnetic fields, and they always choose the closest power density
balloon to build connections. Once a balloon is blown or damaged by the wind, it is
automatically connected with the new adjacent balloon, which ensures the stability of
the Mesh network.

Google balloon is really using the air Mesh networking, divided into two parts: the
balloon between the Mesh network, balloon and ground stations constitute user net-
work [16], as shown in Fig. 2. Project Loon uses a frequency range of ISM unlicensed
bands. The network structure is divided into two parts: horizontal Mesh network and
vertical network. The Mesh network adopts IEEE 802.11j protocol, and the vertical
network adopts IEEE 802.11b and G protocol. The specific parameters are shown in
Table 1.

Wireless Mesh network is a good idea, but it is inconvenient to set up and maintain
in some remote mountainous areas. In 2012, Simon Morgenthaler, of the University of

Fig. 2. Google aerostat mesh network
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Bern in Switzerland, proposed a more advanced concept of using UAVs to build Mesh
networks, which they call UAVNet. The principle is that the UAV uses the IEEE
802.11s standard to form an air Mesh network [17, 18]. The main contribution of the
UAVNet concept is that they propose a networking algorithm for air Mesh networks.
Probably the principle is that a drone from a first ground node starting off, and detection
from another ground node, then their nearest, the drone to fly to the middle point of the
two ground node, node to ground the starting point as the reference point to the
direction of moving slowly, until it receives a signal from the starting point of the
intensity of the ground node reaches a predefined threshold. Then, another UAV began
to lift off, similar to the principle of movement, but the former UAV as a new reference
point.

3 Networking System Model

Construction of near space vehicle network is facing many challenges. People cannot
accurately control the aerostat move and stay. In many cases, the aerostat between light
of sight, unable to realize data exchange, cannot realize the communication each other.
The whole state of aerostat intermittent network. With aerostat drift, real-time change
of network topology, network topology changes and increase the difficulty of routing,
which will affect the entire communication process. Based on this, different from
Google’s Mesh network, this paper considers the aerostat is drifting continuously
moving, put forward a new kind of aerostat network based on new opportunities
routing [19]. Technical features is no path between the aerostat. With the movement of
the aerostat. In the light of sight, the store-forward mode is adopted to communication
under the condition of disconnected network.

3.1 NSOPNet Model

Aerostat movement, layout of sparse, NLOS, closed of RF and signal attenuation etc.
Many times may lead to network cannot be connected. because of aerostats moving,
that leads to routing problem, In this paper we use the opportunity routing to archi-
tecture a aerostat network, The essence of the network is a multi-hop temporary
autonomous system. No fixed routers, Nodes in a network can move freely and
communicate with each other in any way. Each node in the network does not need to be

Table 1. Google balloon parameter configuration

Mesh network Vertical network

Standard IEEE802.11j IEEE802.11b,g
Frequency 2.4 GHz 4.9 GHz
Signal power 250 mW 10 mW
Trans speed 54 Mps 54 Mps
Max distance 600 m 100 m
Antenna Octagonal plains Co-linear
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connected directly. Instead, it is possible to communicate between two NLOS nodes in
a relay manner. Traditional wireless networks need to pre-establish routing between
communication endpoints before transmitting user data. This work model implies an
important assumption that most of the time the network is connected, and that there is
at least one complete end-to-end communication path between any node pair.
NSOPNet is constructed based on the move characteristics of aerostat. When the two
aerostat into mutual communication range, data exchange. The topology of NSOPNet
defined as GðV ;EÞ,GðV ;EÞ / GðV ;E0

randomÞ. If the aerostat Vi to Vj in the in LOS,
then ðVi;VjÞ 2 E

0
random,Vi 2 fV j1� i�mg. m said the number of aerostat.

communicate_field
When part of aerostat is within the scope of communication, The definition of aerostat
to form a communication domain field. The topology of the communicate_field is
represented as G

0 ðV 0
;E

0 Þ, then V
0 � V , is established randomly. The communication

field must be able to communication between the two aerostat, Every time the data
exchange is realized in Aerostat communication field.

The communication process of the NSOPNet is described as shown in Fig. 3.
NSOPNet routing mode is “store-carry-forward”, it realizes the communication
between the aerostat. When a link to the target domain is present, the message is
forwarded, otherwise, the message is stored in the local persistent memory and then
waiting for the available link.

3.2 The Design of Aerostat Device Communication

Aerostat network mainly uses shortwave radio communications, The radio communi-
cation distance is limited by radio sight distance and link circuit. In the case of smooth
link circuit, the radio distance becomes the key factor of communication. The function

Fig. 3. Communication process of the NSOPNet
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distance of wireless communication is closely related to the distance of sight. The radio
sight distance refers to the maximum distance between the objects to keep barrier free
communication monitoring. Relating to many factors such as atmospheric reflection,
climate and topography [20].

As shown in Fig. 4, the composition of aerostat shortwave radio communication
link, we must guarantee the surface shortwave radio and aerostat on shortwave radio
parameters in the working process are equal. The list of basic devices is shown in
Table 2.

OP-NSR routing algorithm
OP-NSR works as a “store - carry - forward” mode. When a destination node is not
present in the routing table, the message is cached at the current node. And wait for the
appropriate forwarding opportunity as the current node moves. For each message, it is
the key to design the efficient routing protocol to determine the best next hop for-
warding node and select the appropriate forwarding time. The NLOS_Table format is
shown in Table 3.

Fig. 4. Composition of aerostat shortwave communication link

Table 2.

Device Number

Shortwave antenna 2
Narrowband filter 1
Shortwave radio 1
Ground station Many

Table 3. Format of NLOS_Table

Vax Count1 Count2 … Countn

Times 2 3 … 1
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(1) For each aerostat to maintain a record the times that non line of sight in NLO-
S_Table. Definition: County is a variable in NLOS_Table, County said the time
that the disconnected between this aerostat and aerostat (i). Let n be the number of
aerostat in the network, n-1 is the number of variables for NLOS_Table. Defi-
nition: once the aerostat disconnect that is not in the distance of a radio line of
sight.

(2) OP-NSR algorithm is divided into two stages, (1) message replication, trans-
mission, (2) find the destination node, direct transmission

In the message replication phase:
The algorithm is described as follows:

(1) aerostat forwarding node selection: (1) according to the description, in each copy
of the aerostat distribution, according to the aerostat alternative in the visible
range, check the NLOS_Table, select the smallest value represents the least
number of disconnected from the candidate County, send a copy of the half
forward to corresponding aerostat the.

(2) replication method forwarding information: the sender will have a copy of the
message to m, distributed to m aerostat. Select the appropriate aerostat will dis-
tribute a copy of m/2 to it, then all have a copy of the aerostat will distribute
copies of own amount of 1/2 to the aerostat new proper, before the aerostat and no
message copies of the same. This cycle of operation, until all the aerostats are only
one copy, said out. The distribution process can be seen as a construction of a two
fork tree, as shown in the following Fig. 5, using two trees to represent the
process of copying messages. In this process, there is a certain probability of
passing the source information to the destination node. If successful, the algorithm
is finished, otherwise, the second step is performed.

Fig. 5. Data replication distribution process
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Find the destination node direct transmission stage:
In the same information m floating device active node, according to the random

strategy, an arbitrary source information carrying aerostat can send signals to the target
node. If the destination node is not found, communication fails and retransmission is
requested.

The flow chart of the algorithm as shown in Fig. 6.

3.3 Algorithm Delay Analysis

The process as a structure of two binary tree, aerostat to send a message is the root
node, a copy of the final m message aerostats is a leaf node, the total number of nodes
on this tree is 2ðlogm þ 1Þ � 1. The tree constructed by this method has the fewest
number of layers. In a

ffiffiffiffi

N
p � ffiffiffiffi

N
p

grid, The number of the aerostat is X, the range of
move was K, the average delay of the direct transmission is EDdt ¼ 0:5ð0:34 log
N � 2k þ 1�K�2

2k�1 Þ, Ideally, the minimum delay is EDopt ¼ Hx�1
ðX�1ÞEDdt, Where Hx is the

harmonic series of the N term of X, The average delay of OP-NSR algorithm is
EDop�NSR �ðHx� 1 � Hx�mÞEDdt þ X�m

X�1
EDdt
m , At m\x, the equal sign is established.

Simulation experiment results
Performance evaluation criteria
The transmission delay and transmission success rate are chosen to evaluate the
performance of the system.

Fig. 6. Flow chart of the algorithm
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(1) transmission delay

The data packet is transmitted from the aerostat node to the target node time
required for aerostat. The average transmission delay is usually used to measure the
transmission delay, which proves that the network performance is better, the routing
algorithm has strong transmission capacity, high efficiency and less network resources.

(2) transmission success rate

The ratio of the number of packets sent from the sender to the destination and the
total number of transmissions in a given time range. It is an important index to evaluate
the packet loss rate of routing algorithms.

The experimental configuration design parameters are shown in Tables 4, 5 and 6
for the operating parameters of the aerostat set in Table 5 for the data set. The random
motion mode of aerostat freedom movement (RWP).

In accordance with the aerostat network scale is divided into 10, 20, 40, 80 sim-
ulation experiments, the corresponding forwarding copy number of 4, 16, 32, 64, as
shown in Table 6.

The results shown in Fig. 7, that by 6, by 10, in the transmission of aerostat
network experiment success rate is about 80%, with the expansion of the scale of
aerostat, transmission success rate increase, when the aerostat reaches 80, the success
rate is about 90%.

Table 4. Operating parameters of the aerostat

Parameter Value

Aerostat operation set Flight area/km 200*200
Running time/h 12
Mobility model RWP
Aerostat speed/(m/s) [5, 10]

Table 5. Data set

Parameter Value

Communication parameter set Packet size/KB [1000,1500]
Cache size/MB 10
Transmission rate/(kbit/s) 500
Transmission range/km 48
Transmission mode Broadcast

Table 6. Experimental grouping

Aerostst size 10 20 40 80

Copy number 4 16 32 64
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The Fig. 8 shows that when the number of aerostat is 10, the average transmission
delay of network maximum is about 0.3 s, when the number of aerostat is 80, the
network delay is about 0.05 s.

It is necessary to point out that the experiment is based on the random motion of the
aerostat model, the actual situation is the aerostat in track movement control words, the
experiment would be better, because it is a random experiment, the experimental results
did not achieve the optimal effect.

4 Conclusion

This paper presents a opportunistic routing method based on near space vehicle net-
work, presents a NSOPNet opportunity network architecture, this architecture is
designed on OP-NSR routing algorithm, and analyzed the performance of the algorithm

Fig. 7. Transmission success rate

Fig. 8. Average delay of network transmission
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from two aspects of transmission success rate and the average delay, verify the
availability and efficiency the higher the method, provides a new research method for
aerostat network communication. At the same time in the operation mode of aerostats,
considering the flight status is not deep enough, great impact on all kinds of compli-
cated weather conditions, network communication, research in the following work
should focus on.
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Abstract. The remarkable growth of the marine economy has made the mar-
itime wideband communication a research focus. This article presents a multiple
backhauls based maritime wideband communication (MBC) architecture to
provide the wideband access to the ocean vessels. In MBC architecture, the
ships equipped with shipborne LTE base stations (BSs) could autonomously
choose the maritime satellites or the onshore high-tower BSs as the backhaul
nodes. The other ships carrying the shipborne customer premise equipment
(CPE) can access the Internet through the shipborne BSs. Furthermore, an
interference-and-voyage based cell zooming strategy is proposed to coordinate
the inter-cell interference in the MBC architecture. The proposed strategy
adjusts the BS cell size based on the BS inter-ference level and ship voyage.
Simulation results using the real ship data show that under the MBC architec-
ture, the proposed cell zooming strategy can effectively coordinate the inter-cell
interference and increase the throughput of the maritime wideband network.

Keywords: Maritime wideband communication � Shipborne base station
Cell zooming � Inter-cell interference coordination

1 Introduction

With the remarkable growth of the maritime industry and global shipment, the marine
economy has become the new growth point of the world economics and generates
extensive marine activities, which results in an increasing demand for the low-cost and
wideband maritime communication. Nevertheless, the current maritime communication
methods, such as the conventional HF/VHF/UHF [1] and maritime satellite systems
significantly lag behind the terrestrial wireless communication methods. To mitigate
this gap, many wideband maritime communication systems are developing.

Recently, some novel maritime communication systems is proposed to fulfill the
communication need of the marine activities, such as WIreless-broadband-access for
SEaPORT (WISEPORT) network and TRITON [2]. WISEPORT is based on the
cellular network and provides the wideband access within 15 km from ports, which is
too short for the ocean vessels. TRITON system is an application of the mesh
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technique. However, it provides a broad wideband coverage at the expense of com-
plicated routing protocols and low service reliability.

In this paper, we provide a novel multiple backhauls based maritime wideband
communication (MBC) architecture to enable a low-cost and wideband network at sea.
In the MBC architecture, the shipborne BSs with omnidirectional antennas are
deployed on specific kinds of ships, and the user ships can get wideband access through
these shipborne BSs. We assume that high-tower BSs equipped with phased array
antennas regularly deployed onshore, which perform as the backhaul nodes of the
shipborne BSs. Besides, maritime satellites provide the shipborne BSs with another
backhaul choice. The shipborne BSs can autonomously choose the maritime satellites
or the high-tower BSs as the backhaul nodes.

However, in the MBC architecture, due to the mobility of the shipborne BSs, the
static radio network planning (RNP) is disabled compared to the terrestrial commu-
nication network [3]. The coverage area of the adjacent shipborne BSs may be widely
overlapped when two BS ships navigate closely, which means that the ships in the
overlapped area are faced with a serious inter-cell interference problem. Therefore,
shrinking the overlapped area is an effective way to coordinate the inter-cell interfer-
ence. The cell zooming technique can dynamically adjust the cell size, which is a
method to shrink the overlapped interference area. The author in [4] presents the cell
zooming technique to improve the performance of wireless network and proves that the
cell zooming can reduce the power consumption when working with the cell sleeping
strategy. In the literature [5], a quality of service (QoS) aware cell zooming strategy is
proposed to improve the QoS in the regular cellular network, which can improve the
energy efficiency without deteriorating the QoS of the users.

However, these cell zooming strategies do not consider the interference coordi-
nation as the first target, and they are essentially implemented in the static and regular
net-work, where the interference may be mitigated in the RNP stage. They can hardly
solve the interference problem if applied in the highly dynamic MBC environment,
which motivates us to study the nexus between the cell zooming strategy and the
inter-cell interference. In this paper, we propose an interference-and-voyage based cell
zooming (IVB-CZ) strategy to coordinate the inter-cell interference in the MBC
architecture. The proposed strategy adjusts the size of each cell in terms of the inter-
ference level and ship voyage. The simulation results using the real ship data show that
the proposed IVB-CZ algorithm can effectively coordinate the inter-cell interference,
increase the throughput and reduce the times of user ship handover as well.

Our contributions are as follows: (1) a novel maritime wideband communication
architecture is presented to enable the low-cost wideband access at sea; (2) an
inter-ference-and-voyage based cell zooming strategy is proposed to coordinate the
inter-cell interference. The rest of this paper is organized as follows. Section 2
describes the MBC architecture and the system model. Section 3 describes the IVB-CZ
strategy. Performance analyses are discussed in Sect. 4. In Sect. 5, we give the con-
clusion of this paper.
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2 System Model

2.1 The MBC Architecture

The MBC architecture provides a highly dynamic maritime communication network,
where both the shipborne BSs and the user ships are mobile. In MBC architecture, we
classify the ships into two types: the BS ships and the user ships. The ships deployed
with the LTE base stations are the BS ships, and the other ships, which are equipped
with shipborne CPE, are the user ships. The BS ships can access the Evolved Packet
Core (EPC) through multiple backhauls. As Fig. 1 shows, we assume that there are
high-tower BSs regularly deployed along the shoreline. The high-tower BSs are a
special kind of BSs equipped with the phased array antennas to dynamically provide
backhaul signals for the BS ships in hot spots of the sea. Due to the energy concen-
tration effect of the phased array antennas, the high-tower BSs can provide the coverage
up to 150 km offshore. However, the high-tower BSs only enable certain area with the
wireless backhaul and the other area without the backhaul signals becomes the cov-
erage holes. For the BS ships within the coverage holes, they can choose the maritime
satellites as backhaul nodes to connect with the EPC, which can achieve a link rate
ranging from 4 Mbps to 135 Mbps [6]. For the user ships, if covered by the shipborne
BS, they can access the wideband network through the surrounding shipborne BSs,
otherwise they fall back to the narrowband satellites.

Table 1 shows a rough calculation of the MBC architecture based on the real ship
data in the China’s Yellow Sea, including the user coverage and the average number of
BS ships around a user ship within different coverage size of shipborne BSs. It can be
seen that if all the shipborne BSs adopt the same fixed cell size, when the cell radius is
set to 15 km, the total coverage rate of the user ships is 91.39%. If shrinking or
expanding the cell size, a low coverage rate problem or an energy wasting problem will

Fig. 1. Illustration of the MBC architecture for wideband maritime communication
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emerge, respectively. Besides, if setting the cell radius to 15 km, a user can be covered
by an average number of 2.78 shipborne BSs, which means that a serious multiple
overlapped problem exists in the MBC architecture. As Fig. 2 shows, the coverage area
of shipborne BS C is overlapped with A and B and the user ships in the overlapped area
will encounter a serious co-channel interference problem. To shrink the overlapped
area and coordinate the inter-cell interference, we need a cell zooming strategy to
dynamically adjust the cell size.

2.2 Network and Channel Model

We consider a maritime communication network involving N(t) BS ships and M(t) user
ships at time t. The set of shipborne BSs is denoted by B(t) ¼ fBiji ¼ 1; . . .; NðtÞg, and
the set of user ships is U tð Þ ¼ fUjjj ¼ 1; . . .;M tð Þg. Each ship has a geographic
coordinate ½xl tð Þ; yl tð Þ�; l 2 B tð Þ [U tð Þ, which can be gathered from the AIS system.
Each shipborne BS has a cell coverage radius Ri tð Þ. For a user ship Uj, it can access the
shipborne BS Bi if the distance between Uj and Bi is less than Ri tð Þ. For a shipborne BS
Bi, the set of assigned user ships is Si tð Þ. A user ship can be served by only one
shipborne BS which means Sm tð Þ \ Sn tð Þ ¼ U, m 6¼ n, 8m,n 2 B(t). Besides, we define
two variables to describe the relation between Bi and Uj:

Table 1. A rough calculation of MBC

Radius (km) Coverage rate Avg BS ship

5 57.31% 0.91
10 80.02% 1.31
15 91.39% 2.78
20 92.89% 4.14
25 94.10% 6.53

Fig. 2. The schematic map of BS ship distribution under MBC architecture.
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cj;iðtÞ ¼ 1; if Uj is covered byBi at time t
0; otherwise

�
ð1Þ

sj;i tð Þ ¼ 1; if Uj 2 Si tð Þ
0; otherwise

�
ð2Þ

The downlink transmitting power of shipborne BS Bi. is denoted as Pt
i tð Þ, and the

received signal power of Uj from Bi is expressed as Pr
j;i tð Þ. The Pr

j;i tð Þ is calculated
based on the maritime two-ray model [7]:

Pr
j;i tð Þ ¼ 10log10 Pt

i tð Þ
� �þ 10log10

k
4pdj;i tð Þ

� �2

2 sin
2p:hi:hj
kdj;i tð Þ

� �� �2( )
ð3Þ

where k is the carrier wavelength, hi and hj denote the antenna heights of Uj and Bi, and
dj;i tð Þ is the distance between Uj and Bi. We model the channel based on the Shannon
theorem, the allocated bandwidth bj;i of Uj from the serving Bi is calculated as:

bj;i tð Þ ¼ RQOS

log2 1þ SINRj tð Þ
	 
 ð4Þ

where RQOS is the minimum data rate that guarantees the required QoS demand. We
assume all the user ships have the same RQOS and the RQOS varies as time goes by,
which is stated in [9]. The SINRj tð Þ is the signal to interference and noise ratio (SINR)
of Uj. In this paper, a full frequency reuse scenario is adopted, where all the shipborne
BSs share the same frequency band. So the SINR of Uj is given by:

SINRj tð Þ ¼
PN tð Þ

i¼1 sj;i tð ÞPr
j;i tð Þ

r2 þ PN tð Þ
i¼1; 1� sj;i tð Þ

� �
Pr
j;i tð Þ

ð5Þ

where r2 is the noise power. Based on the allocated bandwidth, Uj can access the
shipborne BS which satisfies the QoS demand:

bj;i tð Þ\bidlei tð Þ ð6Þ

where the bidlei tð Þ is the unoccupied bandwidth of Bi. If no shipborne BS satisfies (6) for
Uj at time t, Uj is blocked. The proportion of the blocked user ships in the network is
the blocking rate.

In LTE-A, the number of the user ships which a BS is able to serve is determined
by the available bandwidth of BS. From this perspective, when the entire BSs share the
Btotal allocable bandwidth, the normalized load of Bi at time t is given by:
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Li tð Þ ¼
PM tð Þ

j¼1 sj;i tð Þbj;i tð Þ
Btotal ð7Þ

2.3 The Cell Zooming Scheme

For all shipborne BSs, the maximum transmitting power is Pmax and the maximum
coverage radius is rmax. According to the cell zooming strategy, the BSs can autono-
mously change the coverage radiuses by adjusting the transmitting power. In the MBC
architecture, a discrete cell zooming method is adopted, which is proved to be suitable
for highly dynamic scenario for its robustness in mobility [8].

Under the discrete cell zooming method, each cell can be partitioned to K + 1
concentric circles. The number K is the partitioning factor. Figure 3 shows an example
of K = 4 cell partitioning case. In this paper, we partition the cell in an equal distance
way [10], so the radius set is:

Rcan ¼ 0;
rmax
K

;
2rmax
K

; . . .;
K � 1ð Þrmax

K
; rmax

� �
ð8Þ

where BS keeps the maximum radius rmax using maximum transmitting power Pmax:
The corresponding transmitting power of other radiuses can be calculated by (3). We
define the scaling factor of Bi as ci, which represents the degrees that the BS scales
down the cell size:

ci ¼
x
K
; x ¼ 0; 1; 2; 3. . .K ð9Þ

Fig. 3. The schematic map of cell partitioning with K = 4.
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3 The Proposed IVB-CZ Strategy

The aim of the cell zooming strategy is to coordinate the inter-cell interference by
shrinking the overlapped area between the adjacent shipborne BSs. This section
describes the interference-and-voyage based cell zooming strategy.

For shrinking the overlapped area, every shipborne BS is required to adjust the cell
size cooperatively. It’s a key challenge to decide which shipborne BSs are adjustable to
ensure the user experience can still be maintained after the adjustment. What’s more,
the shipborne BSs with high cell load cannot adjust the cell sizes because shrinking the
cell with high load will bring about the blocked users. So we define the load threshold
as Lth and a cell can adjust the size if the cell load is less than Lth. The shipborne BSs
with low cell load can reduce the cell sizes and the transmitting power to improve the
SINR of the other cell. After decreasing the cell size, the extra users will offload to
other ships. Figure 4 illustrates an example of cell zooming strategy. The shipborne
BS A and D scale down their cell sizes to shrink the overlapped area. To take in the
extra users offloaded by A and D, C expands its cell size and B maintains its cell size.
After adjusting the cell sizes, the overlapped area of the example scenario significantly
shrinks and hence the inter-cell interference is mitigated.

3.1 Voyage-Based User Association Algorithm

In order to be applied for the dynamical MBC architecture, the cell zooming strategy
introduces the sailing status to make the decision. We assume that the voyage data of
every ship are available in the AIS system. The management entity in the EPC can use
the latest updating AIS data to predict the voyage of each ship. These predicted voyage
data can be downloaded by shipborne BSs through S1 interfaces. Therefore, the user
ships can get all the predicted information from the serving shipborne BSs.

In the MBC architecture, for the user ships, the shipborne BS with a similar
direction is the best association choices because they can provide a continuous wide-
band access, which can avoid the frequent handover of users and hence relieves the cell
load fluctuations. Considering the voyage information, we define the voyage-based
received signal power Pvj;i tð Þ as:

Fig. 4. An example of cell zooming.
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Pvj;i tð Þ ¼ aPr
j;i tð Þþ 1� að ÞPr

j;i tþ sð Þ ð10Þ

where a 2 0; 1ð �, s is the prediction period, 8Bi 2 B tð Þ, Uj 2 U tð Þ. In (10), Pr
j;i tþ sð Þ is

the received signal power in the predicted moment, which is calculated in (3).
Based on this parameter, the voyage-based (VB) user association algorithm is

showed in Algorithm 1. The association procedure is operated autonomously in every
user ship. The user ship is associated to the shipborne BS with the best voyage-based
received signal power as long as the QoS requirement can be guaranteed. Any user
unable to hand over to a shipborne BS is blocked.

3.2 IVB-CZ Algorithm

In the IVB-CZ algorithm, all the channel related information and voyage related
information are gathered by EPC, and the cell zooming strategy is operated in a
centralized way. When the blocking rate falls below a threshold Prblr, the cell zooming
strategy is triggered. After the optimization results are configured by the BSs, the
shipborne BSs keep their status until the next trigger.

To measure the load and interference status of shipborne BS, a utility function
UF Bið Þ is introduced which considers both the load and interference:

UF Bi; tð Þ ¼ Ii tð Þ
Li tð Þ ð11Þ
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where Li tð Þ is the normalized load of Bi and Ii tð Þ represents the inter-cell interference
that Bi brings to other shipborne BSs, which is given by:

Ii tð Þ ¼
XM tð Þ

j¼1
cj;i tð Þ½1� sj;i tð Þ�Pr

j;i tð Þ ð12Þ

The procedure of the IVB-CZ algorithm is described as Algorithm 2. All shipborne
BS are initialized with the maximum cell size. Then operator switches off the BSs
covering no ship. Among the BSs which satisfy Li tð Þ\Lth, the BS with maximal
UFðBi; tÞ shrinks its cell without blocking the user ships until Li tð Þ� Lth is satisfied.
After associating the extra user ships to other BS, we repeat the above steps. If all the
BS in B(t) satisfy Li tð Þ\Lth, end the procedure.

4 Performance Evaluation

In this section, we use the software MATLAB to evaluate the performance of the
proposed cell zooming strategy under the real ship data. The IVB-CZ algorithm, the
QoS-aware cell zooming algorithm [5] and no cell zooming scenarios are evaluated in
terms of the average user SINR, average user throughput, and the normalized handover
times. The QoS-aware cell zooming is a method to reduce power consumptions and
improve the QoS level, which operates with BS sleeping method. The simulation
parameters highlighted in Table 2 are set according to 3GPP LTE specifications [11].
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4.1 Simulation Environment

Figure 5 shows the evaluated region of our work, which is the area within the red
boundary lines in China’s Yellow Sea. We take 7 days of ship voyage data (Oct. 10–
16, 2015) [12] as the simulation data basis. The data is processed as follows:

• All the data is divided by 15 min. The resulting 96 data files are interpolated at 96
moments {0:15, 0:30, 0:45 … 23:45, 24:00}.

• Choose the passenger vessels, cargo vessels and tankers as BS ships and others as
user ships. Mark the ship type in the data file.

Table 2. Simulation parameter

Parameters Value

Maximum transmitting power ðPmaxÞ 43 dBm
Maximum cell radius ðrmaxÞ 15 km
Partitioning factor (K) 4
Carrier frequency 1.89 GHz

The allowcable bandwidth ðBtotalÞ 17.6 MHz

Height of S-BSs ðhiÞ 35 m
Height of user ships ðhjÞ 15 m
Required data rate ðRQOSÞ 3.5 Mbps
Predictable interval ðsÞ 15 min
a in (9) 0.7
Blocking rate threshold ðPrblrÞ 2.5%
Load threshold (Lth) 0.75

Fig. 5. Evaluated regions in China’s Yellow Sea
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4.2 Simulation Results

As showed in Fig. 6, the proposed IVB-CZ algorithm can increase the SINR of the user
ships compared with the no cell zooming case because the IVB-CZ algorithm can
reasonably scales down the cell with low cell load to shrink the signal overlapped area,
which can obviously improve the spectral efficiency. However, it’s noticeable that the
QoS-aware cell zooming algorithm achieves slightly higher SINR than IVB-CZ. It is
because the QoS-aware cell zooming algorithm switches off more BSs to reduce energy
consumption. So the average distance between the adjacent shipborne BSs is longer
and the overlapped area is smaller. Therefore, the spectral efficiency is improved
further. Note that the curve of the SNIR fluctuates severely. It’s because we use the real
ship data as the simulation data basis, the distribution of the ships is nearly random,
which makes the SINR performs randomly.

However, since the user experience mostly lies in the throughput of the user ships, a
higher SINR cannot directly improve the user experience. Because the network
throughputs are also affected by the bandwidth resources. As showed in Fig. 7, com-
pared with the QoS-aware cell zooming algorithm, the IVB-CZ Algorithm can sig-
nificantly improve the network throughput. It’s because that the IVB-CZ algorithm
increase the SINR without downsizing the available bandwidth resources. Although
QoS-aware cell zooming algorithm achieves a higher performance in terms of SINR,
the throughput is reduced. Because the QoS-aware cell zooming algorithm is operated
in a distributed way without considering the cell load and interference level. The
distributed method downsizing the signaling overheads compared with the proposed
IVB-CZ algorithm, however, the operator cannot choose the most appropriate BSs to
adjust the cell sizes, which deteriorates the performance in throughput. Besides, the
QoS-aware cell zooming algorithm may switch off more BSs to reduce the energy
consumption at the expense of downsizing the bandwidth resources and blocking users.
In the no cell zooming case, a serious inter-cell interference exists and the throughput is
limited by the low spectral efficiency. Therefore, the network throughput is slightly
lower than the IVB-CZ algorithm.

Fig. 6. Average SINR of the user ships
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The Fig. 8 demonstrates the normalized handover times which the handover times
of the no cell zooming case is normalized to 1. It is noticeable that the handover times
of IVB-CZ algorithm are lower than the QoS-aware cell zooming algorithm because
compared with QoS-aware cell zooming algorithm, the IVB-CZ algorithm adopts the
VB user association algorithm to associate users, which considers the sailing status of
both the BS ships and user ships. The user ships will access the BS with the similar
sailing direction, which can significantly decrease the handover times of users.
Therefore, the user experience can be effectively improved.

Fig. 7. Average throughput of the user ships

Fig. 8. Normalized handover times of the user ships
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5 Conclusions

In this paper, we propose a novel multiple backhaul based maritime wideband com-
munication (MBC) architecture to provide the wideband access for the ocean vessel. To
coordinate the inter-cell interference in the MBC architecture, an interference-and-
voyage based cell zooming (IVB-CZ) strategy is presented. The IVB-CZ strategy takes
the inter-cell interference level and ship voyage into consideration to make the cell
zooming decision. Simulation results indicate that the proposed cell zooming strategy is
an effective way to improve the performance of maritime communication network in
term of the network throughput and the user handover times.
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Abstract. With the development of nano/micro-satellite technology, cluster
flying and space networking become the trend of development. The contradic-
tion between the numbers of satellites and ground stations have become
increasingly prominent. Through the analysis of micro satellite common mod-
ulation system, three kinds of modulation system were selected: FM, GMSK,
and BPSK. By using GNU Radio & USRP software radio platform, a universal
ground station based on amateur radio frequency band was designed to realize
the telemetry data receiving and demodulating functions of micro satellites on
different communication system.

Keywords: SDR � GNU Radio � Nano/microsatellite
Telemetry demodulation � Ground station

1 Introduction

Satellites weighing from 1–50 kg, commonly known as Nano/Micro-satellite, have
advantages of low cost, high flexibility, and short development cycle over bigger
satellites. They can perform a variety of tasks, such as earth observation, remote
sensing, communication, technical experiment and scientific research. According to
“Small Satellite Market Observations” [1], the number of micro-satellites launch is
increasing year by year, from 92 in 2013 to 158 in 2014.

The future development of nano/microsatellite has a trend to be based on hadoop
and informatization. SpaceX has planned to build satellite constellation consisting of
more than 4,000 satellites. The satellite network technology can not only improve
service efficiency of satellites, but also reduce duplication of investment [2].

At present, a wide variety of satellites are developed to perform different tasks.
However, traditional ground stations customize TT&C tasks for individual satellites.
They need certain time of preparation before and after satellite passing. With the
development of nano/micro-satellites and satellite constellations, the TT&C system will
be challenged by new problems such as several different satellites passing simultane-
ously and the shorter interval between successive satellites’ pass. The contradiction
between the numbers of satellites and ground stations have become increasingly
prominent. The traditional single-satellite TT&C system has been unable to meet the
demands.

© Springer Nature Singapore Pte Ltd. 2018
Q. Yu (Ed.): SINC 2017, CCIS 803, pp. 197–203, 2018.
https://doi.org/10.1007/978-981-10-7877-4_17



After analyzed the commonly used modulation system, we designed a satellite
ground station based on Software Defined Radio platform. In theory, it is possible to
realize the reception of telemetry data for most of the nano/micro-satellites with
amateur radio frequency after knowing the key parameters such as the center frequency
of the satellite. And it is successfully used on “NUDTSat”, which is a cubesate
designed by National University of Defense Technology.

2 Experimental Platform

Radio Software Defined Radio (SDR) [3], is a radio communication system where
components that have been typically implemented in hardware (e.g. mixers, filters,
amplifiers, modulators/demodulators, detectors, etc.) are instead implemented by
means of software program on a personal computer or embedded system. Based on the
platform to load the Standardized, modular, universal software, SDR is able to realize a
variety of wireless communication functions.

GNU Radio [4] is an open source software that allows to build a radio commu-
nication system via a minimum level of hardware. GNU Radio provides a signal
processing module library, called blocks, including modulation methods, filters, FFT,
convolution, etc. By connecting blocks, GNU Radio form a complete flowgraph to
realize an operational application. In addition, GNU Radio provides OOT (out-of-tree)
tool to extend the function. GNU Radio is more flexible compared to other software.

Universal Software Radio Peripheral (USRP) [5] is a hardware platform used with
the GNU Radio software suite. The basic design concept is to complete all the
waveform-related processing such as modulation and demodulation on the host CPU,
and other high-speed general operations such as digital conversion, sampling and
interpolation are processed on the FPGA (Field Programmable Gate Array).

The experimental platform shown in Fig. 1. The USRP B210 provides a fully
integrated, single-board USRP platform with continuous frequency coverage from
70 MHz–6 GHz. Programs in this paper are developed based on Ubuntu 14.04 LTS
and GNU Radio Companion 3.7.8.

3 Ground Station Simulation

Most of the nano/micro satellites are developed by universities, amateur radio orga-
nizations and groups, and VHF/UHF band signals are widely adopted. Based on the
requirements of specific task, modulations include FM, FSK, PSK, MFSK, BPSK,
GMSK, OFDM were chosen. In particular, Lilacsat [6], BY70-1 [7] integrated FM
function. AISAT [8], GALASSIA [9], GOMX-1 [10] used GMSK modem. Part of the
QB50 project satellites and FUNcube [11] choose BPSK modulation.

198 B.-S. Wang et al.



3.1 Frequency Demodulation

The frequency modulation (FM) is the carrying of information over an electromagnetic
wave by varying its frequency. Its most common application is FM broadcasting. Many
satellites on orbit have integrated FM module because of its anti-noise performance.

Figure 2 shows a FM receiver demodulation flowgraph. The signal received by
USRP is transmitted to GNU Radio, and the sample rate are changed in Rational
Resampler block. The message is then FM-demodulated by WBFM Receive block
which can be replaced by NBFM Receive block as well. At last, the demodulated
signals are converted into audio signals in Audio Sink block.

Figure 3 shows the FM demodulated waveform and the original signal waveform
after signals from of music channel broadcast are received.

Fig. 1. The experiment platform

Fig. 2. FM demod flowgraph
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3.2 Gaussian Minimum Shift Keying Demodulation

Gaussian Minimum Shift Keying or GMSK is a continuous-phase frequency-shift
keying modulation scheme which is based on the MSK. MSK modulated baseband
signal is a rectangular waveform. GMSK first shapes signal with a Gaussian filter
before being applied to a frequency modulator, which has the advantage of reducing
sideband power (Fig. 4).

Figure 5 shows an example of GMSK demodulation flowgraph for common cases.
The parameters can be determined according to the actual situation.

Fig. 3. FM Spectrogram

Fig. 4. GMSK demod flowgraph

Fig. 5. GMSK mod and demod flowgraph
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Since we do not have GMSK source, so we build a modulation and demodulation
flowgraph for test showed in Fig. 5.

GMSK frequency spectrogram and the waterfall graphic are shown in Fig. 6. As
can be seen from the Frequency Display, GMSK modulation and demodulation module
is running correctly. From the Waterfall Display it can be seen that, after filtering
demodulation, the signal has been significantly strengthened.

3.3 Simulation of Ground Station Based on NUDTSat

NUDTSat [12] is a double unit CubeSat developed by NUDT. The downlink uses
Binary Phase Shift Keying (BPSK) modulation.

Figure 7 illustrates the GNU Radio flowgraph for the NUDTSat ground station. To
improve the quality of signals, the signal source, which has been stored as a File Source
here, was transited to the Low Pass Filter block which helps to discard unwanted
portions of the signal and Feed Forward AGC (Automatic Gain Control) block which
adjust the input-to-output gain to a suitable value. After FLL (Frequency Locked Loop)
Band-Edge block, which is for frequency lock, signals will be display in QT GUI
Frequency Sink block to compare with origin signals. Polyphase Clock Sync block is
for recovering timing and Costas Loop block compensates for possible phase and
frequency offset. LMS DD Equalizer means Least Mean Square Direct Decision
Equalizer for reducing inter-symbol interference. Finally, After BPSK demodulation
block and HDLC decode, the signal is stored in the File Sink block as a binary file. The
Throttle block is designed to prevent CPU from full load. The spectrum and constel-
lation are shown in Fig. 8.

Fig. 6. GMSK spectrogram and the waterfall
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4 Conclusion

A GNU Radio application is summarized as “source - modem - sink” model, as we
shows in Sect. 3.1. Moreover, as demonstrated in GMSK simulation, an appropriate
block for signal processing is needed to receive high quality signals. However, it is
more complex that we design a ground station based on software defined radio for
specific satellite, illustrated by NUDTSat.

In fact, the differences between various satellites still exist, and there is no general
pattern to manage all satellites temporarily. In theory, when a complete universal
ground station is developed, it is able to receipt and sync the signals from a variety of
satellites, and demodulate and decode signal to valid data by diversifying blocks.

Fig. 7. NUDTSat ground station (BPSK)

Fig. 8. BPSK spectrogram and constellation
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Abstract. In this study, a novel relay-assisted coded cooperation scheme used in
the stratospheric communication system is proposed. The corresponding research
and performance analyses especially focus on the relay-assisted coded cooper-
ation device-to-device (D2D) communication under the co-channel interference
(CCI) in the stratospheric communication system platform is given. The purpose
of the proposed coded cooperation scheme is to reach a better performance of
multi-user communications with higher capacity especially under CCI. The
relay-assisted D2D communication idea is introduced here to choose the best
relay platform in the stratospheric communication system, and a novel approach
to select the best relay node (BSR) is also proposed in the study. Both the
theoretical analyses and the computer simulation results show that the proposed
approach can reduce the outage probability and the average symbol error rate
(SER) more efficiently than the conventional methods under the circumstances
without BSR selection and without relay-assisted coded cooperation.

Keywords: Stratospheric communication � Co-channel interference (CCI)
Relay-assisted coded cooperation

1 Introduction

In the air-ground communications network and system, the High Altitude Platforms
(HAPs) are supposed to be a kind of useful infrastructure which can help to realize the
high-efficiency communications between theHAPs and themobile users at the ground [1].

While in the stratospheric communication system, the mobile users at the ground
realize the communications through the connections of HAPs. Although the HAPs
possess the good property that each HAP could cover a much more area and lots of
users than a mobile base station on the ground, it will also encounter the problems of
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signal blocking or shadowing, serious line-of-sight (LOS) signal fading, low elevation
angles and so on, which may result in the decreasing of communications quality of
service (QoS), such as increasing of outage probability or average symbol error rate
(SER). At the same time, the co-channel interference (CCI) will also introduce serious
performance deteriorations.

To solve the above mentioned problem, a kind of relay-assisted coded cooperation
device-to-device (D2D) communication scheme under CCI in the stratospheric com-
munication system is proposed in this study. In recent years, the D2D communications
have arisen a lot of research interests among wireless communication area [2–4]. While
in the conventional ground cellular networks, when two mobile users are in close
proximity, they can directly communicate with each other using the radio resource
allocated by the base station. Based on this idea, we introduce the D2D communication
concept between a pair of HAPs, say HAP 1 and HAP 2, in case that when we want to
establish the communication between the mobile user and HAP 1, but the LOS signal
between the mobile user and HAP 1 is blocked or seriously fading, while the LOS
signal between the mobile user and HAP 2 is unblocked. Obviously, this is a better
scheme to improve the communications QoS. In addition, D2D communications
between HAPs can also have benefits to increase the capacity of the whole system.

In [2], the analysis of the relay-assisted D2D communication shows it can ensure the
call quality and the channel capacity. Within the discussions in this research which is
mainly related to the interferencemanagement, themain idea is to reuse the same spectrum
when the power control and the good D2DQoS can meet the threshold under the premise
of the position limit.When the quality ofD2Dchannel is not good enough, aD2Dpairwill
communicate which is assisted by some other users within the free space as a relay node.

In [3], the authors propose a relay assisted system based on coded cooperation,
despite the decode-and-forward (DF) and coded cooperation is very similar, there are
still some differences. Laneman proposed several cooperation agreements, which
include DF, amplify-forward (AF), and so on [5]. The purpose of coded cooperation
proposed with the relay nodes is to increase the channel capacity. While in this study,
the corresponding analysis and conclusion is mainly based on [4]. The main innova-
tions and contributions of our research work are as followed:

(1) The original D2D communication systems are based on the relay strategy of DF
mode. In this study, the cooperative relay encoding strategy is introduced, for
example, the relay node does not encode the information transmitted from the
source node, but only transmits a part of the encoding information through the
independent channels.

(2) The proposed cooperative relay D2D transmission mode can improve the validity
of the transmission capacity of the system, for example decreasing the outage
probability and the average SER even under CCI circumstances.

The remaining of the paper is arranged as follows: In Sect. 2, the system model and
the D2D communications best relay node selection scheme are introduced. Based on
the proposed idea, the system performance analyses are given in Sect. 3, which include
the outage probability analysis and the average SER analysis. Computer simulation
results are presented in Sect. 4, which shows the validity of the proposed scheme. And
the final conclusions are given in Sect. 5.
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2 System Model and Best Relay Selection Scheme

In the stratospheric communication system, it is supposed that there exists a pair of
source-destination nodes, which is plotted in Fig. 1. While in Fig. 1, the node s is the
source node which is placed on one of the HAPs, and the node d is the destination node
which is placed on the ground (or the mobile user). In the communications, when the
LOS signal path from s to d is blocked or possesses critical fading, the communication
QoS may be influenced seriously.

At the same time, to realize a wide area communication through the stratospheric
HAPs, many platforms will be placed in the stratosphere to make the information
exchange. Assume that the stratospheric HAPs (except the node s) are defined as an
HAP set K ¼ r1; r2; � � � ; rJf g, where rj 2 K j ¼ 1; 2; � � � ; Jð Þ represents the jth HAP
and J is the total number of HAPs in the stratospheric communication system (except
the node s).

Based on the idea of D2D communication, we introduce the relay-assisted coded
cooperation technique to solve the problem mentioned above. Firstly, all the strato-
spheric HAPs except the node s are regarded as the possible relay nodes to help the
information transmission from s to d. When the source-destination pair cannot com-
municate with each other directly and fluently, one idle HAP in K will be chosen as the
relay node to assist the direct link. The main idea in this technique is to set up a
cooperation system combining the LOS path and the relay path so that the different
parts of the information codewords can be transmitted from the source node s to the
destination node d directly and through the relay node rj indirectly.

Figure 1 illustrates the relay-assisted coded cooperation stratospheric communi-
cation. The codewords transmitted from the source node s are divided into two suc-
cessive time segments which are called information frames. In the first frame, the
source node s transmits a rate-R1 codeword (N1 symbols) to the destination node d, and
transmits a rate-R2 codeword (N2 symbols) to the selected relay node rj. If the relay
node rj decode the rate-R2 codewords successfully (checked by CRC), the relay node rj

Fig. 1. Basic structure of the relay-assisted coded cooperation stratospheric communication
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will transmit the N2 information symbols to the destination node d in the second frame.
If the N2 symbols cannot be decoded by the relay node rj, the relay node will not
transmit any symbols to the destination node d.

If the source node s transmits the information codewords to the relay node rj and
the destination node d at the same time, the instantaneous signal-to-noise ratio
(SNR) received by the nodes rj and d, denoted by SNRsrj and SNRsd respectively, can
be expressed as

SNRsrj ¼
Ps hsrj
�� ��2
Nsrj

; ð1Þ

SNRsd ¼ Ps hsdj j2
Nsd

; ð2Þ

and the instantaneous SNR in the path rj-d, denoted by SNRrjd , can also be expressed as

SNRrjd ¼
Prj hrjd
�� ��2
Nrjd

; ð3Þ

where Ps and Prj denote the transmitting power sent from the source node s and the
relay transmitting power sent from the relay node rj; hsrj and hsd are the pathloss fading
coefficient of the relay link from the source node s to the relay node rj and the LOS link
from the source node s to the destination node d respectively; hrjd is the pathloss fading
coefficient of the relay link from the relay node rj to the destination node d; Nsrj , Nsd

and Nrjd are the CCI plus channel noise powers received by the relay path s-rj, LOS
path s-d and the relay path rj-d, respectively.

According to [6], when there doesn’t exist the relay path, the outage probability of
the direct path s-d, denoted by pout(s-d), satisfies

poutðs-dÞ ¼ 1� expð� SNRth

SNRsd
Þ; ð4Þ

where SNRth denotes a certain SNR threshold to meet the corresponding communi-
cation QoS requirement, generally it can be chosen to reach the maximal channel
capacity.

If a relay path is also available, the outage probability of the link from the source
node s to destination node d, denoted by poutðs-rj-dÞ, will be changed to

poutðs-rj-dÞ ¼ 1� expð� SNRth

SNRsd
Þ

� �
� 1� expð� SNRth

SNRsrj
Þ � expð� SNRth

SNRrjd
Þ

� �
: ð5Þ

To simplify the analysis complexity, it is assumed that the SNR thresholds for each
communication path are the same.
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Based on the above analyses, when there exists the relay path, how to select the
best relay node is also a very important and serious problem as shown in Fig. 2. While
it can be found in Fig. 1, the source node s transmits the information data into two
different segments. In the first frame, the relay node rj receives a rate R1 = R/b
codeword, where b is the coefficient of the cooperation model. The channel will be in
outage when the rate R1 is larger than the capacity. In other words, the relay node rj
cannot decode the codeword sent from transmitter. It may possess two possible cases
according to whether the relay node rj could decode the codeword successfully or not.

Case 1 (h ¼ 1): In this case, the relay node rj successfully decodes the codeword
transmitted from the source node s. The corresponding condition is defined as

CsrjðSNRsrjÞ ¼ log2ð1þ SNRsrjÞ[R=b; ð6Þ

where Csrj and SNRsrj denote the capacity and instantaneous SNR of the channel
between the source node s and relay node rj.

In the second frame, both the relay node rj and source node s send codewords to the
destination node d. The corresponding condition is

CsdðSNRsd; SNRrjdjh¼1Þ ¼ b log2ð1þ SNRsdÞ
þ ð1� bÞ log2ð1þ SNRrjdÞ\R ð7Þ

where Csd denote the capacity of channel between the source node s and destination
node rj.

Case 2 (h ¼ 2): In this case, the relay node rj cannot decode the codeword sent from
the source node s in condition that the rate R1 exceeds the channel capacity, that is

CsrjðSNRsrjÞ ¼ log2ð1þ SNRsrjÞ\R=b: ð8Þ

So in the second frame, the destination node d can only receive the codeword from
the source node s. So we have

Fig. 2. Best relay node selection
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CsdðSNRsdjh¼2Þ ¼ log2ð1þ SNRsdÞ\R: ð9Þ

Here, the capacity of direct link and relay link can be expressed respectively by

CsrjðSNRsrjÞ ¼ log2ð1þ SNRsrjÞ; ð10Þ

CrjdðSNRrjdÞ ¼ log2ð1þ SNRrjdÞ: ð11Þ

where SNRsrj ¼
Ps hsrjj j2
Nsrj

; SNRrjd ¼
Ps hrjdj j2
Nrjd

:

Since the relay link is combined by two independent channels, the capacity of the
relay link can be expressed as

Csrjd ¼
1
2
minðCsrjðSNRsrjÞ;CrjdðSNRrjdÞÞ; ð12Þ

where Csrjd denotes the capacity of the relay channel from node s to node d through the
relay node rj.

The principle to choose the best relay node in the coded cooperation we used here
is to find the relay node which can have the maximal relay link capacity. To reduce the
relay time delay, we choose only one relay node to decode and forward the information
codewords transmitted from the source node s. And the other relay nodes are then set
into the idle state. While the best relay selection criterion can be describe as follows

roptj ¼ argmax
j2K

ðCsrjdÞ; ð13Þ

where roptj is the best selected relay (BSR) node or the optimal selected relay
(OSR) node.

3 Performance Analyses

3.1 Outage Probability Analysis

Outage probability is an important parameter to measure the performance of
relay-assisted communications.

In the coded cooperation system, define the outage probability into two indepen-
dent cases. When the channel capacity is less than the expected rate of the codewords,
the channel will be interrupted. According to the analysis in last Section, and let SNRth
to reach the maximal channel capacity, the outage probability can be expressed by

pout ¼ PrfSNRsroptj
[ 2R=b � 1g � Prfð1þ SNRsdÞb

� ð1þ SNRroptj dÞ1�b\2Rgþ PrfSNRsroptj
\2R=b � 1g

� PrfSNRsd\2R � 1g ;
ð14Þ
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In the stratospheric communication system, to simplify the analysis, assume that
both the LOS path and the relay path obey the Rayleigh fading, then it can be derived
according to the results in last Section that

Prfð1þ SNRsdÞbð1þ SNRroptj dÞ1�b\2Rg

¼
Z þ1

0
PrfSNRroptj d\HðxÞge�xdx;

ð15Þ

where the function H(x) is defined as

HðxÞ¼D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2R

ð1þ SNRsd � xÞb
1�b

s
� 1; ð16Þ

Due to the fact that SNRroptj d is non-negative, so we should have

HðxÞ[ SNRroptj d [ 0, and the range of x belongs to

0\ x\
2ðR=bÞ � 1
SNRsd

; ð17Þ

Hence, Eq. (15) can be simplified to

Prfð1þ SNRsdÞbð1þ SNRroptj dÞ1�b\2Rg

¼
Z 2ðR=bÞ�1

csd

0
½1� expð� HðxÞ

SNRroptj d
Þ�e�xdx;

ð18Þ

Therefore, the outage probability of the relay system can be expressed as

poutðs�roptj �dÞ ¼ PrfSNRsroptj
[ 2R=b � 1g

� Prfð1þ SNRsdÞb � ð1þ SNRroptj dÞ1�b\2Rg
þ PrfSNRsroptj

\2R=b � 1g � PrfSNRsd\2R � 1g

= exp
2R=b � 1
SNRsroptj

 !
�
Z 2ðR=bÞ�1

SNRsd

0
1� expð� HðxÞ

SNRroptj d
Þ

" #

� e�xdxþ 1� exp � 2R=b � 1
SNRsroptj

" #( )

� 1� exp � 2R � 1
SNRsd

� �� �
:

ð19Þ
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3.2 Average SER Analysis

Based on the SNRs defined in Eqs. (1)–(3) and use the moment generating function
(MGF) based approach in [7], the MGF of the proposed relay-assisted coded coop-
eration communication system, denoted by Mr(s), can be expressed by

MrðsÞ ¼b � E1 Ps � e�s�SNRsd
� 	

þ 1� bð Þ � E2 Prj � e�s�SNRrjd
� 	

;
ð20Þ

where the functions E1(.) and E2(.) are defined by

E1 Ps � e�s�SNRsdð Þ ¼ R þ1
0 Ps � e�s�SNRsd f hsdj j2 hsdð Þdhsd

E2 Prj � e�s�SNRrjd
� 	 ¼ R þ1

0

R þ1
0 Prj � e�s�SNRrjd

� f
hsrjj j2 hsrj

� 	
f
hrjdj j2 hrjd

� 	
dhsrjdhrjd ;

ð21Þ

while f hsdj j2 hsdð Þ; f
hsrjj j2 hsrj

� 	
and f

hrjdj j2 hrjd
� 	

are the probability density functions

(PDFs) of variables hsd; hsrj and hrjd ; respectively. And when the BSR node is selected
according to (13), Eq. (20) can be changed to

Mopt
r ðsÞ ¼b � E1 Ps � e�s�SNRsd

� 	
þ 1� bð Þ � E2 Proptj

� e�s�SNR
ropt
j

d


 �
:

ð22Þ

Then based on the above MGF analysis results and the average SER analysis results
in [7, 8], and if the source signal is transmitted as M-PSK modulation, the average SER
of the proposed relay-assisted coded cooperation D2D communication with co-channel
interference in the stratospheric communication system can be calculated by

SERM-PSK ¼ 1
p

Z hM

0
Mr

gM-PSK
sin2 h


 �
dh; ð23Þ

where we have hM ¼ p M � 1ð Þ=M and gM-PSK ¼ sin2 p=Mð Þ.
In the real applications, the following accurate approximation can be used to cal-

culate the average SER in M-PSK as [8]

SERM-PSK ¼
X3
i¼1

aiMr bið Þ; ð24Þ

where a1 ¼ hM
2p � 1

6 ; b1 ¼ gM-PSK ; a2 ¼ 1
4 ; b2 ¼ 4

3 gM-PSK ; a3 ¼ hM
2p � 1

4 ; b3 ¼ gM-PSK
sin2 hMð Þ.

And for some other modulations such as M-PAM and M-QAM, the approximate
average SER calculation results can also be found in [8].
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4 Numerical Simulation Results

In this section, we give the computer simulation results of the proposed relay-assisted
coded cooperation D2D communication with co-channel interference in the strato-
spheric communication system with the selected BSR node, relay-assisted coded
cooperation D2D communication with co-channel interference without the selected
BSR node (the relay node is selected randomly), and the non-cooperative stratospheric
communication system with only LOS path (non-cooperation).

In the computer simulations, we choose the parameters as follows: the co-channel
interference power is Nsd ¼ Nsrj ¼ �130 dBm, b = 1/2, the expected rate of coded
cooperation system is R = 1 bps/Hz. For comparisons, we also give the simulation
results under R = 2 bps/Hz. The system parameters for numerical computer simula-
tions are given in Table 1.

Figure 3 shows the comparison of outage probability performance under R = 1
bps/Hz. It can be found that when the rate of coded cooperation is 1 bps/Hz and when
the outage probabilities approach 10−4, the proposed approach (BSR) can achieve
about 3 dB SNR gain than the randomly selected relay method (no-BSR), and about
12 dB SNR gain than that in the non-cooperation. Figure 4 shows the same simulation
results under R = 2 bps/Hz, and the outage probability is increased under the same
SNR compared to the results under R = 1 bps/Hz. At the same time, it can be found
that when the outage probabilities approach 10−4, BSR can achieve about 5 dB SNR
gain than that of the no-BSR case.

Table 1. System parameters for numerical simulations

Source node power 17 dBm
Interference power −130 dBm
Modulation 8-PSK
Number of Monte Carlo simulation times in each simulation points 1010

Fig. 3. Comparison of outage probability performance under R = 1 bps/Hz
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Figure 5 shows the average SER performance comparison results under 8-PSK
modulation. While in plotting the theoretical result of the proposed BSR approach, the
approximation equation in (24) is used. It can be found that the SER performance of the
randomly selected relay method is better than that of non-cooperation method, and the
SER performance of the proposed BSR approach is better than that of the randomly
selected relay method. It can also be observed that in all these three methods, the
simulation results coincide with the corresponding theoretical results well, which also
verify the correctness of the SER theoretical analyses results in last Section.

5 Conclusions

In this study, we proposed a kind of relay-assisted coded cooperation and BSR node
selection method with co-channel interference to optimize the stratospheric commu-
nication system. The strategy takes advantage of relay-assisted coded cooperation to

Fig. 4. Comparison of outage probability performance under R = 2 bps/Hz
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increase the capacity of system and selects the best relay node to increase the SNR
gain. Both the theoretical analyses and numerical simulation results show that the
proposed BSR method can effectively reduce the outage probability and decrease the
average SER performance compared with those of no-BSR method and non-
cooperation method.
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Abstract. Delay/disruption tolerant network (DTN) is originated from the
pioneer research into interplanetary internet and later, researchers found that
DTN can also be applied to many challenged networks. Several DTN routing
protocols have been presented to improve the routing performance, since mes-
sage delivery is difficult in such networks due to the absence of stable
end-to-end paths. However, the protocols ignore the fact that the nodes in DTN
like satellites and other wireless devices usually have very limited resources like
battery, bandwidth, and storage. In this paper, we introduce four existing routing
algorithms and two new routing algorithms we propose, and compare their
performances of delivery ratio and latency in the case of limited buffer size
under both ground and space environment. We obtain the curves of the network
throughput varying with the network load, and find it showing a congestion
phenomenon, from which we can compare the congestion control capacities of
the routing protocols. Simulation results show that our newly proposed routing
protocols can successfully cope with the congestion caused by storage
constraints.

Keywords: Social networks � Forwarding algorithms
Delay-tolerant networks

1 Introduction

Delay/disruption Tolerant Networks (DTNs) are characterized by their intermittent
connectivity, time evolving topology, long message delays, and lack of stable
end-to-end paths. DTNs can be divided into terrestrial DTN and spatial DTN according
to the different scenes. The terrestrial DTN is composed of a variety of wireless devices
like smart phone, laptop, or even vehicles, while the space DTN is mainly consist of
satellites. Millions of devices are connected via the Internet, providing reliable com-
munications over the standard protocol set on the transmission control protocol/Internet
Protocol (TCP/IP). However, the Internet relies on some assumption like continuous
bidirectional end-to-end paths, short round trips, symmetric data rates, and with the
proliferation of wireless devices, the Internet has limitations to provide a satisfactory
performance in connecting the millions of wireless devices popping up [1]. At the same
time, due to the constraints of satellite platforms and inter-satellite links (ISL), only
limited number of ISLs can be equipped on the satellites (e.g., only one ISL can be
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equipped on one satellite) and the ISLs in space networks will subject to long delay,
intermittent connectivity and asymmetric bandwidth [2]. It is worth mentioning that the
nodes of space DTN are not limited to satellites. With the rapid development of China’s
aerospace industry, the traditional spatial information transmission mode cannot meet
the needs of complex space operation, so the establishment of a heterogeneous spatial
information network has become the key to promote the process of information [3].

Due to the absence of end-to-end connection, traditional routing protocols for the
Internet cannot be applied on DTN directly, so several routing algorithms for DTN
have been proposed. The main purpose of many existing routing algorithms is to find a
relay node that is more likely to transfer the data to the destination. To determine such a
relay node, a variety of approaches are used including estimating node meeting
probabilities, packet replication, network coding, and leveraging prior knowledge of
mobility pattern [4].

DTN routing protocols can be classified as replication-based and forwarding-based
according to their forwarding patterns. For replication-based DTN routing protocols,
like Epidemic routing [5], Spray and Wait [6], the message is duplicated from one node
to his several neighbors according to certain rules, so there will be several copies of the
message transfer in the network. Such protocols can improve the delivery ratio while at
the cost of increasing transmission overhead and buffer occupancy. On the other hand,
for forwarding-based routing algorithms, like Direct Transmission, FRESH [7], and
SimBet Routing [8], each packet has a single copy since it is forwarded to the neighbor
and deleted from the current node. With the application of rational forwarding strategy,
forwarding-based routing can also gain improved routing performance.

Early proposed routing protocols concentrate on improving the routing perfor-
mance, and assuming there is no resource constraint. However, DTNs are often subject
to severe constraints of resource like transmission bandwidth, buffer size, and energy.
Therefore, several recently done works addressed some transmission scheduling and
buffer management problems in their proposed DTN routing schemes [9, 10]. Due to
the resource constraint, there always exist congestion in DTNs, so some measures
should be taken to control congestion. Congestion control mechanism of DTN can be
classified as proactive or reactive control [11]. Proactive congestion control (also
known as congestion avoidance) schemes take a preventive approach and try to prevent
congestion from happening in the first place; in reactive congestion control, end sys-
tems typically wait for congestion to manifest itself before any action is taken.
Proactive congestion control can ease congestion by controlling the data rate of the
source node, however, when congestion is severe, this method cannot effectively
alleviate congestion.

In this paper, we study the routing in DTNs where buffer sizes of nodes are
constrained, and compare the performance of four existing routing protocols and two
newly proposed routing protocols under such situation. We further measure the
throughput under different network loads, and find that when the load increases to a
certain value, the congestion occurs, from which we can compare the congestion
control abilities of different routing protocols.
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2 DTN Routing Protocols

In this section, we introduce four existing routing protocols and two proposed routing
protocols. Epidemic routing, Direct Transmission, FRESH and Simbet Routing are
existing routing protocols proposed in the previous works, while FRESH_BM and
SimBet_BM are newly proposed routing protocols in this paper.

2.1 Existing Routing Protocols

Epidemic routing. Epidemic routing is a typical flooding based routing algorithm,
which is named for its data transmission process that similar to the spread of infectious
diseases. In such routing procedure, two encounter nodes send all of their carrying
messages to each other, and finally have identical sending lists. Since a large number of
copies of messages transmitted in the network, Epidemic routing can reach the optimal
delivery ratio at the expense of huge resource consumption. Therefore, the Epidemic
routing is suitable for networks with high bandwidth and large buffer size. However,
for the networks of limited storage capacity, it may lead to the decrease of routing
efficiency due to frequent packet loss.

Direct Transmission. Direct Transmission is one of the simplest DTN routing algo-
rithms. The idea of the algorithm is that if and only if there is a link between the source
node and the destination node, the message is transmitted directly from the source to
the destination, otherwise, the message still stay with the source node. Data trans-
mission does not pass any intermittent nodes, so there exist only one copy for each
message at any time. The advantage of Direct Transmission is that it has the lowest
consumption of network resources. However, the source node needs to wait for a long
time or even a permanent wait to transmit data to the destination node, which can result
in large delay and low success rate. The Direct Transmission is suitable for scenarios
where the network topology is known and the nodes’ mobility is a priori, such as the
urban public transport network.

FRESH. FRESH is an enhanced version of Direct Transmission. For FRESH, each
node store the newest encounter time with the nodes it meet. When two nodes
encounter, if the former node has a fresher encounter time with the destination, the
message is forwarded to it. Otherwise, the node carries the message and waits for next
encounter. Compared to Direct Transmission, FRESH achieve improved success rate,
and also increased cost, but the cost of it is still much less than Epidemic routing.

SimBet. SimBet is a kind of social-based DTN routing protocol, which utilizes the
similarity and betweenness centrality for making forwarding decision. The similarity is
defined as the common neighbors of two nodes, as shown in (1),

simði; jÞ ¼ NðiÞ \NðjÞ ð1Þ

where N(i) and N(j) are the sets of neighbors of node i and j. The betweenness
centrality measures the extent to which a node lies on the paths linking other nodes and
it is calculated as (2),
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CBðiÞ ¼
XN

j¼1

Xj�1

k¼1

gjkðiÞ
gjk

ð2Þ

where gjk is the total number of geodesic paths linking node j and k, and gjk ið Þ is the
number of those geodesic paths that include node i. When two nodes encounter, if the
former node has a higher similarity with the destination, or it has a higher betweenness
centrality, the message is forwarded to it. Otherwise, the message stays with the nodes.
The goal is to find the right community of destination, where nodes in it have higher
similarity with each other than other nodes. To let the messages home in there com-
munity, central nodes with high betweenness centrality are used to carry them between
communities.

2.2 Proposed Routing Protocols

In this subsection, we propose two new routing algorithms that add buffer management
to FRESH and SimBet.

FRESH_BM. FRESH_BM is based on FRESH and is designed to address the lack of
buffer management in FRESH. At each node, it calculate the Freshness Value (FV) of
each message from the latest encounter time between nodes, and sort the messages
according to their FVs. The FV of message Mk at node i is calculated as (3),

FVðMk; iÞ ¼ 1
CT � ETðdk; iÞ ð3Þ

where CT is the current time, dk is the destination node of the message Mk , and the ET
is the latest encounter time of two nodes. FV indicate the freshness of the contact
between two nodes. Therefore, we assume that the messages with higher FV have
greater probabilities to be delivered since the current node more likely to meet the
destination of them. When two nodes encounter, the sending node traverses the sending
queue, which is sorted by the descending order of the FV, and if the buffer size of
receive node is full, the node drop the messages from the queue tail, until it can
accommodate the message.

SimBet_BM. SimBet_BM is familiar with the FRESH_BM, but it sort the message
according to the SimBet Value (SV) instead of FV, and choosing the relay nodes as
SimBet do. Definition of SV is of message Mk at node i is shown as (4),

SVðMk; iÞ ¼ 0:5simðdk; iÞþ 0:5betðdkÞ ð4Þ

where dk is the destination node of the messageMk, sim dk; ið Þ is the similarity of dk and
i, and bet dkð Þ is the betweenness centrality of the dk . SV indicates the social relation
between two nodes, and messages with higher SV is more likely to be delivered, so
messages are also sorted by the descending order of the SV. Like FRESH_BM,
SimBet_BM also transmit the messages from the queue head, and delete the messages
from the queue tail.

Exploiting DTN Routing Algorithms Under Resource Constraints 221



3 Simulation Settings and Performance Metrics

3.1 Simulation Settings

In this paper, all simulations are based on NetworkX, a complex network analyzing
package of Python. We use two data sets MIT and SPACE for simulations. MIT data
set [12] is mobility traces collected from real network environment, while SPACE [2] is
a synthetic contact simulating the communication between satellites.

MIT. The MIT contacts were collected in the Reality Mining project [12], where 97
students and employees of MIT were equipped with ceil phones scanning every 5 min
for Bluetooth devices in proximity during 9 months. For our simulations, we define
time slice as day, and classify contacts according to their date. We cut the traces by
using contacts reported between February 2005 and March 2005.

SPACE. The SPACE contacts model is composed by a medium earth orbit
(MEO) satellite constellation, and it is inspired by the work of Yan et al. [2]. The
satellite constellation is walker-d 24/3/2 which has 24 satellites in 3 orbits and each
orbit has 8 satellites, and each satellite is equipped with one half-duplex ISL.

3.2 Performance Metrics

The protocols are evaluated for two performance metrics: delivery ratio and latency.
They can be illustrated as:

Delivery ratio. Delivery ratio is the percentage of delivered packets. Increasing
message delivery ratio is the main goal of any DTN routing protocol. Message delivery
ratio is given by:

DeliveryRatio ¼ 1
M

XM

k¼1

Rk ð5Þ

where M is the number of messages created and Rk ¼ 1 if message mk is delivered,
otherwise Rk ¼ 0.

Latency. Latency is the total time spent between message creation and delivery. The
latency measure of protocol can be done by calculating the average latencies of
messages. The average latency is calculated as:

Latency ¼ 1
N

XN

k¼1

ReceiveTimek � CreationTimek ð6Þ

where N is the total number of messages received, the parameters ReceiveTimek and
CreationTimek represents the receiving time and creation time of message k.
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4 Result and Discussion

Although DTN has a variety of resource constraints, the buffer size is often the most
important resource since if it is set unreasonably, it will lead to a large number of
packet loss or a serious waste of resources. So we focus on the impact of buffer size on
the routing protocols, and compare their optimal delivery ratios and the corresponding
minimum buffer sizes. To simulate the buffer-size constraint of network, we set a buffer
size (i.e. length of data storage list) and initially create messages for all other nodes for
each node. When two nodes exchange messages, only if the former node’s buffer has
more space, the message can be forwarded to it. We measure the delivery ratio and
latency of each protocol under different buffer size, and compare them in Figs. 1 and 2.

As Fig. 1 implies, the delivery ratios initially increase and then achieve a nearly
constant value as the buffer size is increased. This is because initially there is an
increased message drop rate due to low buffers, resulting in the low values of delivery

Fig. 1. Effect of increasing buffer size on delivery ratio

Fig. 2. Effect of increasing buffer size on latency
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ratio, and as the buffer size is increased, delivery ratio also improves due to decrease in
message drops. However, when it increases to a certain value, it can fully satisfy the
requirement of buffer size for data transmission, so increasing the buffer size makes no
sense anymore.

As is shown in Fig. 2, the latencies of Epidemic routing and Direct Transmission
are very slight at the beginning, and gradually increase with the increase of buffer size.
This is because when the buffer size is tiny, only a small amount of messages between
close nodes are delivered, and with the stabilization of the delivery ratios, the latencies
also tent to be stable. At the contrast, the latencies of SimBet and FRESH are high at
the beginning, and decrease with the buffer size increase. From Fig. 1, we know that
they can achieve high delivery ratios even with small buffer size, but with the limit of
buffer size, it can not make the most advisable choice for the relay nodes, which leads
to a larger delay at the beginning. However, the Epidemic routing and Direct Trans-
mission will not encounter such problems, since they do not have selection strategy for
relay nodes. The latencies of FRESH_BM and SimBet_BM are both very smooth,
almost no impact on the size of the cache.

Based on the simulation results, it can be concluded that Epidemic routing has the
highest delivery ratio (67.87% for MIT and 100% for SPACE), and lowest latency for
MIT (7.24) but the buffer size it needs to achieve optimal performance is much larger
than others. On the other hand, FRESH and SimBet are achieving both high delivery
ratios and reasonable latencies, since there routing strategy is more intelligent than
Epidemic routing and Direct Transmission. We also observe that on the MIT contact,
which represents the terrestrial DTN, FRESH outperforms SimBet with greater delivery
ratio and lower latency, while SimBet achieves higher delivery ratio but also higher
delay on the SPACE contact. The performances of newly presented protocols
FRESH_BM and SimBet_BM are also shown in the graph, and we find that when the
buffer size is tiny, two new protocols perform better than their older versions with
higher delivery ratio and lower latency, and the optimal performances is identical with
the older. Therefore, we can infer that FRESH_BM and SimBet_BM performs well
even with the limited buffer size.

To further compare the performance of FRESH, SimBet, FRESH_BM, and Sim-
Bet_BM, we set the buffer size to 2^7 for MIT and 2^5 for SPACE, and add different
network loads to the network and observe the changes in network throughput. The
network throughput here is measured by the number of messages delivered to the
destination. When network load is k, it means that there has k� N� N� 1ð Þ messages
to be transmitted in the network, where N is the number of nodes in the network.

From the results shown in Fig. 3, we observe that with the increment of network
load, throughput of both Simbet and FRESH initially increases as network load
increases, however, when the load reaches a certain value, it begin to sharply decline.
The reason for such behaviour is that initially the load (i.e. number of messages) of the
network is far less than the buffer size, so the number of packets delivered increase with
the increment of load. However, when the load reaches the buffer size, the message
transmission became difficult and the throughput decrease.

When the congestion reaches a certain level, the data transmission of the SimBet
and FRESH will be almost stagnant, making the network in a state of paralysis.
However, for FRESH_BM and SimBet_BM, the throughputs increase at the beginning,
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and maintain a certain value when the network loads reach a certain value, and Sim-
Bet_BM even can improve the optimal throughputs of the network. This is because we
sort the messages according to their priority, and the messages with higher priorities are
preferentially transmitted during the data transmission, at the same time, if the buffer
size of receive node is full, we drop some messages that with lower priorities to accept
the newly coming messages. With the data dropping policy, there are always data
transmitting in the network, and congestion caused by the heavy network load can be
eased to a certain extent. But it is also very “dangerous” since it may lead to heavy
data lost.

5 Conclusion and Future Work

Many previously proposed DTN routing protocols focus on performance improvement
and ignore the resource constraints such as transmission bandwidth, buffer size, and
energy. In this paper, we analyze and compare the performance of four DTN routing
protocols (i.e. Epidemic routing, Direct Transmission, SimBet and FRESH) under the
buffer size constrained situation, and propose two new routing protocols (i.e.
FRESH_BM and SimBet_BM). The results show that SimBet and FRESH perform
better than the other two, since the Epidemic routing has the highest delivery ratio but
also needs highest buffer size, and the delivery ratio of Direct Transmission is too low.
We also find that FRESH performs better on the MIT, while SimBet has a better
performance on the SPACE than FRESH, and both of FRESH_BM and SimBet_BM
achieve better performances than their older versions when the buffer size is small. For
further discussion, we observe the network throughput of SimBet, FRESH, Sim-
Bet_BM, and FRESH_BM under different network loads. The results show that con-
gestion generated on SimBet and FRESH with the increase of the network load, and
SimBet_BM and FRESH_BM can ease the congestion with the dropping policy.

Although the data dropping policy can ease the congestion, but it also leads to
heavy data lost, So our future work will concentrate on the combination of the
proactive and reactive congestion control mechanisms, to better control the congestion
and reduce the data dropping. In this paper, we only discuss the buffer size constraint,

Fig. 3. Effect of increasing network load on throughput on Simbet and FRESH
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which is only one kind of constrained resource of DTN. Therefore, in our future work,
we will consider also the constraints of bandwidth and energy.
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Abstract. Deep space communications have characteristics such as long
communication distance, heavy channel fading and limited equipment and
source, leading to a more stringent requirement than that of ground communi-
cation. To this end, this paper proposes a fountain code based deep-space
communication system. The fountain code has low decoding complexity and
good error performance to meet the requirement of the channel coding for the
deep space communication. Building on the proper model of deep space
channel, we combine the photon counting scheme and fountain coding to
combat the channel fading in deep-space communications. The simulation
results show that the error probability of the proposed system can approach 10−3

for the transmit distance of 1:5� 108 km, with a transmit power of 1 W and
coding rate of 1/3, thereby meeting the demand of deep space communications.

Keywords: Deep space communication � Fountain code � Poisson shot noise
Photon counting

1 Introduction

Due to the long transmission distance, loss of link and severe bit error, deep space
communication is facing the problem of transmission delay and low received SNR that
neither satellite communication nor terrestrial wireless communication has [1].
Therefore, traditional forward error correction (FEC) and feedback retransmission
technique cannot be applied in deep space communication. In order to realize reliable
communication in channels where power is constrained, channel coding technique
plays a vital role in improving the performance of the system. What traditional channel
coding technique mainly does is to correct error of information in physical layer.
Automatic repeat request mechanism has to be adopted to guarantee the reliable
communication when the correcting process fails. However, automatic repeat request is
hard to meet the demand of deep space communication because of the limit of over
long transmission time of the link. At present, fountain code [2] has been utilized to
realize the reliable communication in deep space as a rising coding method.

Fountain code is an FEC coding method based on group coding. In the encoding
process, the original data is divided into several groups, and each group generates
redundant information during the coding to eliminate the influence of channel on data.
The transmitter sends the encoding information continuously, and the redundant
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information is generated and sent just as a fountain, until the receiver can completely
recover the original file [3]. Therefore, this kind of mechanism can recover data effi-
ciently without the feedback channel, complete the reliable transmission of informa-
tion, and avoid long waiting for feedback confirmation. Fountain codes can meet the
requirements of deep space communication for information transmission reliability and
communication quality, and have great potential in the field of deep space communi-
cations [4].

In deep space communications, wireless optical communication, as a rising high
rate wireless communication technology, has been in the spotlight due to its high-speed
data transmission rate [5]. The European Space Agency and NASA considered it as the
next generation of technology used in satellite communication [6, 7]. Because of the
quantum effects in optical communications, Poisson channel model is often adopted in
deep space communication based on photon counting channels [8]. Dolinar et al. [9]
studied on the limited transmission rate of Poisson channel under the modulation of
on-off keying (OOK) and pulse position modulation (PPM); Matuz et al. [10] discussed
the performance of LDPC codes in Poisson channel under PPM modulation. In recent
years, Poisson channel based on photon counting has gradually become the focus of
research on optical communication systems. The performance of the system is analyzed
by theoretical deduction and simulation [11].

Based on the analysis and modeling of deep space channels, a deep space com-
munication system based on photon counting technique and fountain code coding is
proposed in this essay. After modeling and calculating the link budget for deep space
channel, this paper analyzes the attenuation of wireless optical signal caused by deep
space channel, designs a deep space communication system based on photon counting
Poisson model and fountain codes encoding technology, and deducts the likelihood
ratio of received signals as well as iterative decoding algorithm based on the principle
of decoding of fountain codes.

2 Channel Model and Link Budget

Deep space channel is composed of ground part and free space part. When signal
travels through the atmosphere, absorption and reflection of waves by the ionosphere
can lead to signal attenuation, and high frequency waves will be absorbed by the
atmosphere as well; for the free space part, transmission signal can be affected by
Cosmic noise and solar radiation. We assume that the modulation mode is OOK, so that
we have the Average input signal power [12]

P ¼ 1
2
r aj j2fch; ð1Þ

where r is the number of optical pulses transmitted per second, fc is signal center
frequency, and h is Planck constant. If the receiving end adopts Poisson photon
counting, the number of photon that is received satisfies the Poisson distribution [13],
so for the received codes rj we have probability mass function
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P rjjk
� � ¼ krj

rj!
e�k; j ¼ 1; . . .;N; ð2Þ

where j is the Serial number of the received signal, and k is the average number of the
received photons:

k ¼ Df � ns � cj þ nb; ð3Þ

where Df is the Fresnel number in free space transmission [13], ns is the number of
received photons when transmitted code cj ¼ 1, and nb is the Photon interference
introduced by Background light radiation. In Far field free space communication, the
transmitting end and the receiving end communicate with each other through two
Circular antennas. We assume At;Ar respectively represent the area of transmitting
antenna and receiving antenna, fc is Signal center frequency, and L is the Signal
transmission distance, then the Fresnel number in free space transmission is [11]

Df ¼ AtAr

c2L2
f 2c ; ð4Þ

where c is the speed of light. In the case of Narrowband transmission, deep space
communication can be divided into near field communication Df � 1

� �
and far field

communication Df � 1
� �

according to the Order of magnitude of the Fresnel number.
Thus we can have the Log Likelihood Ratio of the received signal as

L j
ch ¼ log

P rjjcj ¼ 1
� �

P rjjcj ¼ 0
� � ¼ rj � log 1þ Df � ns

nb

� �
� Df � ns; j ¼ 1; . . .;N; ð5Þ

where P rjjcj
� �

is the conditional probability density function of the deep space channel.

3 Fountain Code Encoding and Decoding

Fountain code is a sparse graph code which is widely used in erasure channels. The
sender keeps encoding and transmitting packets as a fountain, while the receiver
decodes the received packets. When the receiver receives enough coding information, it
can decode successfully, and then the sending end stops sending the encoded infor-
mation [14]. Luby Transform (LT) is one of the most common-used fountain codes.
We suppose a K-bit sequence as s ¼ s1; s2; . . .sKf g, and the encoder generates the
Coding vector gn ¼ gn1; gn2; . . .; gnK½ � according to the set Degree distribution function,
noting the nth coded bit as cn ¼

PK
k¼1

sk � gnk
� �

mod 2. The relationship between the

coded bit c ¼ c1; c2; . . .cNf g and the information bit can be described as
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c ¼ Gs; ð6Þ
where the Generating matrix G ¼ g1; g2; . . .; gn½ � is N � K. In LT code, codes are
generated and transmitted continuously, until the sender gets the acknowledge infor-
mation by the receiver. The encoding process can be shown through Tanner graph [15]
as in Fig. 1.

Every column of the generating matrix G is chosen randomly based on Degree
distribution function q dð Þ. In Block code, degree depicts the number of the information
bits involved in the encoding process, while Degree distribution function q dð Þ
describes the proportion of different degrees d in the process of encoding. The pro-
portion of the node where d ¼ t is given by q dð Þ ¼ nt=n, in which nt is the number of
the nodes where d ¼ t, and n is the total number of the nodes. While encoding, the
number of the information bits chosen randomly is determined by the Polynomial of
degree distribution of the check node decoder (CND) as

h xð Þ ¼
Xhmax

t¼1

htx
t; ð7Þ

where the coefficient ht is the proportion of the CND with a degree of t, and it meetsPhmax

t¼1
ht ¼ 1; 0	 ht 	 1, where hmax is the max check node degree. Because of the fact

that the information bits are determined by CND in random and variable node decoder
(VND) obeys Poisson distribution, the Polynomial of degree distribution of VND can
be nearly expressed as

v xð Þ ¼
Xvmax

t¼1

vtx
t; ð8Þ

Fig. 1. Tanner graph of LT code
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where the coefficient vt is the proportion of the VND with a degree of t, and it meets
vt ¼ e�llt

t! , where vmax is the max variable node degree. The coefficient l of Poisson
distribution is given by

l ¼ havg
N
K

ð9Þ

where havg is the Degree distribution of average VND. For the sake of improving the
BER performance of fountain codes, VND with lower Degree distribution need to be as
less as possible. A degree query table [16] recording Degree trajectory of the Variable
nodes can be built up to provide adjacent degrees for all VND. This kind of degree
distribution can bring a better system performance.

In deep space channels, signals are influenced by Channel fading and noise during
transmission period, resulting in the uncertainty of the correct start of the decoding.
Belief propagation (BP) algorithm [17] is introduced to solve this problem. Making use
of the received soft information, BP algorithm does Iterative operation between CND
and VND. The soft information being delivered is the Log Likelihood Ratio of the
received symbols. Under the given Channel estimation and receiving signal, we esti-
mate the Posterior probability of every symbol of the Noisy sequence in every step of
the iteration, and send the estimated Posterior probability to the next iteration. The soft
information Lcj!vi [18] that the jth CND passes on to the ith VND can be written as

Lcj!vi ¼ 2 tanh�1 tanh
L j
ch

2

 ! !
�

Y
i02@ jð Þn ið Þ

tanh
Lvi0!cj

2

� �
ð10Þ

where @ jð Þn ið Þ represents all VNDs that are linked to the jth CND except the ith one.
On the other hand, the soft information Lvi!cj [18] that the ith VND passes on to the jth
CND can be written as

Lvi!cj ¼
X

j02@ ið Þn jð Þ
Lcj0!vi ð11Þ

where @ ið Þn jð Þ represents all CNDs that are linked to the ith VND except the jth one.
The decoded information bits ŝi can be shown as

ŝi ¼
X
j2@ ið Þ

Lcj!vi ð12Þ

4 Simulation Results and Analyses

This paper focuses on the bit error rate (BER) of fountain codes, discusses the system
performance of fountain code system based on photon counting under the conditions of
different transmit power, transmission distance and encoding bit rates in the case of the
downlink of deep space channels. The simulation parameters are set [12] as shown in
Table 1:
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Figure 2 shows the BER performance of the system at different transmission dis-
tances when transmitting power P = 0.5 W, P = 1 W, and P = 10 W are simulated. It
can be seen from the simulation results that, the performance of fountain codes based
on photon counting is excellent. For the communication distance within 108 km, BER
can be under 10�3 with the transmitting power P = 0.5 W, covering the area within
Mars also known as the near field communication range; when the communication
distance goes up to 1:6� 108 km (Mars), transmission power needs to be increased to
P = 1 W to achieve a relatively low BER; furthermore, when the communication
distance is 6� 108 km (Jupiter), transmission power needs to be further increased to
P = 10 W to achieve a BER of 10�2. As depicted from the graph, for fixed transmit
power, the performance of the system increases with the increase of transmitting dis-
tance, and the performance of point to point far field communication is pretty poor.

Table 1. Symbols and simulation parameters

Variables and dimensions Symbolic definition Range of values

P [W] Input power 10–2 – 102 W
fc [Hz] Center frequency 220 THz
L [km] Transmission distance 108–1010 km
R [slot/s] Symbol generation rate 1011 slot/s
At [m] Transmitting antenna diameter 0.31 m
Ar [m] Receiving antenna diameter 10 m

Fig. 2. BER of the system at different transmission distance with fixed transmit power
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Figure 3 discusses the system error performance at different transmit powers for
Mars, Jupiter, and Saturn. According to the simulation results, the increase of the
communication distance imposes relatively big influence on the performance of
fountain code system based on photon counting. When the transmission distance is
1:6� 108 km (Mars), 6� 108 km (Jupiter) and 1:5� 109 km (Saturn), systems whose
transmitting power are P = 1 W, P = 10 W and P = 100 W can achieve BER under
10�3. It can be seen that as the communication distance increases, the attenuation of the
signal in the deep space channel is becoming more and more serious, and the power of
the transmitted signal needs to be improved to compensate for the attenuation of the
channel.

According to the analysis about the principle of fountain code, the matrix generated
by the receiver based on the received encoding packages is random and does not have
full rank. In order to ensure the performance of decoding, encoding can adopt longer
code length, depending on the law of large numbers to ensure the stable decoding
performance. Nevertheless, too long code length means more decoding complexity and
more storage space. Figure 4 discusses the variation of system error performance with
changing transmission distance at different code lengths. The simulation results show
that, the larger the information encoding length K is, the lower BER can be approached
at the same transmission distance. However, the extent of this reduction is becoming
smaller and smaller, and with the increase of the transmission distance, the system

Fig. 3. BER of the system at different transmit power with fixed transmission distance
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performance cannot be increased efficiently even by increasing the code length.
Therefore, in the near field communication, it is necessary to select the coding length
reasonably according to the communication requirements.

5 Conclusions

In this paper, a fountain code system based on photon counting is designed for deep
space channels. Through the modeling and analysis of deep space channel, this paper
designs the scheme of encoding and decoding of fountain codes, and deduces the Log
Likelihood Ratio of the received signal and the soft value information of the Variable
nodes and the Check nodes in the process of iterative decoding based on the Poisson
channel. Also in this paper, the bit error performance of the system under different
transmission power, different transmission distance and different coding rate are sim-
ulated, and the influence of transmission power, transmission distance and coding rate
on the system is discussed. The simulation results show that the error probability of the
proposed system can approach 10−3 for the transmit distance of 1:5� 108 km, with a
transmit power of 1 W and coding rate of 1/3, thereby meeting the demand of deep
space communications. For deep space channels, a good design of Error correcting
code can bring more reliability for the system, and improve the performance of the
system with an obvious effect.
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Fig. 4. BER of the system at different transmission distance with fixed code length
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Abstract. With the advantage of stable communication links and broadcast
coverage, satellites play an irreplaceable role in terrestrial-satellite integrated
system nowadays. However, when taking consideration of satellite transmission
in backhaul link, it will cost a long time due to its high altitude. As we know, 5G
network will be deployed in 2020 with the requirements of higher capacity and
lower latency. Thus, how to reduce the delay of transmission in 5G-satellite
backhaul link after users’ request is the research we discussed. Caching is
considered an efficient and time-saving technique in terrestrial communication
networks. Based on this reference, a cooperative caching strategy is proposed in
this paper where caches can be placed at macro-micro cells deployed on the
ground as well as satellite. Our target is to minimize the average latency of users
during the requested files transmitting between satellite and ground. Then, we
formulate the cooperative caching optimization problem as a NP-Hard problem.
Furthermore, to avoid meeting premature convergence, the proposed optimized
cooperative caching strategy is based on simulated annealing algorithm to carry
out the caching allocation efficiently. The simulation results demonstrate that the
proposed caching strategy can improve the performance of users’ QoS.

Keywords: 5G-satellite networks � Cooperative caching
Heterogeneous network � Heuristic algorithm

1 Introduction

In recent years, due to the abundant multimedia services and the development of
mobile internet, mobile data traffic is increasing explosively [1, 2]. With the upcoming
deployment and completion of the use of the 5G network in 2020, people will enjoy a
more efficient and convenient network life. However, we should notice that the existing
communication facilities are network deployed on the ground. Once experienced
natural disasters, such as earthquake, or suffered social unrest, like war, ground
infrastructure is easily damaged. This will affect the efficiency of network even cause
communication interruption.
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Therefore, it is necessary to introduce satellite as the data forwarding in
5G-backhaul link. Satellites have the characteristics of wide coverage and little influ-
enced by the change of the external environment. By taking advantages of them, we
can construct a stable and efficient communication network.

5G network should have the ability of loading much larger traffic than current
network, and providing users with less than 1 ms access delay over the ratio access
network (RAN) [3]. In brief, 5G requires higher capacity and lower latency. In this
paper, we assume the macro-micro cell deployed on the ground network to increase the
capacity of system. However, when taking consideration of satellite transmission, it
will cost a long time due to its high altitude. In this paper, we propose a cooperative
caching strategy between 5G network and satellite, which can effectively reduce the
unnecessary consumption of backhaul link delay.

Caching is considered an efficient and time-saving technique in terrestrial com-
munication networks. To make effective use of caching, an informative decision has to
be made as to which documents are to be evicted from the cache in case of cache
saturation. In fact, caching can be applied to the environment of 5G-satellite backhaul
network, and there are some related research previously. This is particularly important
in a wireless network, where the size of the client cache at the satellite terminal is small
[4]. [4] researches the problem of joint transport cluster, and the strategy to reduce the
backhaul link data traffic when consider caching at the base stations. [5] takes latency
into consideration, which focus on cooperative caching for multicast to improve
caching hit ratio, thus to enhance QoS of users. [6] formulates femtocell-like BS called
helpers to make up a wireless dispersed topology and to study caching strategy in them.
However, these studies did not consider the introduction of satellite caching. [7] takes
the situation that satellite works as data relay and storage module to cache files in
terrestrial-satellite backhaul link. However, it neglects considering that each user
should requests for particular files instead of requests’ probability, which is not
accurate. In addition, the genetic algorithm proposed in that optimization process will
fall into local convergence.

In this paper, we combine satellite with terrestrial 5G network as backhaul link to
transmit data files. Under this situation, a cooperative caching strategy is proposed
where caches can be placed at macro-micro cells as well as satellite. Contents for
caching are set according to files popularity and the cooperation of each node. The
probability for caching the same file is different. This kind of cooperative caching
strategy could arrange the cache content more reasonable, and could remarkably reduce
the average latency of users.

The contribution of this paper is three-fold:

(1) We propose a novel network architecture, which obtains terrestrial macro-micro
cell and satellite to storage and delivery content efficiently. The satellite could
receive the file requests from ground stations during the collection interval, and
then send files back to the ground through the broadcast. This practical scenario
can be applied to future 5G networks.

(2) We analyze the cooperative relationship of each node, and make the optimized
cache strategy. Then formalize the problem of 5G-satellite cooperative caching
and show that finding the optimal placement is NP-hard.
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(3) To avoid meeting local optimal solution, we propose an optimized caching
strategy based on the simulated annealing algorithm. By using the mechanism of
slow cooling and Metropolis criterion, the optimal solution can be obtained.

The rest sections of the article are arranged as follows. In Sect. 2, We model the
applicative scenario of 5G-satellite backhaul network, and analyze its cooperative
caching model. Then, In Sect. 3, we formulate the problem of caching and propose an
optimized caching strategy based on the simulated annealing algorithm. In addition, the
simulation result is showed in Sect. 4. Finally, the conclusions we gained are drawn in
Sect. 5.

2 System Model and Analyze

In this section, we firstly formulate a caching model of 5G-satellite network. Then we
model the service procedure of content delivery based on the network. In particular, the
process of file caching and delivery on satellite is discussed. In addition, we analyze the
5G-satellite caching problem and propose a cooperative caching model between each
nodes. Finally, the delay calculation is analyzed that will be implemented in this paper.

2.1 Terrestrial-Satellite Caching Topology

We formulate the terrestrial-satellite model in Fig. 1. It can be seen that satellite as a
node in 5G return link, plays the role of data relay in the process of content delivery.
A geostationary satellite could transmit the requested data from a remote server to local
earth stations over its broadcasting property.

To achieve the target of dense access and high system capacity in 5G networks, a
heterogeneous network with joint distribution of the macro-cell and small-cell is
constructed on the ground. Each macro-cell base station (MBS) distributed dispersedly
with its coverage ranges from 1 km to 25 km. Through the configuration of the ground

MBS with GS ground sta on

millimeter wave 
between SBS and MBS5G-satellite backhaul link Server with content

SBS node satellite cacheground cache

Fig. 1. 5G-satellite caching model in backhaul link
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station (GS) facilities, MBS can communicate with the satellite. We place small-cell
base stations (SBSs), such as pico-cell and femto-cell [9], connected to MBS by
millimeter wave. Users are randomly distributed within the broadcast and directly
connected to SBSs.

In the proposed terrestrial-satellite system, caches are deployed on satellite and all
MBSs and SBSs, under the different limitation of storage capacity. We assume that
cached content should be in the form of files, which attracts people, like hotpot-
multimedia. The caches in SBSs can be denoted by set C1, and we have

C1 ¼ xs1 ; xs2 . . .xsN1
� �T

; xsn ¼ xsn;1; xsn;2. . .xsn;I
� � ð1Þ

where N1 is the amount of SBSs. similarly, caches in MBS can be:

C2 ¼ fxm1 ; xm2
. . .xmN2gT ; xsm ¼ fxsm;1; xsm;2. . .xsm;Ig ð2Þ

and the satellite caching is set as x0 which could be denoted as

x0 ¼ fx0;1; x0;2. . .x0;Ig ð3Þ

All cached file state values {0, 1}. In addition, the cache capacity of each SBS is
V1, and V2, V0 denote the size of MBS and satellite.

Moreover, to make full use of the characteristic of broadcast, we present a col-
lection interval s for satellite to receive file requests from ground stations. Though the
cache capacity on satellite is limited, it can reduce the consumption of satellite radio
resources and improve the QoS of users.

2.2 Service Procedure

The service of content delivery procedure can be described as follows. Users request
for the target file to affiliated SBS in the probability of file popularity. If the local SBS
cached the file, then user receives it directly. Otherwise, the request will go upward to
MBS node as well as the adjacent SBS node until the target file is found. Once the file
is not cached within the user’s searchable range, the request will be sent to satellite.

The satellite could receive the file requests from ground stations during s. If satellite
cached the files, then send them back to the ground through the broadcast. If not, it
continue to request to the remote server. Finally, the file will be delivered through
satellite to the ground station (MBS) in backhaul link.
In our formulation, we make the following assumptions:

(1) The optimal caching placement in satellite and the terrestrial nodes has been
accomplished in advance due to proposed optimized cooperative caching strategy.

(2) In our problem, we focus on multimedia files to cache, like video. We consider
that the popularity of these contents update slowly, which follow Zipf distribution.
The popularity of the i-th file [8] can be denoted as
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Pi ¼ X
rzi

ð4Þ

where X ¼ ðPI
i r

�z
i Þ�1, and ri represents the ranking of popularity of the i-th file

in all files. z is a random number between [0, 1].
(3) In our system, all users send file requests at the same time, and we consider files

with same size to simplify the calculation.
(4) The delay of transmission between users and terrestrial nodes can be ignored

compared with the satellite-terrestrial backhaul link. Therefore, in this paper, we
do not consider the time delay in ground transport.

2.3 Cooperative Model

Formulating a cooperative relationship between nodes to cache more reasonable is
what we concerned. In this paper, we present a factor to reflect the probability between
adjacent nodes caching the same file. The order of the nodes has been arranged in
advance and the probability of caching the same file in two adjacent node should be
different. When one node closer to user has cached the file i, the probability of the next
node caching the same file could be represented as

hnþ 1;i ¼ a

1� ð�1ÞCn;i hn;i
¼

a
1�hn;i

xn;i ¼ 1
a

1þ hn;i
xn;i ¼ 0

(
ð5Þ

where hn;i denotes the probability of closer node caching the file i, which could be
considered the popularity of file i. xn;i 2 f0; 1g represent the caching desicion in n-th
node. a is a constant values between [0, 1], which could be considered the degree of
collaboration between two nodes. In accordance with the cooperation between nodes, it
can improve the utilization ratio of nodes and ensure the diversity of cache content.

2.4 Delay Calculation Model

In this paper, we optimize the cache scheme to reduce the average delay after user
requests. As we consider delivery of multimedia files which users are not sensitive, we
do not set a specific threshold. When files needs to be relayed or downloaded from
satellite, the transmission will create a consumption of delay. We set td ¼ 270 ms to
represent delay once by the satellite-ground link if target file is cached on satellite. Else,
the delay becomes 2td . The results will be shown in the following experiments com-
pared with previous algorithms.

3 Problem Formulation and Solution

In this section, we construct the optimization problem of caching in the proposed
5G-satellite caching model. Through the formulation, we conclude that this is a
NP-Hard problem. Therefore, we propose a cooperative caching strategy based on the
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simulated annealing (SA) algorithm to get the optimal scheme. The symbols used in
this problem are summarized in Table 1.

3.1 Problem Formulation

We assume rk ¼ ½0; 1; 0; . . .0�1�I as the request of user k which is subjected to Eq. (3),
and 1 represents the demand file. According to the system model, the request first
arrives the belonged SBS to search the cache. We set qm;k as the search result arriving at
affiliated MBS, which could be denoted:

qm;k ¼ k rk � xs ks2Sk ð6Þ

where xs ¼ fxs;1; xs;2. . .xs;Ig, s 2 Sk represents the cache state in s-th SBS belonged to
user k, and the operation here is Hadamard product. The qm;k values 0 or 1, which
indicates if the search should be carried out in MBS or not. Similarly, the search result
arriving at satellite could be expressed as:

q0;k ¼ k rk � xm k m2Mk ð1� qm;kÞ ð7Þ

where xm, m 2 Mk represents cache in m-th MBS that user k could connect. In this
paper, we consider that the amount of request arrives at satellite follows Poisson

Table 1. Parameter descriptions

Symbol Description

C1 Cache in SBS shown in (1)
C2 Cache in MBS shown in (2)
C0 Cache in satellite
xs Caching result in s-th SBS
xm Caching result in m-th MBS
x0 Caching result of in satellite
V1 Cache size of SBS
V2 Cache size of MBS
V0 Cache size of satellite
si The size of file i
rk The request of user k
hn;i A factor to reflect the cooperation between adjacent nodes
Sk The set of SBS that attached to user k
Mk The set of MBS that attached to user k
qm;k Search result arriving at MBS attached to user k
q0;k Search result arriving on satellite attached to user k
k The average arrival rate on satellite
p0 The average arrival number on satellite
s Collection interval that satellite receives request from ground
td Time delay of propagation from satellite to ground
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distribution with the average arrival rate k. Obviously, the arrival number on satellite
could be concluded by:

p0 ¼ 1� e�ks ð8Þ

Thus, in our formulation, time delay during the transmission of the whole backhaul
link can be split into two sections: q0;kp0 k rk � x0 k td (when satellite cached the file),
and q0;kp0ð1� k rk � x0 kÞ2td (when satellite just relay the file from remote server).

Therefore, we can deduce our objective function:

min
1
K
ð
X
k2K

q0;kp0 k rk � x0 k td þ
X
k2K

q0;kp0ð1� k rk � x0 kÞ2tdÞ ð9Þ

subject to:

hnþ 1;i ¼ a

1� ð�1ÞCn;i hn;i
ð10Þ

si k xs k �V1 ð11Þ

si k xm k �V2 ð12Þ

si k x0 k �V0 ð13Þ

xs;i 2 f0; 1g s 2 Sk; i 2 I ð14Þ

xm;i 2 f0; 1g m 2 Mk; i 2 I ð15Þ

x0;i 2 f0; 1g i 2 I ð16Þ

Constraints (10) guarantees the cooperative caching relationship between adjacent
nodes. (11), (12) and (13) emphasize that caches at SBS, MBS, and satellite node
should not exceed their respective capacity sizes. Finally, the set of constraints (14),
(15) and (16) explain the 0–1 range of the cache variable.

It is obvious that this optimal problem is a NP-Hard problem with high complexity.
In order to find an optimal solution of Eq. (8), we adopt the simulated annealing
algorithm to solve this cooperative caching problem.

3.2 Solution

After the discussion of the objective function, we can conclude that problem in Eq. (8)
is a NP-Hard problem since it contains both continuous variables and 0–1 variables,
and existing multilayer iterations. Therefore, we decide assuming a heuristic algorithm
to solve the problem. As a prevalent algorithm, Simulated Annealing (SA) is generally
applied in global optimization problems [9]. It overcomes the defects of local minimum
and the dependence on initial value. In the process of cooling, the particles tend to be
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orderly, and finally the inner energy reduce to the minimum, that is, in our problem, the
optimal caching results can be obtained.

In our optimization strategy, we consider C1, C2, C0 as particle state. In the case of
given initial temperature T0 and attenuation parameter K, the system begin to cool
down. The state of particles at each iteration can be expressed as

Cn
1 ¼ xs1; xs2. . .xsN1f gT¼ xs1;1;xs1;2. . .xs1;I;xs21. . .xsN1;I

� �
Cn

2 ¼ xm1; xm2. . .xmN2f gT¼ xm1;1;xm1;2. . .xm1;I;xs21. . .xmN2;I
� �

Cn
0 ¼ x0;1;x0;2. . .x0;I

� � ð17Þ

which represent cache decision in SBS, MBS and satellite nodes. The iteration number
L is set at each temperature T , and a new set of solutions is generated in each iteration
according to the Metropolis criterion. The current optimal solution is outputted until the
termination condition is satisfied. The simulated annealing processes is shown in
Algorithm 1, the functions within are explained in the latter:

Initialization:
The initial solution space fC1

1;C
1
2;C

1
0g is randomly decided before algorithm

implementation.

Update Criterion:
According to the criteria formulated in the Eq. (5), at each iteration of the same

temperature, we find nodes that has the possibility of optimization, then randomly
select some of them to adjust according to cooperation. By means of balancing random
and cooperation, the system can achieve quasi equilibrium when iteration finished at
current temperature.

Metropolis Criterion:
We set Df = fðbCnþ 1

1 ;bCnþ 1
2 ;bCnþ 1

0 Þ � fðCn
1 ;C

n
2 ;C

n
0Þ. When meet Df \0, the new

states fbCnþ 1
1 ;bCnþ 1

2 ;bCnþ 1
0 g is always accepted. If not, we implement Metropolis

Criterion as follows:

fCnþ 1
1 ;Cnþ 1

2 ;Cnþ 1
0 g¼ fbCnþ 1

1 ;bCnþ 1
2 ;bCnþ 1

0 g if expð�Df =tÞ[ r
fCn

1 ;C
n
2 ;C

n
0g else

�
ð18Þ

where r is an uniform random number in [0,1]. Through the formula, the worse solution
can be retained with a certain probability.

Termination Criterion:
In our algorithm, we set the criteria for termination when target value maintains

stable, that is, the function converges, and then finishes the iteration cycle with the
optimal values eF . In the following simulation, we can prove that the final solution

ffC1 ;fC2 ;fC0g is the global optimum.
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4 Simulation Results

To verify the cache efficiency of our proposed algorithm, we compare it with the
genetic algorithm proposed in [3], as well as random cache strategy. Genetic algorithm
is one of the heuristic algorithms to find approximate optimal solution, but is easy to
converge prematurely. The results of the experiments show that our algorithm based on
cooperation can avoid this problem. We assume that SBSs are uniformly assigned to
MBS and each base station cover all users within the satellite beam range. The
parameters we adopt in simulation could be listed in Table 2.

4.1 Influence of Satellite-Caching Capacity on Delay

From Fig. 2, we can see that, with the increase in satellite cache capacity, the average
latency of users through different strategies are all of a downward trend. This is because
that link consumption could be saved between remote server and satellite when
satellite-caching capacity gradually increases. It is obvious that delay of the random
cache strategy is the longest, for storing duplicate files, resulting in low utilization
efficiency.

The results obtained by the genetic algorithm are basically consistent with the
algorithm we proposed, but at some points, the results it worked out are relatively
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higher. This represents they do not reach the global optimum. When satellite capacity
increases, the complexity of the algorithm becomes larger, and is easier to get the local
optimal solution. In contrast, the strategy we proposed achieves the better performance.
The proposed algorithm can select the solution with relatively poor performance at a
certain probability in each iteration. As the temperature drops slowly, the system search
and filter adequately and finally get the optimal solution.

4.2 Influence of Collection Interval of Satellite Broadcast

From Fig. 3 we can obtain that when s increases, results of random cache decreased
obviously whereas others’ are smooth with no further improvement in average delay.
This is because that the results obtained by the heuristic algorithm are already close to
the optimal allocation that can be optimized. The effect of satellite broadcast duration is
little. At the same time, it can also be verified that the performance of our proposed
algorithm is better than the former algorithm.

Table 2. Typical parameters for simulation

Symbol Description Values

N1 The number of SBSs 40
N2 The number of MBSs 10
si The size of files 1
I The number of files 10000
V1 The capacity of SBS 100
V2 The capacity of MBS 200
V0 The capacity of satellite Variable or 200
s Collection interval of satellite broadcast Variable or 5
T0 Initial temperature 100
K Attenuation parameter 0.998
L Iteration in each temperature 50
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Fig. 2. The influence of satellite cache size on average delay (s = 5)
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4.3 The Tendency of Delay

With the increase of iterations, we can see the optimized process of target value
through SA when size of satellite is 200 in Fig. 4. As can be seen from the graph, in the
process of annealing, the target value is gradually reduced, and finally tends to be stable
and converges to a specific value. It is worth noting that, when the number of iterations
is about 10 and 20, the system selects the point which is larger than current target. We
can infer that the metropolis is carried out in this iteration, and the value of poor
performance is selected.

To better reflect the role of collaboration, we observe the impact of different
schemes on performance by changing the number of nodes. As we can see in Fig. 5,
the average delay decline in each scenario. It is worth mentioning that the result of SA
algorithm is very close to other schemes when the amount of cooperative nodes is very
little or even zero. As the number of nodes increases, the complexity of content
distribution increases as well, and the result of simulated annealing algorithm decreases
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Fig. 3. The influence of collection interval of satellite broadcast on delay (V0 = 200)
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Fig. 4. Tendency of the average latency (s = 5, V0 = 200)
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rapidly and finally reaches the minimum. In contrast, the genetic algorithm can also
achieve relatively good results accompanied by weaker performance; the effect of
random allocation is obviously unsatisfactory.

According to the existence of a certain probability to select the solution with poor
performance, we can finally obtain the best performance of users in the terrestrial-
satellite cooperative caching scenario.

5 Conclusion

In this paper, we propose a novel network architecture, which obtaining terrestrial
macro-micro cell and satellite to storage and delivery content in backhaul link effi-
ciently. To minimize the average delay of content delivery, we formalize the optimal
problem and propose an optimized caching strategy based on the simulated annealing
algorithm. The proposed caching strategy can obtain the global optimal solution, and
has better performance than the previous algorithm to improve the QoS for users.

Acknowledgment. This work was supported by the National Natural Science Foundation of
China (No. 91438114).

References

1. Fenech, H., Tomatis, A., Amos, S., Soumpholphakdy, V., Serrano-Velarde, D.: Future high
throughput satellite systems. In: IEEE First AESS European Conference on Satellite
Telecommunications (ESTEL), Rome, pp. 1–7, October 2012

2. Botta, A., Pescape, A.: New generation satellite broadband internet services: should ADSL
and 3G worry? In: IEEE Proceedings of International Conference on Computer Commu-
nications (INFOCOM), Turin, pp. 3279–3284, April 2013

3. Nakamura, T., Benjebbour, A., Kishiyama, Y., et al.: 5G radio access: requirements, concept
and experimental trials. IEICE Trans. Commun. E98.B(8), 1397–1406 (2015)

0 1 2 3 4 5 6 7 8 9 10

the number of cooperative nodes(MBS)

100

150

200

250

300

350

400

450

500

550

av
er

ag
e 

la
te

nc
y(

m
s)

SA Algorithm

Genetic Algorithm
Random

Fig. 5. The influence of the number of cooperative nodes on average delay (s = 5, V0 = 200)

Research on Cooperative Caching Strategy 247



4. Balamash, A., Krunz, M.: An overview of web caching replacement algorithms. IEEE
Commun. Surv. Tutor. 6(2), 44–56 (2004)

5. Yu, Y.J., Tsai, W.C., Pang, A.C.: Backhaul traffic minimization under cache-enabled CoMP
transmissions over 5G cellular systems. In: 2016 IEEE Global Communications Conference
(GLOBECOM), Washington, DC, pp. 1–7 (2016)

6. Huang, X., Zhao, Z., Zhang, H.: Latency analysis of cooperative caching with multicast for
5G wireless networks. In: 2016 IEEE/ACM 9th International Conference on Utility and
Cloud Computing (UCC), Shanghai, pp. 316–320 (2016)

7. Golrezaei, N., Shanmugam, K., Dimakis, A.G., Molisch, A.F., Caire, G.: FemtoCaching:
wireless video content delivery through distributed caching helpers. In: 2012 Proceedings of
the IEEE INFOCOM, Orlando, FL, pp. 1107–1115 (2012)

8. Wu, H., Li, J., Lu, H., Hong, P.: A two-layer caching model for content delivery services in
satellite-terrestrial networks. In: 2016 IEEE Global Communications Conference (GLOBE-
COM), Washington, DC, pp. 1–6 (2016)

9. Web Caching and Zipf-like Distributions: Evidence and Implications
10. Askarzadeh, A., dos Santos Coelho, L., Klein, C.E., Mariani, V.C.: A population-based

simulated annealing algorithm for global optimization. In: 2016 IEEE International
Conference on Systems, Man, and Cybernetics (SMC), Budapest, pp. 004626–004633
(2016)

248 Y. Feng et al.



Task Flow Based Spatial Information Network
Resource Scheduling

Fei Sun, Lin Gui(B), and Haopeng Chen

Shanghai Jiao Tong University, Shanghai 200240, China
{sf19912010,guilin,chen-hp}@sjtu.edu.cn

Abstract. Spatial information network (SIN) acting as an important
infrastructure for real-time access, transmission and processing of spatial
information is of great significance to the development of the country.
Considering the current situation of the uneven distribution of the overall
satellite resources in China’s space application system, the inefficient use
of resources and single system. Based on the study of spatial missions and
resources, in this paper, we propose a task flow based spatial network
resource scheduling mechanism. Particularly, we formulated it into an
integer programming problem. A heuristic algorithm is applied to solve
this problem. Finally, simulation results demonstrate that the proposed
resource scheduling mechanism can effectively achieve multi-user, multi-
task optimized access control and resource mapping.

Keywords: Spatial information network · Resource scheduling
Task flow · Integer programming · Heuristic algorithm

1 Introduction

Spatial information network (SIN) is a network system based on space platforms
(e.g. synchronous satellite or medium and low orbit satellites, stratospheric bal-
loons and unmanned aircraft) as the carrier, and serves for real-time access,
transmission and processing of spatial information [1]. As an important national
infrastructure, SIN can serve a large number of major applications such as ocean
navigation, emergency rescue, navigation and positioning, air transportation,
aerospace monitoring and control. With the continuous improvement of China’s
comprehensive national strength, the scope of national interests has expanded
from the territory to the global and even space. Additionally, with the advance
of the “the Belt and Road Initiatives” policy, the influence of China further
expands in the global interests. Therefore, we must also consider the burst of
spatial missions in some special areas. Consequently, these large and sudden
resource demands further propose higher information transmission requirements
to the SIN. However, the current satellite systems in China are divided into dif-
ferent departments. The scattered construction of satellite and the self-contained
system make the utilization of space fragmented. On the other hand, the het-
erogeneous diversification of satellites and inter-satellite links, the differentiation
c© Springer Nature Singapore Pte Ltd. 2018
Q. Yu (Ed.): SINC 2017, CCIS 803, pp. 249–258, 2018.
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of satellite ability, the differentiation of the technical management system and
protocol and the decentralized pattern of autonomy have resulted in the passive
situation of the uneven distribution of the overall satellite resources and the
inefficient use of resources and single systems in China’s current space applica-
tion system [2]. At present, there are about 10 users of relay satellite service
in China. It is estimated that by 2020, the number of users will increase by
10 times, and the demand of user missions will increase dramatically. In the
case that the platform resources are generally limited, the sudden changes of
the number of users and spatial missions will make the contradiction between
the limited resources and users’ demands more intensified. In this case, how to
realize the optimization of access control and resource mapping of the multi-
user and multi-task, to achieve the efficient use of resources, is a major problem
needed to be solved. Different from traditional networks on ground, SIN has
the characteristics of dynamically changing network topology, various types of
nodes and users and a wide range of services. And the spatial link has the
characteristics of long delay, discontinuity, asymmetry of the data transfer rate
and high error rate [3,4]. On the other hand, the types of resources in SIN are
complex, including information collection resources (e.g. sensors, cameras), com-
munication resources (e.g. spectrum, power), storage resources, and computing
resources (e.g. CPU, DSP). In term of SIN missions, most of the spatial mis-
sions are described by natural language (e.g. to detect a certain area at a certain
time), which is different from the single transmission task on the ground. Spatial
missions generally need a variety of task combinations to complete, and there is
a certain coupling between the tasks, which leads to some difficulties in resource
scheduling. Therefore, it is necessary to describe the task flow of spatial missions
as a reference for resource scheduling. However, there is little detailed analysis
of the flow of spatial tasks in the existing resource scheduling research in SIN.
Most of the researches are focused on single constraint target [5–8]. Therefore,
we propose a task flow based resource scheduling mechanism in SIN, and further
investigate the impact of the task flow on result of the resource allocation in SIN.
With the analysis of the resources requirement and the existing empirical task
flows of the missions in SIN, we propose a task flow based resource scheduling
mechanism in SIN. Considering the restriction of SIN resources and the mis-
sion demands, the proposed mechanism divides and reschedules the task flows
of the missions, so as to meet the demands of more spatial missions. And this
is a multi-task scheduling problem, i.e. a multi-attribute decision-making prob-
lem. There exists lots of multi-attribute decision-making problems in engineer-
ing design, economy, management, military and many other areas. However, in
SIN, there are few researches on multi-task planning, while most of the existing
researches mainly focus on the selection of existing decision-making methods.
Similar researches have been done in multidimensional planning of space and
unmanned aerial vehicle coordination [9,10].
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2 Task Flow Based Resource Scheduling

First of all, according to the characteristics and empirical data of traditional
spatial missions, we describe the task flow set of spatial missions (e.g. line, tree
or mesh). Secondly, considering the task flow sets of the SIN missions, we divide
and reschedule the task flows according to the QoS demands and resource status
in SIN. Then the optimal resource mapping and assignment are carried out.
Finally, we can acquire the optimal planning paths of the SIN missions and
the corresponding resource allocation status. Here, the rescheduling task flow of
a certain mission needs to conform to the logical relationship in the task flow
set, however, can be integrated into multiple logical processes according to the
network status.

2.1 Task Flow Description

Different from the traditional ground task, spatial missions are mostly described
by natural language. In order to carry out resource scheduling, artificial decom-
position is necessary. However, this kind of system is of low efficiency and has
long response time. Therefore, in his paper, the decomposition of SIN missions
are based on the existing empirical data, i.e. the missions are described as a
collection of a variety of task flows. In this way, resource scheduling in SIN can
be achieved in a more intelligent way, and the system efficiency can be improved.
As shown in Fig. 1, we take a remote sensing satellite reconnaissance mission as
an example. This kind of mission can be divided into a collection of multiple task
flows. According to the network resources and mission conditions, we can intel-
ligently choose the optimal logic process of tasks to improve system efficiency.
As shown in Fig. 1, assuming an imaging mission for an area of 500 km * 500 km.
The maximum width of single star in the constellation is 300 km. If single star

Fig. 1. SIN mission task flow modeling
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cannot meet the imaging needs, satellites formation or networking can be used
to record the target data. Data processing includes packaging or subcontracting,
compression, deletion and extraction. The processing and integration need to be
carried out according to the integrated considerations of the SIN resources and
mission status. Additionally, the former processes will also impact the part of
storage. According to the different width of the single image, the image size can
vary from several GBs to tens of GBs, the storage resource of satellite are then
constrained. Finally, the playback task of target data can be achieved by store
and forward, relay satellite or space networking. The choice of specific task flow
is related to the status of network resources and mission’s QoS requirement.

2.2 Task Flow Scheduling

The ultimate goal of SIN resource scheduling is to achieve multi-task paths
scheduling. According to the QoS requirements of the missions and the status
of the network resources, we analyze and calculate the optimal task flow of each
spatial mission, as well as the resource allocation status of each satellite on the
scheduled path. Then, as shown in Fig. 2, for a single imaging mission, there may
be multiple paths in case of different network and mission conditions.

Fig. 2. Task flow scheduling

(1) Task flow 1: When the communication resources in SIN is sufficient, the
image information of the target can be obtained through the imaging satellite
A, and then passed back to the ground through the relay satellite B.

(2) Task flow 2: When the network communication resources are relatively lim-
ited, the image can be initially processed on satellite C, and then be passed
back to the ground through satellite D.
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(3) Task flow 3: When the network communication resources and the processing
ability of C are limited, the image can be initially compressed on C and
then spread to the E for further processing, and finally back to the ground
through F. In summary, the final scheduling path of the spatial mission
changes according to the different network conditions, however, the task
path must meet the logic of the task process set in order to ensure the
completion of the mission.

3 Problem Formulation

According to the description and analysis above, in this paper, we take the
computation intensive mission as an example to model and analyze the task
flow based resource scheduling in SIN.

3.1 Network Modeling

First of all, we divide the satellite nodes in SIN into user satellites and server
satellites. The set of user is denoted by U = {u1, u2, . . . uK}, while the set of
servers is represented by C = {c1, c2, . . . cL}. The processing frequency of the
server satellite is assumed to be the same, represented by fc, and the processing
frequency of the user is fu. And we use the Markov random channel to simulate
the interstellar link, which includes only two cases of channel conditions (i.e.
good or bad). The channel gain of the interstellar link is gt = {gG, gB}, which
corresponds to two different transmission rates.

rt =
{

rg, gt = gG
rb, gt = gB

(1)

The transition probability matrix is,

P =
∣∣∣∣pGG pGB

pBG pBB

∣∣∣∣ (2)

It is assumed that the transmission rate of the channel remains fixed during
single unit time slot.

3.2 Task Modeling

The set of SIN mission is denoted by A = {a1, . . . aK}, which corresponds to
the set of the user satellite. We assume that all of the user’s satellite missions
can be decomposed into discrete tasks that can be transmitted. Each task can
be processed on any of the server satellites in the network. As shown in the
Fig. 3, each of the three spatial missions is divided into five tasks, respectively,
where mission 1 is linear logic, mission 2 is tree logic and mission 3 conforms to
mesh logic. Linear and tree logic missions are single input structures with strong
logical relationship between tasks. While the relationship in the mission of mesh
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Fig. 3. Task modeling

logic is weaker compared to the former two logic models. However, the form of
multiple input will lead to a higher computing complexity. We use matrixes to
describe the logical structures of the SIN missions above, where each row of the
matrix represents the input required to complete the task (i.e. the task set that
needs to be completed in the previous session).

With the analysis above, single task is denoted by a ternary set φk =
(ωk, αk, βk), where ωk represents the load of computation, αk and βk repre-
sent the amount of input and output data. In the linear logic shown in Fig. 3,
there exists βk = αk+1, while in the mesh logic α5 = β4 + β3, which means
that task 5 must be completed with completion of task 3 and 4. In this way, the
logical relationship between the tasks will directly affect the results of resource
scheduling.

In order to calculate the response time of the SIN missions, we need to model
the response time of each task first. The response time of each task is composed
of queuing time, communication time and processing time. The processing time
of task on satellite is represented as pi,j = ωi/fj (fj = fc or fu). Due to the
existence of multiple input, the task transmission delay need to take the logical
matrix of the task into consideration. Then communication time of task on
satellite is,

di,j,k = max
{

βl

rk
Ii,l | l < i, l ∈ N∗

}
(3)

where rk represents the data transmission rate during the assigned time slot,
rk = rg, rb,∞. Ii,l = {0, 1} represents the input relationship of the former tasks.
The unit slot for resource scheduling is defined as,

t =
min [di,j + pi,j ] + max [di,j + pi,j ]

2
(4)

where

min [di,j + pi,j ] =
min {ωi}

fc
(5)
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max [di,j + pi,j ] = max {di,j} +
max {ωi}

fu
(6)

The queueing time for task can be denoted by,

qi,j,k =
{

k − 1 − bti, i = 1
{k − 1 − max {y ∗ Ii,l ∗ xl,∗,y |l < i, y ≤ h,}} t, i > 1 (7)

where qi,j,k is the queueing time of task i on satellite j, bti (i = 1) represents
the birth time of task 1, i.e. the generate time of the whole mission. With the
analysis above, the response time interval of task i can be defined as,

τi,j,k = ((k − 1) t − qi,j,k, kt] (8)

And the response time of the spatial mission is the interval length of all the task
response intervals.

3.3 Problem Formulation

With the analysis above, the task flow based resource scheduling in SIN can be
modeled as follows

min
1
K

K∑
l=1

∣∣∣∣∣∣∣∣
⋃
i≤|al|

j≤n,k≤h

τi,j,k ∗ xi,j,k

∣∣∣∣∣∣∣∣
(9)

s.t.
n∑

j=1

h∑
k=1

xi,j,k = 1 (10)

xi,j,k = 0 if t < di,j,k + pi,j (11)

qi,j,k ≥ 0 (12)

xi,j,k = {0, 1} (13)

where n is the number of the satellites in SIN, h is the maximum amount of
time required to complete all tasks. The target of the formulation is to minimize
the average response time (9). Constraint (10) ensures that each task is only
processed once. Constraint (11) ensures the rationality of the time slot arrange-
ment. Constraint (12) guarantees the logical relationship of the spatial missions.
Constraint (13) means that the problem is an integer programming problem.

According to the analysis, the proposed task flow based resource scheduling
in SIN can be formulated into an integer programming problem, which is an
NP-hard problem. It can be solved by search algorithms such as breadth-first
search, depth-first search, Dijktra algorithm, Bellman-Ford algorithm and other
deterministic graph search algorithm, branch and delimitation search algorithm,
genetic algorithm (GA), particle swarm optimization (PSO) and so on.
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4 Simulation Result

According to the above analysis, the task flow based resource scheduling can be
formulated as 0–1 integer programming problem, which is an NP-hard problem.
In particular, genetic algorithm is suitable for this kind of problem. Therefore,
we apply a genetic algorithm to solve the above-mentioned integer programming
problem, and acquire some preliminary simulation results. Specific simulation
process is given as follows:

Fig. 4. Simulation task flow

First, we assume that there are 20 satellite nodes in the network, including
4 user nodes and 16 server nodes. The simulation time domain has a total of 30
time slots. And there are four missions randomly generated in the network. Each
mission can be divided into 4 tasks. The logical flow of these tasks is shown in
Fig. 4. The 4 spatial missions are generated in the 23rd, 22nd, 14th and 3rd time
slot. According to the generate time of different missions, computation load of
each task, logic flow and network resources status in the network, the final task
allocation results are shown as follows. As shown in Fig. 5, so as to achieve the
minimal response time of spatial missions, tasks belonging to a certain mission
are allocated adjacently. The generate time and logical relationship between
tasks impact the final results of resource assignment.

Additionally, in order to prove the efficiency of the proposed resource mecha-
nism, we compare the genetic algorithm and greedy algorithm in the same simu-
lation condition. Corresponding simulation results are shown in Fig. 6. As shown
in Fig. 6, the average response time achieved by the genetic algorithm is 12.5
units, while the result of the greedy algorithm is 15 units. And it is observed that,
the genetic algorithm can acquire better simulation results in about 100 itera-
tions. In the simulations, the greedy algorithm only focuses on the minimization
of the response time of a single mission. While the genetic algorithm concentrates
on the minimization of the average response time of all the spatial missions. From
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Fig. 5. Task time slot and satellite allocation
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Fig. 6. Average response time

the simulation results we can see that, the genetic algorithm is better than greedy
algorithm. Considering the dichotomy used in the genetic algorithm, the com-
putational complexity of each iteration is O (T )∗ [O (NH) + O log (NH)], where
T is the population of the task set. N and H denote the satellite and time set
respectively. Therefore, the computational complexity of the genetic algorithm
is O (G) ∗ O (T ) ∗ O (NH) = O (GTHN), where G is the number of iterations.

5 Conclusion and Future Work

Spatial information network (SIN) acting as an important infrastructure for real-
time access, transmission and processing of spatial information is of great signifi-
cance to the development of the country. Considering the current situation of the
uneven distribution of the overall satellite resources in China’s space application
system, the inefficient use of resources and the single system. With the study of
spatial missions and resources, in this paper, we propose a task flow based spa-
tial network resource scheduling mechanism in SIN. In particular, we formulated
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the resource scheduling problem into an integer programming problem. Then
a heuristic genetic algorithm is applied to solve this problem. Finally, simula-
tion results demonstrate that the proposed resource management can effectively
achieve multi-user, multi-task optimized access control and resource mapping.
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Abstract. In this paper, a holographic vortex wave antenna with a modulated
tensor artificial impedance surface is presented for the first time. This antenna
consists of an array of sub-wavelength metallic patch with periodically varying
gaps printed on a grounded dielectric substrate. The holographic impedance
modulation technique is used to design the tensor impedance surface to generate
vortex wave in a desired direction. A holographic antenna is designed as an
example and simulated results are presented.

Keywords: Vortex wave � Orbital angular momentum
Holographic artificial impedance surface

1 Introduction

Nowadays, full control of electromagnetic (EM) wave has been a research hotspot in
EM field. Many works have been done to extend our understanding of full control of
EM wave, including manipulating amplitude, phase, polarization and orbital angular
momentum (OAM).

The OAM was first recognized in 1992 [1], which was carried by a helical trans-
verse phase structure of expðiluÞ and independent of the polarization state. Here l is an
unbounded integer (the OAM state number, also called topological charge number),
indicating the number of twists of the wavefront within one wavelength. Because OAM
has infinite orthogonal states in theory and different OAM states are mutually
orthogonal, OAM has much potential in communications [2]. For example, one can
establish a well-defined line-of-sight link for which each OAM beam at the same carrier
frequency can carry an independent data stream, thereby increasing the capacity and
spectral efficiency by a factor equal to the number of OAM states.

Till now, various methods have been proposed to generate vortex wave in radio and
millimeter-wave frequencies, such as spiral phase plate [3], spiral parabolic antenna,
circularly polarized patch antenna, antenna array, etc. In this paper, we reported a
holographic vortex wave antenna based on holographic impedance modulation tech-
nique for the first time.
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2 Brief Review of HAIS

Like the concept of optical holography, microwave holograms are created in a similar
way. The holographic artificial impedance surface (HAIS) is designed by generating
the interference pattern between a reference wave and an objective wave. The basic
concept of HAIS is based on Oliner’s work on leaky waves propagation along a
sinusoidally modulated reactance surface [4]. Then, the HAIS has developed to control
radiation direction, polarization, beamwidth, etc. There are two kinds of HAIS, the
scalar HAIS and the tensor HAIS. Normally, the scalar HAIS only can be used to
control radiation direction and beamwidth. In order to control orbital angular
momentum through a holographic vortex wave antenna, the tensor HAIS is chosen in
our work.

The overall design process of HAIS is shown in Fig. 1, as fully illustrated and
explained in [5]. For the sake of brevity, the details of each step are not given here.

3 Holographic Vortex Wave Antenna

3.1 Design Process

As a simple example, the holographic vortex wave antenna that carrying l = 1 OAM
state is designed using the holographic impedance modulation technique mentioned
above. In order to generate the circularly polarized vortex wave that carrying l = 1
OAM state, the object wave are represented by

Erad ¼ ðj cos h; 1;�j sin hÞe�jk
0
reju ð1Þ

where k0 ¼ kðsin h cos u; sin h sin u; cos hÞ and h is radiation direction. The
monopole is selected to feed the holographic vortex wave antenna and the surface
current is given by

Jsurf ¼ ðx; y; 0Þ
r

e�jknr ð2Þ

where n is the refractive index. According to the relationship between the desired
electric field and surface current

Fig. 1. Block diagram of the overall design process
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ð3Þ

where Zxy ¼ Zyx [5]. The tensor impedances are calculated as follows

Zxx ¼ X þM
x
r
cos h cos c0

Zxy ¼ Zyx ¼ M
2
ðy
r
cos h cos c0 � x

r
sin c00Þ

Zyy ¼ X �M
x
r
sin c00

ð4Þ

c0 ¼ krsinhcosu� knr � u

c00 ¼ krsinhsinu� knr � u
ð5Þ

where X is the average reactance and M is the reactance modulation depth. The
calculated tensor impedance components are shown in Fig. 2. Then, using the holo-
graphic patterning technology in [5], we solve the inverse problem, and then numer-
ically obtain the desired tensor HAIS.

3.2 Numerical Results

The unit cell used for tensor impedance surface in our design is composed of a circular
metal patch with slice and a dielectric layer with a PEC ground, as shown in Fig. 3(a).
The substrate was 1.27 mm thick Taconic RF-60, with a dielectric constant of 6.15, and
the lattice constant is 3 mm. The generated tensor HAIS is shown in Fig. 3(b) and (c).
The size of the entire structure is 153 mm � 153 mm. A simple monopole on the
HAIS center is used as a feeder. The proposed antenna is designed to work at 15 GHz.

Fig. 2. The calculated tensor impedance components
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The simulated radiation pattern and near field phase structure at 15 GHz are shown
in Figs. 4 and 5. All simulation results are based on full wave analysis performed using
Computer Simulation Technology (CST) studio suite Microwave Studio. There is an
amplitude null of radiation pattern in the broadside direction due to the helical phase
profile. The simulated near field phase distribution is at 105 mm above the antenna,
about five wavelengths in 15 GHz. It can be seen from the simulated results that the
designed holographic vortex wave antenna carries l = 1 OAM order indeed. Compared
with the existing OAM generation methods, the proposed method is able to generate
arbitrary OAM mode vortex wave.

Fig. 3. (a) Unit cell used for tensor impedance surface. (b) The generated tensor holographic
impedance surface structure. (c) A part of the whole tensor holographic impedance surface

Fig. 4. (a) Simulated 3-D radiation pattern at 15 GHz. (b) Simulated radiation pattern at
15 GHz.
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4 Conclusion and Future Work

A vortex wave generation method based on tensor holographic modulated artificial
impedance surface is introduced. As a simple example, a holographic vortex wave
antenna that carrying l = 1 OAM state is presented, and the simulated results show that
we can manipulate OAM by holographic impedance modulation technique.
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Abstract. Based on the performance analysis of S-ALOHA protocol, a
Multi-Copy ALOHA scheme is designed to deliver the differentiated services in
random access satellite channel which divides users into different priority groups
and enables high priority users sending multiple packets to decrease the channel
collision probability according to their access latency requirements. The simu-
lation results suggest that Multi-Copy ALOHA scheme has high throughput and
limited access latency features and can effectively deliver the differentiated
services for different requirements in S-ALOHA channel.

Keywords: Multi-Copy S-ALOHA � Random access satellite channel
Differentiated services

1 Symbol Table

k User business arrival rate X Random variable of retransmission
interval

K System business arrival rate pn Probability of an successful transmission
after n retransmissions

T S-ALOHA time slot width M Average number of times for an successful
transmission

PðnÞ Probability of sending n packets
in one time slot

K Number of consecutive packets sent at
once

TR Transmission time between
satellite and user

S System packet throughput

TP Onboard processing time for
user packet

D Mean user access delay
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2 Introduction

S-ALOHA is a random access protocol based on time synchronization, the user can
send a packet at the beginning of each time slot regardless of whether other users are
using the same time slot. The protocol is flexible for networking and easy to imple-
ment. At present, S-ALOHA are widely used in many kinds of satellite communication
systems for network resource allocation and service access. For example, in GEO
satellite communication systems (such as the Inmarsat series, AEHF series), users’
signals for service access and resource allocation are mainly using S-ALOHA protocol
to access the uplink RACH channel; in some low-orbit constellation communication
systems (such as OBCOMM), narrow-band burst M2M services are mainly using
S-ALOHA protocol to access the satellite uplink traffic channel.

By using S-ALOHA protocol, when two or more users send packets in the same
time slot, the signal collision which leads to packet lost and retransmission will happen
in that time slot. Because users’ traffic throughput is mainly determined by collision
probability and retransmission time interval, lowering collision probability and short-
ening the retransmission time interval can effectively improve the channel access
efficiency.

Usually packet collision can be determined by whether the correct response has
been received within a specified time. Since the user can only begin packet retrans-
mission after realizing the packet collision, the retransmission time interval is at least
twice of the end-to-end transmission delay. Especially in satellite communication
scenario which the transmission delay is larger than 100 ms, the user access time delay
is usually several seconds in consideration of retransmission time interval. Due to the
large end-to-end transmission delay, the retransmission time interval cannot be short-
ened to a significantly level. The user access efficiency will be significantly reduced
caused by the large and undiminished retransmission time interval. As a result,
improving the user access efficiency of satellite communication system must start with
the reduction of the probability of packet collision.

At present, parameters of S-ALOHA access protocol (such as the probability
density function of retransmission time interval) in majority satellite communication
systems remain unchanged, and cannot be adjusted dynamically, resulting incapability
for differentiated services for different users. In this paper, an improved S-ALOHA
access protocol that supports differentiated services is proposed. This protocol allows
some high-priority users to send multiple identical packets to reduce collision proba-
bility and to decrease the access delay.

3 The S-ALOHA Protocol

In S-ALOHA protocol, timeline is divided into several time slots and each time slot
carry one packet. Users are keeping in time synchronization state and send packets at
the beginning of each slot. If only one packet arrives (including newly arrived packets
and retransmitted packets) within a time slot, the packet transmission is successful. If
two or more packets arrive within a certain time slot, a packet collision event occurs
and the retransmission process will start after a random time interval (Fig. 1).
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In the satellite communication, user access process usually includes several inde-
pendent signal interaction with satellite network controller. The time required for user
access which requires n times signal exchange is the time for one signal interaction
multiplied by n. Generally, we assume that the user in the access process only need one
successfully signal interaction. The specific access procedure is as follows:

1. The user uses S-ALOHA protocol to send access request;
2. The satellite processes the access request and sends an access confirmation message

to the user;
3. The user receives the confirmation message and reaches the completion of the

access process.

If the number of users in the satellite communication network is, assuming that the
arrival process of each user is independent Poisson random process. The total arrival
rate (including new arrivals and retransmissions) of the user is and the total arrival rate

of the whole network is K ¼ PN

i¼1
ki. The probability of sending packets within the time

interval is (Fig. 2)

Fig. 1. S-ALOHA successful and collision transmission

Fig. 2. User access process in satellite communication system
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PðnÞ ¼ ðKtÞne�Kt

n!
ð1Þ

Assuming that the slot width of S-ALOHA is and the number of packets arriving
within a time slot follows the Poisson random process with the parameter which is the
average number of packets sent in one time slot. The probability of no packet to be sent
from other users is Pð0Þ ¼ e�KT . As only one user sends packet in a time slot can result
a successful transmission, the probability of success is Pð0Þ ¼ e�KT . It can be induced
that the throughput of the S-ALOHA protocol is S ¼ KTe�KT which gets the maximum
value 0.368 when KT ¼ 1.

After sending the access request packet, if the user receives the access permission it
can be considered as a successful access process, however if the user does not receive
the access permission, the access process fails and the user can retransmit the access
request packet after a random time interval.

If TR represents the satellite-to-user link transmission delay. TP represents the
onboard processing time for user packet. Pð0Þ ¼ e�KT represents the probability of
successful access process, using random variable X to represent the retransmission time
interval, Without link errors, the probability of a successful transmission and n – 1
retransmissions is

pn ¼ ð1� Pð0ÞÞn�1Pð0Þ ð2Þ

The total time spent is

tn ¼ nðTR þ TpÞþ
Xn�1

j¼1

xj ð3Þ

The average delay for user access is

EðTÞ ¼
X1

n¼1

tnð1� pÞn�1pn

¼
X1

n¼1

½ðn� 1ÞðTR þ TP þEðXÞÞþ TR þ TP�ð1� Pð0ÞÞn�1Pð0Þ

¼ 1
Pð0Þ ðTR þ TPÞþ 1� Pð0Þ

Pð0Þ EðXÞ

ð4Þ

From the above, the user access delay is composed of two parts, the first part is
caused by the channel transmission delay, and the second part is caused by retrans-
mission. Given that the large transmission delay within the satellite channel, further
reducing the retransmission time interval is not practical. As a result, the reduction of
user access delay should mainly depend on the decreasing of collision probability.

The time interval at which the user sends two adjacent packets (either retransmitted
or newly arrived) is TR þ TP þX, where the random variables X represents the traffic
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arrival distribution for different users. If the retransmission time interval h ¼
TR þ TP þX has exponential distribution, the distribution of user packet arrival fol-
lows Poisson process with the parameter k ¼ 1

h ¼ 1
TR þ TP þEðXÞ. In order to simplify the

analysis, it can be assumed that the time interval between two adjacent packets follows
the exponential distribution and the similar analytical methods can be applied to other
distributions.

For arrival of new packets, the probability of successful transmission with only
once access is Pð0Þ, the probability of successful transmission with twice access is
ð1� Pð0ÞÞPð0Þ, the probability of successful transmission with n times access is
ð1� Pð0ÞÞn�1Pð0Þ, resulting the average number of attempts to a successful trans-
mission is:

M ¼
X1

n¼1

nð1� Pð0ÞÞn�1Pð0Þ ¼ 1
Pð0Þ ð5Þ

If total arrival rate (including the newly arrived packet and retransmission packet) is
k, It can be concluded that the proportion of new arrivals is Pð0Þ and the arrival rate is
Pð0Þk.

4 Differential Access Policy

As above, reducing the collision rate would shorten the user access delay. In order to
increase the success probability of once transition attempt, Multi-Copy strategy which
increase the success transmission rate by repeating the packet before receiving the
permission. For high-priority users are usually with high repetition factor. In the
condition with the same collision rate, using Multi-Copy strategy can significantly
reduce the access delay.

Assume that the user’s repetition factor is K, which means user can send consec-
utively K packets before the reception of acknowledgement. If the successful rate of
one time slot is Pð0Þ ¼ e�KT , the probability of at least one packet successfully
received is 1� ½1� Pð0Þ�K . This probability is decreasing by the increment of repe-
tition factor K.

In S-ALOHA, the throughput is the product of the total traffic arrival rate and the
time slot collision probability. When the retransmission time interval remains
unchanged, the user access delay is determined by the time slot collision probability,
while the time slot collision probability is determined by all users’ total traffic arrival
rate which is determined by the probability of collision and the rate of newly arrival
packets. As a result, the feedback exists between the time slot collision probability and
the total traffic arrival rate. When the Multi-Copy strategy is adopted, the increase of
the total service arrival rate leads to the decrease of single time slot successful trans-
mission probability. It is necessary to adjust the back off time to avoid collision and
control the total service arrival rate so that the probability of single time slot successful
transmission Pð0Þ remains the same (Fig. 3).
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In order to realize the differential access service, all users should be divided into
n different priorities. User who is at the priority i will has the repetition factor i and can
send consecutive i packets before the reception of acknowledgement. Suppose that the
overall arrival rate of users at priority i is ki, the total arrival rate of entire system is

K ¼ Pn

i¼1
ki, and the average repetition factor is N ¼ K�1 Pn

i¼1
iki. As a result, the prob-

ability of one time slot successful transmission is Pð0Þ ¼ e�NKT , and the probability of
user which belongs to priority i successful access is Pið0Þ ¼ 1� ð1� e�NKTÞi and the
system throughput is

S ¼
Xn

i¼1

kiPi ¼
Xn

i¼1

kið1� ð1� e�NKTÞiÞ ð6Þ

Compared with the traditional S-ALOHA access protocol, the Multi-Copy ALOHA
strategy can significantly shorten the high priority user access delay, but the success
rate of single transmission and system throughput is reduced.

Based on the improved differentiated service of S-ALOHA, to meet the traffic
arrival rate and access delay requirements for each user, each user should get a rea-
sonable priority level. Let’s divide total M users into N disjoint subsets where different
users belonging to the same subset has the same access priority level. Use U to rep-
resent the collection of all users, and use Ui ð1� i�NÞ to represent the users belonging
to the subset i, the relation between Ui and U is U ¼ SN

i¼1
Ui; Uj j ¼ M. The overall

arrival rate of users at priority i can be calculated as follows:

New business 
arrival rate

Retransmission 
arrival rate

+

New business 
arrival rate

Retransmission 
arrival rate

+

New business 
arrival rate

Retransmission 
arrival rate

+

…
…

Satellite User 1

+ System business 
arrival rate

Collision 
Probability

Satellite User 2

Satellite User N

Fig. 3. The relationship between the new traffic arrival rate, the total traffic arrival rate, and the
probability of collision
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Ki ¼
XUij j

k¼1

kk

�����
k2Ui

ð7Þ

Assume that the successful transmission probability in one time slot is Pð0Þ, the
total traffic arrival rate is

K ¼ 1
Pð0Þ

XN

i¼1

iKi ð8Þ

Start

Let I = 1
Place all users into 

priority set I

All the users 
requirement on access 

delay was met?

Calculate user access 
delay according to the 
new business arrival 

rate

Finish

Let I = I + 1
Place users unsa�sfied with 

access delay into priority set I

YES

NO
I < N ?

NO

YES

Fig. 4. Flow char on user repetition factor planning algorithm
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The average access delay of users at priority i can be solved by substitute Pð0Þ ¼
e�NKT into Eq. (4).

Di ¼ 1

1� ½1� Pð0Þ�N ðTR þ TPÞþ ½1� Pð0Þ�N
1� ½1� Pð0Þ�N EðXÞ ð9Þ

In summary, for some scenarios of satellite communication, channel access delay is
main factor of QoS. Based on the Multi-Copy strategy, the S-ALOHA protocol can be
used to improve the high priority user’s access efficiency. It is crucial to determine the
user’s service level and the corresponding access policy. The specific process is shown
below.

There are two conditions for the algorithm termination: one is the normal exit,
which means all the user access delay requirements have been met; the other one is
abnormal exit which means not all users could reach delay requirements. In that case,
the user access delay requirements or the users traffic arrival rate should be decreased
before repeat until the requirements are met. When the algorithm exits abnormally,
different adjustment strategies should be used according to different application sce-
narios and traffic requirements. For example, for high-capacity GEO satellite com-
munication system, reduction on the service level of some users should be used to meet
the access requirements of users with high priority; for low-orbit constellation system,
increasing the retransmission time interval due to collision can be applied to limit the
total traffic which will compensate for additional access overload of high priority users
brought by Multi-Copy repetition.

5 Performance Simulation

5.1 S-ALOHA Protocol

Suppose each user’s new traffic arrival rate be the same k0 and the number of users is
M, and the probability of successful transmission in single time slot is Pð0Þ, and the
total traffic arrival rate is K, take the time slot length as a unit, Pð0Þ can be solved by
the Eq. (10). The average attempt number of a successful transmission is 1=Pð0Þ.

K ¼ Mk0
Pð0Þ

Pð0Þ ¼ e�K

8
><

>:
) Pð0Þ lnPð0Þ ¼ �Mk0 ð10Þ

5.2 Multi-Copy ALOHA

M users are divided into N subsets which map to the N priority levels each. Users in the
priority subset i can transmit i packets consecutively. Pð0Þ can be solved by the
Eq. (11). The average number of attempt transmissions is 1= 1� ð1� Pð0ÞÞi� �

.
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ki ¼ Uij jk0

N ¼
Pn

i¼1
iki

Mk0

K ¼ MNk0
Pð0Þ

Pð0Þ ¼ e�K

8
>>>>>>>>>><

>>>>>>>>>>:

) Pð0Þ lnPð0Þ ¼ �MNk0 ð11Þ

5.3 Simulation Result

When S-ALOHA protocol is adopted, the relationship between the traffic arrival rate
and the system throughput is shown in the following figure. The simulation results
show that the maximum throughput of the S-ALOHA is 0.384. When the traffic arrival
rate is 1, the throughput of the system is of the maximum (Fig. 5).

When S-ALOHA protocol is adopted, the successful transmission probability in
one time slot is the ratio of the system throughput to the total traffic arrival rate. If
probability of success in one time slot remains unchanged, the relation between
Multi-Copy repetition factor K and the average number of attempt is shown in the
following figure. The simulation results show that the average number of attempts is
reduced rapidly as the factor K increasing. The larger K means the more effort paid to
decrease the average number of attempts which indicates the value of K is not always
the bigger the better (Fig. 6).

Fig. 5. S-ALOHA throughput versus system traffic arrival rate
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Assuming that there are 10 users, the arrival rate of each new packet is the same.
According to the S-ALOHA, the average number of attempts at different traffic arrival
rates can be calculated and listed on the following Fig. 7.

When the traffic arrival rate is 0.03, the average number of attempts is 1.61313. If a
user requires the average number of attempts is not higher than 1.2, running result of
algorithm described on Fig. 4 is to set the user to priority level 3, and the other users to
priority level 1. It can be seen that the average number of attempts reduces to 1.2 for
high-priority users which result in access delay increasing for low priority users.

Average number of 
a�empts to succeed

Fig. 6. The relation between average number of attempts and the one time slot successful
transmission probability

S-ALOHA

Multi-Copy ALOHA Priority 3

Multi-Copy ALOHA Priority 1

Average number of 
attempts to succeed

New business arrival rate per user

Fig. 7. Comparison between S-ALOHA protocol and Multi-Copy ALOHA on differential
service strategy
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6 Conclusion

At present, S-ALOHA protocol is widely used in satellite communication system,
especially in terms of user access and short burst communication. Its performance is
determined by the access delay and service quality, which affects the service experience
of users. Based on the analysis of access delay of S-ALOHA protocol, this paper
proposes a differentiated service based on Multi-Copy strategy, which reduces the
access delay by transmitting multiple identical packets consecutively at once attempt,
and verify the algorithm by simulation. The theoretical analysis and simulation results
show that the S-ALOHA protocol based on Multi-Copy strategy has features on both
high throughput and controlled access delay, and the differential service capability of
S-ALOHA could be effectively improved.
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Abstract. Massive number of the uncoordinated machine-type communication
(MTC) terminals accessing the satellite hub overloads the CDMA slotted Aloha
(SA) random access system with a large capacity, whose performance is dras-
tically reduced, and introduce a long service time for the activated terminals. To
improve the performance of the random access scheme, we propose a Least
Squares Support Vector Machines (LS-SVM) regression based random access
control scheme with a sliding window. By using one step and multistep
LS-SVM predicting algorithm, satellite hub predicts the channel loads of the
future slots, and computes the access probability, then broadcasts to all MTC
devices. Simulation results show that the proposed scheme approaches to the
perfect control scheme, and the throughput is more than 2.5 times, and the total
service time for all the activated terminals is less than 0.4 times that of the
available EKF based control scheme in the satellite network.

Keywords: LS-SVM regression � Sliding window � Large capacity MTC
Bursty traffic � Access probability

1 Introduction

Satellite Internet of Things (IoT) has become one of the most important parts of the
IoT, since a large number of machine-type communication (MTC) terminals distributed
in the remote and vast areas in the IoT [1] can collect a great amount of information for
various monitoring application scenarios including the disaster relief, rescue, target
tracking and so on. The traffic of the MTC terminals (nodes) [2] is the burst with a low
duty cycle and low energy consumption, and needs unprecedented access and exchange
of information. Due to the remote and large area, the MTC terminals are outside the
coverage of the terrestrial network or the regions where the terrestrial network collapses
due to the disaster, and can be served by the satellite communication system [3].

In the large coverage of a spot beam of the satellite IoT, there may be distributed
more than tens of thousands of MTC terminals, which introduces a great access
challenge for the satellite network. In the current random access schemes, such as, the
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traditional slot MAC protocols like slot Aloha, cannot handle such a huge number of
the burst random access requests of the large number of MTC terminals due to the
collisions of the overlapping packets on the slots, and this leads to the traffic con-
gestion, which consequently lowers the system throughput as well as costs much more
time to provide the service.

The effective method to resolve multiple concurrent overlapping packets trans-
mission is the ALOHA-type CDMA random access with the multiple packet reception
(MPR) for uncoordinated MTC terminals in wireless network environment [4, 5].
However, the throughput declines much sharply if the channel load exceeds the critical
point. To maintain the high throughput under the high offered load, one technique for
the CDMA slotted ALOHA (SA) system is the packets access control at the MTC
terminals, which limits the number of simultaneous transmissions less than or equal to
the maximum number of the overlapping packets which the satellite receiver can
successfully decoded. The optimal accessing probability can be computed by the
knowledge of the number of the “uncertain” nodes which tend to transmit, but it is
unpractical to know the perfect information of on-going transmissions beforehand at
the transmitter. Some literatures have proposed many methods to collect the available
imperfect information to predict the offered load, and by which the optimal access
factor can be computed. For example, literature [6] models the burst traffic as the
aggregate of on/off Markov sources, utilizes the feedback from the receiver and the
prior information about the traffic characteristics to predict the system state. Due to the
shortcoming of the prediction method, it performs well for the constant channel load,
but badly for the varying load. Literature [7] adopts the extended Kalman filter
(EKF) to keep track of the traffic being offered to the access channel, and predicts the
number of the active nodes in following slot, however, the precision of the predicted
load is low when the channel load is heavy, and the prediction time is too short, and
cannot be suitable for the satellite network with the large propagation delay, such as the
Round Trip Time (RTT) can be as large as 500 ms for GEO and 11 ms for LEO.
Literature [8] considers the effect of RTT when sensing channel load, the hub in which
predicts offered load based on the number of packets received successfully during
several slots, apparently it only adapts to the steady offered load, cannot be used for the
time varying load of the MTC traffic.

To improve the performance of the satellite IoT system with a large capacity of
MTC terminals, we propose an LS-SVM [9, 10] based channel load prediction algo-
rithm to estimate the channel load with a large RTT, and compute the optimal accessing
probability for the MTC terminals. The proposed LS-SVM based random access
control scheme can effectively solve the overload problem of the ALOHA-type CDMA
random access system with MPR.

In the paper, Sect. 2 gives the model of the packet transmission system with the
completely uncoordinated nodes. Section 3 presents the LS-SVM regression based
prediction method to estimate the number of the activated nodes in the future slots.
Section 4 describes the investigation of the proposed scheme in the satellite network by
the computer simulation.
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2 System Model

The MTC terminals accessing system with a single satellite hub in the satellite IoT is
shown in Fig. 1. The GEO or LEO with the multi-beam provides the ubiquitous
coverage and offers the continuous service to a very large population of MTC devices
which are low cost and energy-constrained. Nodes in system can sense surrounded
events, if none of events trigger in the environment, they generally are in a state of
sleep or non-activated for keeping energy. If some events trigger, some of them are
waked or activated to access network. After the on-board processing at the satellite hub,
all the data collected in the remote area are transmitted to the ground station, then
through the internet to the data center for the further use. In this paper, for simplicity,
we only consider nodes in the single beam.

The CDMA SA protocol and the slot with the duration of Tslot are considered for
the random access. It is also assumed that the active nodes are synchronized before its
transmission. The propagation delay in the satellite accessing system is depicted in
Fig. 2. The satellite hub and nodes can transmit data packets simultaneously in two
channels (i.e. uplink and downlink channel). Acknowledge (ACK, binary feedback
flags whether packets received in the slot correctly or not) or the accessing probability
can be broadcasted to all nodes through the satellite downlink broadcasting channel.
Let TR be the single hop propagation delay, TR ¼ hsat=mc, where hsat is the height of
satellite, and mc is the velocity of light. Let Tp be the processing delay on-board. So the
accessing time delay TD ¼ 2TR þ Tp, where Tp is so small and can be ignored. The
normalized access time delay D is defined as D ¼ TD=Tslot. This means it has past D=2
slots before transmitted packets reach to satellite hub, and past D slots before nodes
receive feedback to know whether the packets they transmitted are received correctly
or not.

Fig. 1. Architecture of the satellite IoT accessing system

LS-SVM Based Large Capacity Random Access Control Scheme in Satellite Network 277



For simplicity, we substitute the slot as the discrete time index iði ¼ 1; 2; . . .Þ, and
assume there are Ntotal MTC terminals registered. The receiver is supposed to have the
ability of receiving multiple packets, and can be simply modeled by follows:

Nrx
iþD=2 ¼

Ntx
i Ntx

i �K
0 Ntx

i [K

�
ð1Þ

where Ntx
i is the number of transmitted packets in slot i, and they will reach satellite

hub in slot iþD=2, Nrx
iþD=2 is the number of packets received successfully in slot

iþD=2. If we assume power control at the terminals, each terminal reaches to hub has
equal power P. For successfully decoding, the received SINR of any terminal should be
equal or greater than a threshold hth, that is

SINR ¼ P
r2 þ K�1

j P
� hth ð2Þ

where r2 is Gaussian noise power, j is spreading gain. Therefore the maximum
processing limit K of receiver is

K :¼ jð 1
hth

� 1
P=r2

Þ
� �

þ 1 ð3Þ

where �b c denotes the flooring function. If we only concern the packet-level behavior
of multiuser detector, the model in (1) can be simply interpreted as that if the total
number of transmitted packets is less than K, all the packets in the slot can be retrieved;
else all the packets are lost because of large interference.

Due to the propagation delay, the received packets in current slot iði[D=2Þ are
transmitted by nodes in the slot i� D=2, ACK or accessing probability will reach to
nodes in the slot iþD=2, since nodes could not know transmitting packets are received
correctly or not until they get the feedback, so they are not permitted to send packets

Fig. 2. Propagation delay in the satellite accessing system
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from slot i� D=2þ 1 to slot iþD=2� 1 if they have transmitted a packet in the slot
i� D=2, as shown in Fig. 3.

Suppose the total attempted accessing nodes in slot i is MðM�NtotalÞ, in order to
maximize throughput, it is hoped that M is equal to or less than K. When M is larger
than K, it is necessary to limit the number of nodes by using the access probability pi at
the nodes. Since the pi takes effect in all nodes, every nodes has the equal probability pi
(or 1� pi) transmitting (or not transmitting) a packet in the slot i, which follows the
binomial distribution BðM; piÞ, the optimal probability should be selected as follows

p�i ðMÞ ¼ argmax
0\pi � 1

XK
n¼1

n PrfNtx ¼ ng

¼ argmax
0\pi � 1

XK
n¼1

n
M

n

� �
pni ð1� piÞM�n

ð4Þ

Each activated node (wants to transmit packet) generates a random p
0
i at the local,

and compares it with p�i , if it is passing the check, that is p
0
i \ p�i , the packet is allowed

to be transmitted. If not, it attempts at the next slot until it is passing the check.
The optimal access probability p�i can be computed by the knowledge of the

channel load (the number of the activated nodes) in the future slots, which introduces a
great challenge for the prediction algorithm due to the large propagation delay in the
satellite network.

3 SVM Based Prediction Algorithm

To satisfy the requirement of the long time prediction in the optimal access probability
computation, the LS-SVM regression based prediction algorithm is proposed for the
estimation of the channel load, i.e., the number of active nodes in the future slot in the
CDMA SA random access scheme. The proposed algorithm contains two steps. The
first step is the initial estimation of the channel load, and the second step is to predict
the channel load for the next slots by the LS-SVM algorithm with a sliding window.

Fig. 3. CDMA slotted ALOHA with MPR ðD ¼ 4;Wa ¼ 3Þ
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3.1 Initial Channel Load Estimation

The initial channel load is the basis input parameter for the LS-SVM based prediction
algorithm. In fact, the satellite hub can know all the registered nodes, but do not know
the number of the actually activated nodes in the initial state. Due to the limit of the
detection ability in the satellite hub, the receiver cannot count the number of over-
lapped packets which is larger than K in the MAC processing. To guarantee the number
of collision packets less than K, it is often assumed that all the registered nodes are
activated, the initial access probability can be chosen as p�ðM̂Þ, where M̂ ¼ Ntotal. By
broadcasting the initial access probability to all the MTC nodes, the satellite hub detects
the numbers of overlapped packets in the average window Wa, which is shown in
Fig. 3. If the detected number of the packets is NrxðWaÞ, the initial channel load in slot i
can be estimated as

x̂i ¼ NrxðWaÞ
Wap�ðM

_ Þ

& ’
ð5Þ

where �d e denotes the ceiling function. If the number of the activated is much less than
Ntotal, for the small value of p�ðM̂Þ, NrxðWaÞ may be zero. For this case, the satellite
hub increases the p�ðM̂Þ by two times, and repeats until the NrxðWaÞ is not zero and the
value of p�ðM̂Þ is less than 1.

3.2 LS-SVM Based Prediction Algorithm with Sliding Window

LS-SVM transforms the quadratic programming problem into a linear equations,
simplifying the computational complexity as well as improving computation speed. Its
basic operation is to map the data into a high dimensional space by a nonlinear
mapping and do the linear regression in the mapped space. The prediction algorithm
based on the SVM contains three stages. The first is the training stage, the second is one
step prediction stage, and the third stage is multi-step prediction with sliding window.

The first stage is to solve the regression problem, which is to find the function by
minimizing the structural risk with the training data set. It is often assumed that the
training data set can be represented as fðxi; yiÞji ¼ k; kþ 1; kþ 2; . . .; kþ L� 1;
k 2 Ng, L represents the number of training data pair, where the input data xi 2 Rm, and
m is input data dimension, that is xi ¼ ðx̂i�mþ 1; x̂i�m; . . .; x̂iÞ, and the desired value
yi ¼ x̂iþ 1, yi 2 R. For the training data set, there are Lþm available x̂i assemble to L
training data pairs, as shown in the Fig. 4. The initial training data can be obtained by
the initial channel load estimation, and the following x̂i can be obtained by

x̂i ¼ dð Nrx
i

pi�D=2
þ PWa�1

j¼1
x̂i�jÞ=Wae Nrx

i �K

dg � x̂i�1e Nrx
i [K

8<
: ð6Þ

where pi�D=2 is the access probability in slot i� D=2. If the number of the received
packets is out of the detection ability of the satellite hub, the estimation of the number
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of activated nodes can be replaced by g times the value of the last estimation x̂i�1, Wa

and g is defined by the simulation in advance.
With the prepared training data, the desired linear model in the high space is

expressed as

f ðxÞ ¼ x � /ðxÞþ b ð7Þ

where x is the weight vector, b is the bias, /ðxÞ is the nonlinear transformation, and
the construct function should make the total fitting deviation between all data points
and the object function be minimal, that is

min
x;b;ni

Jðx; b; niÞ ¼ 1
2x

TxþC
PkþL�1

i¼k
n2i

s:t: yi ¼ xT/ðxiÞþ bþ ni i ¼ k; kþ 1; . . .; kþ L� 1; k 2 N
ð8Þ

where niði ¼ k; kþ 1; . . .; kþ L� 1; k 2 NÞ are error variables, which is the distance
between each training data and the regression function. The first term in the above
formula makes the fitting function more flat, thereby enhances the generalization
capability; and the second term ensures the deviation of samples is minimum. C is used
to adjust training model avoiding overfitting or underfitting and can be set manually. It
is often that the Lagrangian is used to solve the formula (8), as follows

LLS�SVM ¼ 1
2
jjxjj2 þC

XkþL�1

i¼k

n2i �
Xkþ L�1

i¼k

aiðxT/ðxiÞþ bþ ni � yiÞ ð9Þ

where aiði ¼ k; kþ 1; . . .; kþ L� 1; k 2 NÞ are the Lagrange multipliers. Based on
KKT optimization condition obtains following [10].

@LLS�SVM
@x ¼ 0 ! x ¼ PkþL�1

i¼k
ai/ðxiÞ

@LLS�SVM
@b ¼ 0 ! PkþL�1

i¼k
ai ¼ 0

@LLS�SVM
@ni

¼ 0 ! ai ¼ Cni
@LLS�SVM

@ai
¼ 0 ! x;/ðxiÞh iþ b� ni � yi ¼ 0

8>>>>>>><
>>>>>>>:

ð10Þ

Fig. 4. Sliding window of the training data set
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The following linear equation can be obtained by eliminating x, niði ¼ k;
kþ 1; . . .; kþ L� 1; k 2 NÞ.

0 1 � � � 1
1 Kðxk; xkÞþ 1=C � � � Kðxk; xkþ L�1Þ
..
. ..

. . .
. ..

.

1 Kðxkþ L�1; xkÞ � � � Kðxkþ L�1; xkþ L�1Þþ 1=C

2
6664

3
7775

b
ak

..

.

akþ L�1

2
6664

3
7775 ¼

0
yk

..

.

ykþ L�1

2
6664

3
7775 ð11Þ

where Kðx; zÞ ¼ \/ðxÞ;/ðzÞ[ is defined as kernel function, which helps in taking
the dot product of two vectors in the feature space without having to calculate the
mapping results explicitly, avoids the complicated calculation in the high-dimension
and solves the nonlinear problems of the training data in the original space. ai and b can
be figured out by solving Eq. (11), Substitute them into (7), then the model is converted
as follows

f ðxÞ ¼
XkþL�1

i¼k

aiyiKðxi; xÞþ b ð12Þ

For the nonlinear model, Gaussian RBF Kernel Kðx1; x2Þ ¼ expð�cjjx1 �
x2jj2Þ; c[ 0 is the most suitable choice, where c is a tunable parameter which has an
effect on the complexity level of the model.

When the RBF Kernel is defined in advance, the choice of parameters L, C and c
have an effect on the regression performance directly, where L is used to determine the
number of useful samples for the training stage. If L is too large, it will increase training
time, else it will cause that the model is not trained sufficiently. The choice of L can be
found by the simulation test. C and c can be defined by the cross validation, and their
detail operations are as follows:

(1) Fix C, change c, find copt by minimizing the prediction error.
(2) Fix copt, change c, find copt by minimizing the prediction error.
(3) Fix C ¼ Copt, change c, repeat step (1), verify whether c ¼ copt is the optimal

value or not.
(4) If ðCopt; coptÞ in step (3) are the optimal values, choose ðCopt; coptÞ for following

use.
(5) If ðCopt; coptÞ in step (3) are not the optimal values, go back to step (1).

The second stage is to predict the number of the activated nodes in next slot.
Suppose the current slot index is i, ŷi ¼ ^̂xiþ 1 is the prediction value in slot iþ 1, the
SVM model has been well-trained with the past training data pair ðxi�L; yi�LÞ;
ðxi�Lþ 1; yi�Lþ 1Þ; . . .; ðxi�1; yi�1Þ, and parameters a and b in formula (12) are known
already, so the predicted value can be estimated as

ŷi ¼
Xi�1

k¼i�L

akykKðxk; xiÞþ b ð13Þ
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The third stage proceeds with the help of sliding window. By regarding the pre-
dicted value as the true value in the training data set, the two stages above are itera-
tively to obtain the multi-step prediction values, which can be described as follows.
Suppose current slot index is i, and the number of the activated nodes ^̂xiþD in the slot
iþD is desired to estimate. With the well-trained model, one-step prediction ŷi ¼ ^̂xiþ 1

can be obtained, then add the predicted value ^̂xiþ 1 to the available training data set,
discard the old data x̂i�L�mþ 1, as shown in Fig. 4. That is the sliding window moving
forward one step, and the training data pair is updated to ðxi�Lþ 1; yi�Lþ 1Þ
ðxi�Lþ 2; yi�Lþ 2Þ; . . .; ðxi�1; yi�1Þ; ðxi; ŷiÞ: The SVM model is re-trained and one-step
prediction is conducted to get the predicted value ŷiþ 1 ¼ ^̂xiþ 2. By repeating the above

steps D times, one can obtain the desired prediction value ^̂xiþD in the slot iþD.

4 Simulation Result

The CDMA SA satellite packet communication system with the proposed SVM based
random access control scheme is investigated by computer simulation. In the system,
the data rate is 9.6 kbps, the packet size is 1000 bit, the duration of the slot Tslot
approximately equals to 105 ms, the normalized access timing delay D ¼ 1 under the
LEO environment, and D approximately equals to 5 under the GEO environment, as
those in [8]. The other fixed parameters in the algorithm are set as follows: C ¼ 0:05,
c ¼ 0:05, m ¼ 2, g ¼ 1:5, Wa ¼ 2, where C and c are defined by the cross validation
between the section [0.001, 1000], m, g and Wa defined by the section are [1, 10], (1, 5]
and [1, 10] respectively, the five parameters are optimally selected by the simulations.
The burst traffic model is considered for the MTC terminals. That is, Ntotal MTC nodes
are supposed to require accessing the satellite hub in a random slot simultaneously, and
it is also assumed that each node needs to be served exactly once, and the node, which
has not been served, will keep on trying to access network until it is served in a random
access slot. The performance metrics, the normalized throughput (the successful
packets per slot at satellite hub, and normalized by the value of K), total service time
(the total number of access slots required to serve Ntotal nodes) are tested in the
simulation. Two benchmark schemes are also conducted for comparing with the pro-
posed method, the first benchmark is the perfect random access control scheme (Per-
fect), which knows in advance the number of attempting nodes and can always choose
the optimal p� before accessing. The second benchmark is the EKF based random
access control scheme, which is given in literature [7].

Figure 5 shows the effect of the sliding window length L on the performance of the
normalized throughput and the total service time when Ntotal ¼ 20000, K ¼ 10. It can
be seen the normalized throughput first increases with L and reaches the peak at
L ¼ 50, then starts declining. The total service time first declines with L and reaches the
minimum at L ¼ 50, then starts increasing. It is found that the optimum length of the
sliding window L is 50.

Figures 6 and 7 show the normalized throughput and the total service time with
different number of MTC devices which are all activated simultaneously, where
L ¼ 30, D ¼ 5. In Fig. 6, it can be seen that the proposed SVM control scheme
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(LS-SVM) can keep a constant throughput for each of K, and get more and more closer
to perfect scheme when K becomes larger. We can also find the normalized throughput
is higher about 2.5-times than that of the EKF for each of K. In Fig. 7, the total service
time of the proposed SVM based control scheme increases linearly as the number of
nodes increases, and is about the same as that of the perfect control scheme, and is less
than 0.4-times that of the EKF based control scheme for each of K.

Figure 8 shows normalized throughput and the total service time with different
propagation delay, and Fig. 9 shows normalized mean square error (NMSE) with
different propagation delay, both use same parameters: Ntotal ¼ 50000, L ¼ 30,
K ¼ 10. In Fig. 8, It can be seen the normalized throughput and the total service time
of SVM are almost about the same as that of the perfect control scheme. While for the

Fig. 5. Throughput, total service time vs. the length of training data pair

Fig. 6. Normalized throughput vs. the number of MTC nodes
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EKF based control scheme, the throughput decreases and the total service time
increases as the propagation delay increases. This can be explained with Fig. 9, the
prediction error of the proposed algorithm still remains at 10�2 order of magnitudes
even propagation delay increases, while the prediction error of the EKF algorithm
increases sharply and almost approach to 1 as the propagation delay increases.

In addition, the throughput by the proposed SVM based scheme is about 1.2-times
for the LEO environment (that is D ¼ 1), and 2.5-times for the GEO environment (that
is D ¼ 5) more than that by the EKF based control scheme. The total service time by
the proposed scheme is about less than 0.8 times for the LEO, and 0.4 times for the
GEO, that by the EKF based control scheme.

Fig. 7. Total service time vs. the number of MTC nodes

Fig. 8. Normalized throughput, total service time vs. propagation delay
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5 Conclusion

To satisfy the requirement of the large-capacity MTC terminals accessing the
satellite-based Internet of thing, the prediction algorithm based on LS-SVM and the
optimum access control with the predicted value is presented for the ALOHA-type
CDMA random access scheme in the satellite network with a long propagation delay.
For the LEO environment, the normalized throughput and total service time perfor-
mance of SVM loads more than 1.2-times and reduces 0.8-times less than that of EKF.
For the GEO environment, the normalized throughput and total service time perfor-
mance of SVM loads more than 2.5-times and reduces 0.4-times less than that of EKF.
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Abstract. Multi-beam technique has been widely applied in modern satellite
communication systems. However, the satellite power and bandwidth resources
are scarce and expensive due to the limitation of satellite platform. Thus it is
urgent to utilize the resources efficiently. Meanwhile, due to the disequilibrium
of the non-uniform distribution of traffic request and the uniform coverage of
satellite beams, the capacity of the overloaded beams may decrease since the
lack of resources, while the resource utilization of the under-loaded beams will
be insufficient. In order to increase the capacity of the multi-beam satellite
communication system and improve the load balancing performance of the
system, a beam coverage dynamic adjustment scheme based on maximizing
system capacity is proposed in this paper. Theoretical analysis and simulation
results demonstrate the correctness and effectiveness of the proposed scheme.

Keywords: Multi-beam satellite communication system
Beam coverage dynamic adjustment � Resource allocation
System capacity � Load balancing

1 Introduction

In recent years, the multi-spot-beam technique has played an important role in the
satellite communication systems, as it can not only supply higher power density to a
particular spot beam but also construct flexible service networks [1]. However, the
satellite resources are scarce and expensive due to the limitation of satellite platform,
thus it is urgent to improve the resources utilization.

Meanwhile, the current uniform coverage of spot beams and the fixed equal allo-
cation algorithm over satellite downlinks cannot match the non-uniform distribution of
traffic demands. The capacity of the overloaded beam may decrease since the lack of
resources while the resource utilization of the under-loaded beams will be insufficient.
And the load imbalance over beams will affect the performance of the multi-beam
satellite communication system.

To increase the resource utilization and the system capacity, many related works
have been proposed. In [2], the water-filling approach is introduced, which can achieve
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the maximum total capacity through power allocation according to channel conditions.
In [3], the author proposes a frequency reuse method to increase the system capacity,
and add the interference mitigation approach to reduce the inter-beam interference. As
for dynamic resource allocation algorithms, researches in [4, 5] respectively allocate
the power and the bandwidth resource according to the traffic demand of each user, and
model the problem as an optimization problem with restricted conditions. Combine
power and bandwidth allocation, the work in [6] proposes a joint power and bandwidth
optimal algorithm, and the problem solving is similar to [4, 5]. To improve the load
balancing performance, the work in [7] proposes an access scheme in which the new
traffic request chooses the under-loaded beam to access, that is, the channels of the
under-loaded beam are allocated to the new traffic request. In [8, 9], the authors
propose that the resource of under-loaded beams could be used by overloaded beams in
order to achieve load balancing. The existing researches mainly increase the capacity
and improve the load balancing performance of the multi-beam satellite system through
allocating the power and bandwidth resources, overlooking that for satellite, its antenna
radiation pattern and beam coverage are also adjustable resources. In this paper, we
utilize the beam coverage with resource allocation to increase the capacity and improve
the load balancing performance.

The main contribution of this work is the beam coverage dynamic adjustment
scheme for multi-beam satellite communication system. The coverage of beams is
adjusted dynamically based on the distribution of traffic requests, then the power and
bandwidth resources are allocated according to the traffic distribution after the beam
coverage adjustment.

The rest of this paper is organized as follows. Section 2 describes the system model
and the problem formulation. We propose the optimal scheme for the mentioned
problem in Sect. 3. Section 4 presents the simulation results of the proposed scheme.
Section 5 concludes the whole paper.

2 Problem Formulation

2.1 System Model

Figure 1 shows the system configuration of a multi-beam satellite communication
system, in which the traffic requests of mobile terminals are non-uniform distributed.
Assuming there are 7 spot beams in this system, 1 center beam and 6 peripheral beams.
The center beam is heavy-loaded and the peripheral beams are light-loaded. It is
assumed that the system consists of N mobile earth stations (MES) and each MES has a
traffic request represented as Tij. These MESs can be represented as MESij, which
means the jth MES in the ith beam.

2.2 Problem Model

In practice, due to the non-uniform geographical distribution of the traffic sources and
the periodic satellite motion, the traffic among beams has a non-uniform distribution.
The load of each beam is different, the capacity of the overloaded beam may decrease
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since the lack of resources while the resource utilization of the under-loaded beams will
be insufficient.

To solve the problem mentioned above, the Beam Coverage Dynamic Adjustment
(BCDA) Scheme Based on Maximizing System Capacity is proposed in this paper. In
this study, the objective is to maximize the system capacity, taking account of the beam
coverage area and the available channel and power resources of each beam. Therefore,
the optimization problem is formulated as follows:

max
X
ij

Cij ¼
X
ij

Bij log2ð1þ
PTGTðhijÞGRð0Þð k

4pdij
Þ2

kTBij
Þ ð1Þ

Subject to

SCenter Beam þ SPeripheral Beam � SArea ð2Þ
X
j

Bij ¼ Bi avail ð3Þ

X
j

Pij ¼ Pi avail ð4Þ

Where:
Cij is the capacity of MESij,
Bij is the number of channels allocated to MESij,
Pij is the power allocated to MESij,
PT is the transmit power of the LEO satellite antenna,
GT is the gain of transmit antenna at the LEO satellite,

Fig. 1. System model
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hij is the off-axis angle of the LEO satellite transmit antenna main lobe in
the direction of MESij,

GR is the gain of receive antenna at MES, since the use of omnidirectional
antenna, the gain of receive antenna at MES can always be GRð0Þ,

dij is the distance between the LEO satellite and MESij,
SCenter Beam is the area of the center beam coverage,
SPeripheral Beam is the area of the peripheral beams coverage,
SArea is the area of the target coverage region,
Bi avail is the number of available channels of beam i,
Pi avail is the available power of beam i.

The objective function (1) represents the main purpose in this work. We aim to
maximize the system capacity of the multi-beam satellite system. In theory, the
capacity of a single MES is related to the channel and power resources allocated to it,
the transmit antenna gain in the direction of it, and the distance between the LEO
satellite and it.

The constraint (2) indicates the target coverage region should be full covered as the
initial state after the beam coverage dynamic adjustment. Condition (3) and (4) imply
the channel and power resources allocated to MESs in one beam should be equal to the
available channel and power resources of that beam.

3 Proposed Beam Coverage Dynamic Adjustment Scheme

From the analysis above, when the allocated channel and power is fixed, the capacity of
a single MES is only associated with the gain of the LEO satellite transmit antenna.
And due to the characteristic of the satellite transmit antenna, the gain is negatively
correlated with the off-axis angle. The smaller the off-axis angle is, that is, the closer
the distance between beam center and MES is, the greater the transmit antenna gain
will be. And the capacity of that single MES will be increased.

When this single-user conclusion is extended to multi-user scenario, then when
more users are close to their service beam center, the capacity of the system will be
increased, and vice versa. The proposed BCDA scheme is designed based on this
conclusion, and achieves the optimization objective through adjusting the beam cov-
erage according to the distribution of MESs. The beam coverage depends on the
projection range of the satellite beam on the ground, which can be achieved by
adjusting the antenna radiation angle. Considering the peer-to-peer relationship among
MESs, that is, there is no difference in traffic demands and priorities among MESs. The
procedure of the proposed BCDA scheme is given as follows:

The initial beam coverage state: The target coverage region is covered by 7 beams
with the same radius D, and the center beam is heavy-loaded and the peripheral beams
are light-loaded.

Step 1: According to the initial coverage of beams, calculate the allocated channel
and power resources for each MESij. Since the peer-to-peer relationship among
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MESs, the satellite resources are allocated to each beam with equal amount, and the
resources of one beam are allocated to the MESs within this beam with equal
amount.
Step 2: Calculate the capacity Cij of each MES, then calculate the system capacityP
i;j
Cij:

Step 3: Set the center beam to beam 1, calculate the capacity C1j of each MES in the
center hot beam. Sort C1j in descending order, record the capacity ranking at 95% as
Cth. And record the corresponding location of that MES, set the distance between
the center of the hot beam and that MES to d.
Step 4: Adjust the antenna radiation angle, change the coverage of each beam. The
radius of the center beam is reduced to R, R ¼ d. In order to achieve the full
coverage of the target region, the radius of the peripheral beams is increased to r,
r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3D2 � 3DRþR2ð Þp
according to the geometric relationship.

Step 5: According to the coverage of beams and the distribution of MESs, recal-
culate the allocated channel and power resources for each MESij.
Step 6: Recalculate the capacity C0

ij of each MES, then calculate the system
capacity

P
i;j
Cij

0.

Step 7: Compare
P
i;j
Cij

0 with
P
i;j
Cij, if

P
i;j
Cij

0 [
P
i;j
Cij, return to step 3. Else,

terminate the algorithm, and the value obtained in the last round is the optimal
value.

The algorithm flowchart is shown in Fig. 2.
In step 1 and 2, the channel and power resources are allocated to each MES and the

system capacity is calculated in the initial state, this is, the target coverage region is
covered by 7 beams with the same radius.

In step 3, the capacity of each MES in the center hot beam is calculated and sorted.
Here the concept of the cell edge users is introduced. Edge users are the users whose
capacity is ranking at the last 5% of the capacity statistics of one beam. The perfor-
mance of the edge users is poor since the lack of communication resources. To solve
this problem, these edge users can be serviced by the peripheral light-loaded beams
rather than the center hot beam.

In step 4, the coverage of each beam is changed. The radius of the center beam is
reduced based on the result obtained in step 3, and because of this, the edge users in
center beam is now covered by peripheral beams and serviced by them. In this way, the
burden of communication in the over-loaded center beam is reduced and the resources
utilization in the peripheral beams is improved. Meanwhile, the change in beam cov-
erage should meet the requirement for full coverage of the target region, and now the
target region is covered by 7 beams with different radius.

In step 5 and 6, the resources are reallocated to each MES and the system capacity
is calculated after the beam coverage dynamic adjustment.

In step 7, the system capacity after beam coverage dynamic adjustment is compared
with that of the last iteration, and performance an iterative search for the optimal
solution until the constraint condition

P
i;j
Cij

0 [
P
i;j
Cij is not satisfied.
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4 Simulation Results

4.1 Antenna Radiation Pattern

According to [10], the antenna radiation pattern of LEO satellite which is used to
express antenna gain in different direction is as follows:

GðwÞ ¼ Gm � 3ðw=wbÞa dBi for 0\w� awb

GðwÞ ¼ Gm þ LN þ 20 logðzÞ dBi for awb\w� 0:5bwb

GðwÞ ¼ Gm þ LN dBi for 0:5bwb\w� bwb

GðwÞ ¼ X � 25 logðwÞ dBi for bwb\w� Y

GðwÞ ¼ LF dBi for Y\w� 90�

GðwÞ ¼ LB dBi for 90�\w� 180�

ð5Þ

Where:
X ¼ Gm þ LN þ 25 logðbwbÞ and Y ¼ bwb10

0:04ðGm þLN�LFÞ;

Fig. 2. Algorithm flowchart
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GðwÞ is the gain at the angle w from the main beam direction,
Gm is the maximum gain in the main lobe,
wb is the one-half the 3 dB beamwidth in the plane of interest (3 dB below Gm),
LN is the near-in-side-lobe level relative to the peak gain required by the system

design,
LF is the far-out side-lobe level, LF ¼ 0 dBi,
LB is the back-lobe level,
z is (major axis/minor axis) for the radiated beam.

The numeric values of a, b, and a for LN = –15 dB, –20 dB, –25 dB, and –30 dB
side-lobe levels are given in Table 1.

4.2 System Parameters

In the simulation, we assume that the GEO satellite has 7 beams, including 1 center
beam and 6 peripheral beams, and the center beam is heavy-loaded while the peripheral
beams are light-loaded. In order to compare the performance of our proposed algorithm
to other algorithms, we set satellite transmit power and spectrum utilization efficiency
as the x-axis. We set the transmit power PT from 10 w to 100 w and the spectrum
utilization q from 5 bps/Hz to 15 bps/Hz according to LEO system. More detailed
parameters are illustrated in Table 2.

Table 1. Parameters for antenna radiation pattern

LN ðdBÞ a b a

�15 2:58
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 0:4 logðzÞp

6:32 1:5

�20 2:58
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 1:0 logðzÞp

6:32 1:5

�25 2:58
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 0:6 logðzÞp

6:32 1:5

�30 2:58
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 0:4 logðzÞp

6:32 1:5

Table 2. Parameters setting

Para. Value Description

H 1000 km The height of LEO satellite
D 400 km The initial radius of beams
CH total 100 The total number of channels
Gm 41.6 dBi The maximum gain of the satellite antenna
f 2185 MHz The downlink transmission carrier frequency band
N 30 The number of MESs
T 290 K The noise temperature
LN –25 The parameters of the satellite transmit antenna
a 2:58

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 0:6 logðzÞp

b 6.32
a 1.5
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4.3 Simulation Results

The proposed scheme is compared with the conventional resources allocation scheme
and the Beam Coverage Static Adjustment (BCSA) scheme [11]. In the conventional
resources allocation scheme, the satellite resources are allocated to each beam with
equal amount, and the resources of one beam are allocated to the MESs within this
beam with equal amount, without considering the non-uniform distribution of MESs
and the load imbalancing among beams. In BCSA, the beam coverage is adjusted
considering the distribution of traffic, however, the beam coverage mode is switched
between two fixed coverage modes: 1. equal beam size coverage; 2. the radius of the
center beam is reduced to 0:62D and the radius of the peripheral beams is increased to
1:18D for full coverage of the target region.

Figures 3 and 4 show the ground coverage topology before and after the beam
coverage dynamic adjustment scheme. The solid circles represent the satellite beam and
the dotted circle represents the target coverage region. The radius of the center beam is
reduced and the radius of the peripheral beams is increased. The load balancing per-
formance of the system is improved visually in the comparison of these two figures.
Meanwhile, we can intuitively see that more users are close to their service beam
center, which can improve the system capacity in the previous analysis, and the
numerical demonstration will be shown and discussion later.

Figure 5 shows the relationship between the system capacity and the satellite
transmit power of the three algorithms. According to the function (1), the system
capacity of each scheme is becoming lager as the transmit power becomes larger. The
conventional resources allocation scheme has the worst performance in terms of the
system capacity. The BCSA scheme is better than conventional resources allocation
scheme due to the consideration of traffic demand, but it still worse than the proposed

Fig. 3. The ground coverage topology before BCDA scheme
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BCDA algorithm since the lack of dynamic adjustment of the beam coverage.
In BCDA scheme, the non-uniform distribution of MESs is considered in terms of the
resources allocation, and the beam coverage is dynamically adjusted along with
resources reallocation according to the traffic demand, then utilize the iterative search
algorithm to obtain the optimal solution. This scheme increase the system capacity
effectively.

Figure 6 shows the relationship between the maximum transmission time and the
spectrum efficiency of the three algorithms. The system maximum transmission time

Fig. 4. The ground coverage topology after BCDA scheme

Fig. 5. The relationship between the system capacity and the satellite transmit power

296 B. Wenqian et al.



can be used as a measurement for the load balancing performance of the system, the
shorter the maximum transmission time is, the better the load balancing performance
will be. The transmission time can be represented as

tij ¼ Tij
Bijq

ð6Þ

where tij is the transmission time of MESij. From Fig. 6, the maximum transmission
time of each scheme is becoming shorter as the spectrum utilization becomes larger,
which is consistent with the function (6). The BCDA scheme improves the load bal-
ancing performance of the system comparing to the conventional resources allocation
scheme and the BCSA scheme.

5 Conclusion

To achieve maximum system capacity and improve the load balancing performance of
the multi-beam satellite communication system, a beam coverage dynamic adjustment
scheme (BCDA) based on maximizing system capacity is proposed in this work. The
proposed algorithm consider the non-uniform distribution of MESs, and the beam
coverage is dynamically adjusted along with resources reallocation according to the
traffic demand, then utilize the iterative search algorithm to obtain the optimal solution.
Theoretical analysis and simulation results indicate the proposed scheme has significant
advantages over the conventional resources allocation scheme and the beam coverage
static adjustment (BCSA) scheme.

Acknowledgement. This work was supported by the National Natural Science Foundation of
China (No. 91438114).

Fig. 6. The relationship between the maximum transmission time and the spectrum efficiency
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Abstract. Row-column (RC) constraint structure plays an important role in the
design of LDPC codes. In this paper, we study the construction of quasi-cyclic
(QC) LDPC codes based on RC-constrained matrices. We first analyze the
relation between the cycles and the exponent matrix of a QC LDPC code, and
present a method to design the exponent matrices for a given degree distribution
and an expansion factor k. By dispersing every element of the exponent matrix
into circulant permutation matrix (CPM) or zero matrix (ZM) of size k � k, a
QC LDPC code is obtained. Numerical simulation results show that our con-
structed QC LDPC codes have fast convergence of iterative decoding and good
performance over the AWGN channel.

Keywords: LDPC code � Quasi-cyclic � Row-column (RC) constraint
Girth � Dispersion

1 Introduction

Low-density parity-check (LDPC) codes, invented by Gallager in 1962 [1], are a class
of error-correction codes which can approach Shannon capacity limits. Recently,
numerical results show that LDPC codes constructed from partial geometries do not
have error floor over the additive white Gaussian noise (AWGN) channel at the bit
error rate (BER) down to 10−15 [2]. This makes LDPC codes much attractive for
applications requiring very low error floor, such as data storage systems, optical
communications, and space communications. In particular, for both near-earth and
deep-space communications, LDPC codes had been accepted as the standard codes of
Consultative Committee for Space Data Systems (CCSDS) [3].

As a special type of LDPC codes, quasi-cyclic (QC) LDPC codes [4] have the
following advantages: (1) their encoder and decoder can be easily implemented in
hardware by using the linear shift register [5–7]; (2) they have a fast rate of iterative
decoding convergence [8]; (3) they have good performance in the waterfall and
error-floor regions [9]. Construction of QC LDPC codes has two important ingredients
including exponent matrices and matrix-dispersion. Actually, matrix-dispersion is an
expansion process, i.e., replacing every element of an exponent matrix with a circulant
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permutation matrix (CPM) or a zero matrix (ZM) of size k � k. Note that k is usually
called expansion factor (or lifting degree) [10]. In general, QC LDPC codes are mainly
constructed based on graph theory and algebraic or combinatorial tools, such as pro-
tograph [11], balanced incomplete block design (BIBD) [12], group divisible design
(GDD) [13], finite geometry [14], and finite field [15]. But the expansion factor is not
flexible in these construction methods. Moreover, in [16], Bocharova et al. found that
QC LDPC codes with large-size exponent matrices would have better performance
under iterative decoding.

Short cycles, especially cycles of length 4, will degrade the performance of an
LDPC code when decoded with the iterative algorithm based on belief propagation
[17]. A constraint imposed on the parity-check matrix of the LDPC code can effectively
avoid the cycles of length 4 in the Tanner graph [18]. This is the well-known
row-column (RC) constraint: no two columns (or two rows) have more than one
nonzero element in the same position. If a matrix or an array of CPMs and/or ZMs
satisfies the RC-constraint, we say this matrix or this array is RC-constrained. It is
ensured that the RC-constrained matrix or array of CPMs and/or ZMs results in LDPC
codes with girth at least 6.

In this paper, we construct a class of QC LDPC codes with large-size exponent
matrices based on the RC-constrained matrices. We first analyze the cycle structure of
QC LDPC codes and then propose an algorithm to design the exponent matrix for a
given degree distribution and expansion factor k. By dispersing each element of the
exponent matrix into a CPM or ZM of size k � k, a QC LDPC code is obtained.
Numerical results show that our proposed codes perform well over the AWGN channel.

2 QC LDPC Codes and Cycles in Their Tanner Graphs

A QC LDPC code is defined by the null space of the following J � L array H of CPMs
and/or ZMs:

H ¼

I p1;1
� �

I p1;2
� � � � � I p1;L

� �

I p2;1
� �

I p2;2
� � � � � I p2;L

� �

..

. ..
. . .

. ..
.

I pJ;1
� �

I pJ;2
� � � � � I pJ;L

� �

2
6664

3
7775;

where, for 1 � i � J, 1 � j � L, pi,j 2 {{−1}[ Zk}, and for pi,j 2 Zk, I(pi,j) is a
CPM of size k � k obtained by shifting pi,j positions of each row of the identity matrix
I of size k � k to the right, and I(−1) stands for a k � k ZM. We can see that the
positions of nonzero elements in H are exactly determined by the following matrix:

P ¼
p1;1 p1;2 � � � p1;L
p2;1 p2;2 � � � p2;L
..
. ..

. . .
. ..

.

pJ;1 pJ;2 � � � pJ;L

2
6664

3
7775:
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This matrix P is called exponent matrix. It can be observed that there is a
one-to-one correspondence between H and P. If H has constant column weight c and
row weight q, then the resulting QC LDPC code is (c,q)-regular; otherwise, it is
irregular.

Consider a QC LDPC code C defined by the null space of H, and use g and P to
denote its girth and exponent matrix, respectively. The cycles in the Tanner graph of
C can be represented by the ordered series of CPMs [4]. Without loss of generality, a
cycle of length 2i, denoted by 2i-cycle, corresponds to the following ordered
CPMs in H:

I pj1;l1
� �

; I pj2;l1
� �

; I pj2;l2
� �

; I pj3;l2
� �

; I pj3;l3
� �

; . . .;

I pji�1;li�1

� �
; I pji;li�1

� �
; I pji;li
� �

; I pj1;li
� �

; I pj1;l1
� �

;

where jiþ 1 ¼ j1; liþ 1 ¼ l1; jm 6¼ jmþ 1; lm 6¼ lmþ 1; 1� jm � J and 1� lm � L for
1�m� i: According to Eq. (2) in [19], the necessary and sufficient condition for the
existence of such a 2i-cycle is

Xi

m¼1

pjm;lm � pjmþ 1;lm

� � ¼ 0 mod kð Þ; ð1Þ

where g� 2i� 2g� 2: It can be proved that Eq. (1) is only the necessary condition for
the existence of a 2i-cycle when 2i� 2g: Hence, Eq. (4) in [4] and Eq. (3) in [20] are
only suitable for the cycle with length smaller than 2g. Notice that the above pj;l takes
values in the set Zk for 1� j� J; 1� l� L: If one of pj;l in Eq. (1) is equal to −1, the
corresponding cycles will not exist. In other words, the numbers of cycles in a
QC LDPC code are associated with the values of pj;l in its exponent matrix P. There-
fore, from the perspective of cycle distribution, the construction of QC LDPC codes is
equivalent to the design of the exponent matrix P. Generally, the exponent matrix P can
be obtained by the following two parts: (1) the position selection of the elements which
do not belong to Zk, i.e., the position selection of −1’s; (2) the optimization of the
elements which are not equal to −1. In fact, the first part can be viewed as the design of
the masking matrix [21]. In order to avoid the 4-cycles in the constructed QC LDPC
codes, we employ the RC-constrained matrices as the masking matrices in this paper.

3 Construction of QC LDPC Codes from RC-Constrained
Matrices

In this section, we construct QC LDPC codes based on RC-constrained matrices for a
given degree distribution and expansion factor. Notice that RC-constrained matrices
can be obtained on the basis of algebraic or combinatorial tools, such as finite fields and
finite geometries. It is well-known that the progressive-edge-growth (PEG) algorithm
[22] is a greedy algorithm to construct a Tanner graph with large girth. Hence, we
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employ the PEG algorithm to construct the RC-constrained matrices. Therefore, to
design an exponent matrix P, we only need to optimize the elements in P which are not
equal to −1.

Based on Eq. (1), we can see that if the Eq. (1) is not satisfied, the corresponding
2i-cycles will not exist for g� 2i� 2g� 2: Hence, we can optimize the elements in the
exponent matrix P which do not equal -1 by checking if Eq. (1) is satisfied. By jointly
optimizing the girth values and the number of the shortest cycles in the constructed
QC LDPC codes, the following algorithm, i.e., Algorithm 1, is proposed. In Algorithm
1, M is the RC-constrained matrix constructed from the PEG algorithm. Notice that
M is a matrix of size J � L and its elements take values in {0, 1}.

Algorithm 1. Element optimization of the exponent matrix P

Input: RC-constrained matrix M, expansion factor k
Step 1: Replace 0 and 1 in M with -1 and 0, respectively, 

and obtain a new matrix B;

Step 2: Optimize the elements of B which are not equal to 

-1 one by one; (Optimization rule: enlarge the girth 

value and reduce the number of shortest cycles)

Step 3: Denote the resulting matrix in the above step as the 

exponent matrix P;

Output: Exponent matrix P

For a given degree distribution and an arbitrary expansion factor k, we can easily
obtain an exponent matrix P based on the PEG algorithm and Algorithm 1. By dis-
persing the elements in P into the corresponding CPMs or ZMs of size k � k, the
required QC LDPC codes are constructed.

4 Simulation Results

To show the effectiveness of Algorithm 1 and the good performance of the proposed
QC LDPC codes, the following example is given.

Example 1. Consider a (4,31)-regular QC LDPC code with code length 9920 and
expansion factor 64. We can see that the size of the exponent matrix of this code is
20 � 155. It is easy to construct a RC-constrained matrixM of size 20 � 155 based on
the PEG algorithm. Notice that the cycle distribution of the Tanner graph of M is
0x4 + 121788x6 + 7377873x8 +…. By employing Algorithm 1, we can obtain the
designed exponent matrix P. Finally, we disperse the elements of P into CPMs/ZMs of
size 64 � 64 and a matrix H of size 1280 � 9920 is constructed. Notice that the rank
of H is 1279 and the cycle distribution of the Tanner graph of H is 0x4 + 101824x6 +
8316704x8 +…. The null space of H gives a (9920,8641) QC LDPC code with rate
0.871. The performance of this code over the AWGN channel decoded with the
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sum–product algorithm (SPA) (10 and 50 iterations) is shown in Fig. 1. At a bit error
rate (BER) of 10−8, the proposed code performs about 1 dB from the Shannon limit
when decoded with the SPA (50 iterations). Furthermore, this code has fast decoding
convergence, since the performance gap between 10 iterations and 50 iterations is less
than 0.3 dB at the BER of 2 � 10−7. As shown in Fig. 2, to verify the good perfor-
mance of our proposed QC LDPC code, we also plot the performance curves of two
comparable LDPC codes, i.e., (4,32)-regular (8160,7159) QC LDPC code in [22] and
(4,31)-regular (9920,8641) LDPC code constructed based on the PEG algorithm [23].
We assume that transmission is over the AWGN channel with BPSK modulation and
the decoding algorithm is the SPA with 50 iterations. We can see from Fig. 2 that at the
BER of 10−8, our proposed (9920,8641) QC LDPC code outperforms the (8160,7159)
QC LDPC code in [22] by about 0.1 dB, but our code is 1760 bits longer than the
(8160,7159) QC LDPC code. Furthermore, our proposed (9920,8641) QC LDPC code
achieves a coding gain of 0.03 dB over the (9920,8641) PEG-LDPC code at the BER
of 10−7.

In order to find the error floor of the proposed (9920,8641) QC LDPC code, we
employ the hard reliability-based iterative majority-logic decoding (HRBI-MLGD)
algorithm in [24] to decode the received codewords. Since this decoding algorithm is a
low-complexity decoding algorithm, we can easily obtain the performance of the
proposed (9920,8641) QC LDPC code at the BER of about 10−10 by using C++ on a
PC with 3.3 GHz CPU and 8 GB RAM. Figure 3 shows the error performance of the
proposed (9920,8641) QC LDPC code decoded with the HRBI-MLGD algorithm (50
iterations) over the BPSK modulated AWGN channel. It can be observed that the
proposed (9920,8641) QC LDPC code has no visible error floor down to BER*10−12.
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Fig. 1. The error performances of the proposed (9920,8641) QC LDPC code given in Example 1.
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5 Conclusion and Future Work

In this paper, we analyzed the cycle structure of QC LDPC codes and presented a
method to construct the exponent matrices of QC LDPC codes based on
RC-constrained matrices for a given degree distribution and an expansion factor
k. Notice that the expansion factor can be an arbitrary positive integer. By dispersing all
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Fig. 2. The error performances of the proposed (9920,8641) QC LDPC code, (8160,7159)
QC LDPC code in [22], and the (9920,8640) PEG-LDPC code [23] when decoded with the SPA
(50 iterations). Transmission over the BPSK modulated AWGN channel is assumed.
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Fig. 3. The error performance of the proposed (9920,8641) QC LDPC code when decoded with
the hard reliability-based iterative majority-logic decoding algorithm (50 iterations) in [24].
Transmission over the BPSK modulated AWGN channel is assumed.
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elements of the resulting exponent into circulant permutation matrices or zero matrices
of size k � k, a QC LDPC code is constructed. Experimental results show that the
constructed QC LDPC codes perform well over the AWGN channel and converge fast
under iterative decoding. Moreover, there is no visible error floor observed down to
BER*10−12.

Girth and cycles in the Tanner graph affect the error performance of QC LDPC
codes decoded with the iterative algorithms. For a QC LDPC code with a given degree
distribution and an expansion factor, girth and cycles are determined by its exponent
matrix. Hence, in the future, we focus on the optimization of the elements in the
exponent matrices of QC LDPC codes which have the better performance under iter-
ative decoding.
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Abstract. The current deep space communication is still based on traditional
radio communication. However, features like long distance, weak signal, large
unstable delay and high volume data make it increasingly difficult for traditional
ways to meet the requirements of deep space communication. In order to
improve the efficiency and speed of communication system, reduce the com-
munication cost of aircrafts, accelerate the practical process of deep space
optical quantum communication network, an optical quantum communication
system based on the all-optical OFDM model is proposed. Meanwhile, based on
the expansion in the Fock space, a well-performing algorithm of positive
operator valued measurement called least square root quantum detection is
presented, aiming at the non-orthogonality of the sending quantum symbol set.
Also, several simulations of the system performance and possible influential
factors are carried out. The results show that the proposed optical quantum
OFDM system has a better performance with the usage of least square root
quantum detection. In addition, some influential factors are analyzed and pos-
sible solutions are proposed.

Keywords: Deep space communication � Optical quantum communication
OFDM � POVM

1 Introduction

In the exploration of deep space, it is the communication system that undertakes mis-
sions such as transmitting telemetry information, tracking navigation and scientific data
transmission, which makes it the magnitude guarantee of the whole deep space explo-
ration mission. Deep space communication generally refers to the communication
between different types of aircrafts away from earth orbit or between aircrafts and
ground control center [1]. Unlike traditional ground communication and near-earth
satellite communication, deep space communication distinguishes itself with charac-
teristics such as long distance, weak signal, large and unstable time delay and huge data
quantity [2]. Although traditional optical communication has advantages like large
information capacity, small equipment size and low energy consumption, it still
encountered difficulties in security, weak signal detection and unstable time delay [3].
Quantum communication, which combines quantum mechanics and communication
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technology, is an important branch of quantum information. Based on principles of
quantum mechanics, through analyzing and applying physical characteristics of micro
field to communication technology, quantum communication, with its unparalleled
superiorities over traditional communication, has become one of the research hot points
in communication field [4]. Except for all the advantages of traditional optical com-
munication, quantum communication also has very high security, great anti-interference
performance and so forth. Since IBM proposed the BB84 quantum communication
scheme in 1984 [5], quantum communication has made a great progress with its unique
superiorities. There has been plenty of ground-based quantum communication network
systems built in different regions of Europe, the United States and Japan [6, 7].
Meanwhile, China is also leading the way in developing quantum communication
technology: the world first quantum communication satellite was launched delivered
successfully in 2016; the long distance quantum communication backbone network,
which linked Beijing and Shanghai, ran through this year [9]. Ground-based quantum
communication has entered the period of large scale commercial application currently.
Furthermore, due to a series of unique characteristics of photon such as extremely low
loss in outer space, weak de-coherence effect and multiple optical windows, quantum
communication is promising to replace wireless communication and traditional optical
communication as the best way for deep space communication [10].

Considering that in deep space exploration mission, aircrafts need to transmit
scientific data including images, audio and video. Therefore, high data rate is required
in deep space communication systems. It will bring improvements on communication
rate and channel capacity to a large extent, if we are able to transmit multiple optical
signals with different wavelengths in multiple channels, also known as Wavelength
Division Multiplexing (WDM). Hence quantum channel multiplexing is the inevitable
choice for future deep space quantum communication and practical quantum infor-
mation network.

Orthogonal Frequency Division Multiplexing (OFDM), with its high frequency
utilization rate, well bandwidth expandability and mature achievement scheme, has
become one of the most promising scheme among all the classical multiplexing
technologies. OFDM has a rather high fitness for optical pulses with different wave-
lengths and independent frequencies. Currently, research teams from HUST and
UESTC had achieved 8–40 Gbits [11] and 8–112 Gbits [12] classical all-optical
OFDM transmission systems over optical fiber.

In most cases, quantum states in all-optical OFDM system are non-orthogonal,
which makes the Positive Operator Valued Measure (POVM) necessary [14]. Based on
different criteria, there are several POVM operator formation algorithms such as the
Best Bayes Detection and the Photon Counting Detection. In this paper, we adopt the
algorithm called Square Root Measurement (SRM) to form POVM operators based on
signal states for detection. This algorithm matches the requirement for deep space
aircrafts to reducing processing cost due to its low complexity. Meanwhile, the
advantage of low optical power makes this algorithm suitable for long and weak deep
space communication signals.

We studied the characteristics of deep space environment, all-optical OFDM
communication system based on Mach-Zehnder Interferometer (MZI) and SRM
algorithm for quantum phase signal. In Sect. 2, the procedure and realization of
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all-optical OFDM system are introduced. In Sect. 3, the POVM detection and the SRM
algorithm are illustrated. In Sect. 4, the performance of this quantum OFDM system
based on POVM detection is studied based on simulation results. Also, through the
comparison with traditional detection, factors which could affect the system perfor-
mance are analyzed.

2 The Quantum OFDM System Based on MZI

The main idea of OFDM is to divide the channel into several sub-channels in frequency
domain and then modulate all the subcarriers separately for parallel transmission.
The OFDM system based on MZI, which is achievable in optical domain completely,
meets the demands of quantum communication.

At the transmitter, in order to ensure the frequency interval between subcarriers,
Optical Comb Generator (OCG) generates eight optical subcarriers, which have same
frequency interval and are orthogonal in frequency domain. Then through the usage of
MZI, these orthogonal optical subcarriers are modulated by quantum phase signals. As
shown in Fig. 1, an optical pulse with a duration of T (T ¼ 1=Df , where Df is sub-
carrier interval) is sent into a MZI with pre-established phase difference to generate two
non-overlapped pulses, denoted by r and s. These two successive optical pulses have
the same duration as the original pulse, while each only has half intensity. Their phase
difference U represents the classical information, as depicted in Fig. 1.

After the modulation of subcarriers, n-path optical signals form a single path
through optical coupler, generating the OFDM symbols that carries quantum infor-
mation. And all these OFDM symbols will be transmitted in deep space environment
(Fig. 2).

Fig. 1. Quantum phase modulator

Fig. 2. All-optical quantum OFDM system transmitter
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At the receiver, all the received optical quantum OFDM signals will be demodu-
lated after through a series of MZDIs. Each MZDI consists of two couplers, a phase
shifter and a delay line. The time delay and differential phase are denoted as s; hð Þ
while the central frequency is denoted as f . Thus the transmission function is given by:

Tðf ; s; hÞ ¼ 1
2

1 j
j 1

� �
e�j2pf s 0

0 1

� �
ejh 0
0 1

� �
1 j
j 1

� �
ð1Þ

Once the OFDM signals enter the receiver, they will be delayed and shifted by
MZDIs of each level. After the time delay of MZDI of three levels, quantum OFDM
signals will be divided into eight paths respectively, as shown in Fig. 3.

Once the r and s pulses are obtained from each optical subcarrier, they will be sent
into pre-established MZI. Through the function of detective gate, it is feasible to get the
intermediate optical pulse which carries the phase difference U. With the help of
appropriate measurement, classical information can be extracted from quantum signal,
as depicted in Fig. 4.

Fig. 3. All-optical quantum OFDM system receiver

Fig. 4. Quantum phase demodulator

310 X. Zhao et al.



The phase of original optical pulse is arbitrary since the information is carried by
relative phase of two optical pulses. Meanwhile, during the transmission, any possible
phase interferences would affect both pulses simultaneously, rather than their phase
difference. Hence the whole system is particularly resistant to phase noise.

3 Quantum POVM Detection and SRM Measurement

3.1 Quantum Coherent State

There are several commonly used forms of quantum state, including squeezed state,
Gaussian state, coherent state, etc. Coherent state is adopted in this paper. Coherent
state refers to the quantum optic field which is completely coherent. In optical domain,
supported by microscopic particle system and driven by classical source, electromag-
netic field generates coherent states optical field through quantum resonance effect.
Therefore, laser is coherent state. Coherent state set is capable of constructing a
non-orthogonal and over-complete representation since coherent state is the eigenstate
of non-Hermitian operator [15]. In the optical quantum OFDM system, when mapping
classical information to quantum state, the resulting quantum states are normally
non-orthogonal, namely:

aejk
p
4
�� aejmp

4
� � 6¼ 0; k ¼ 1; 3; 5; 7;m ¼ 1; 3; 5; 7 ð2Þ

The photon-number representational form of coherent state is given by [16]:

aj i¼e�
1
2 aj j2 X1

n¼0

anffiffiffiffiffiffiffiffi
n!ð Þp nj i ð3Þ

where aj j denotes its amplitude, nj i denotes photon-number state and nh i ¼
ah jaya aj i ¼ aj j2 denotes the average photon number. Moreover, aj j2 also represents
average optical power. It should be noted that quantum states are transmitted during
quantum communication compared with traditional optical communication and quan-
tum effect won’t manifest itself unless the photon number is at a low level. Fortunately,
this feature just suits the deep space environment in which the received signals are
normally very weak.

3.2 Quantum POVM Measurement

In order to obtain classical information from received quantum states, an appropriate
measurement operator set Mmf g is necessary. It should be note that this measurement
operator set Mmf g must satisfy completeness equation:

X
m

My
mMm ¼ I ð4Þ
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where m denotes the possible measurement result. These operators act on the system
state space. If the state of quantum system before measurement is uj i, then the
probability of getting the result as m is given by:

pðmÞ ¼ uh jMy
mMm uj i ð5Þ

System state after measurement is given by:

Mm uj iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uh jMy

mMm uj i
q ð6Þ

Obviously, completeness equation is equivalent to a one sum for all the possible
results. Hence, the above measurement is called general measurement.

Positive operator valued measure is an extension of von Neumann orthogonal
projective measurement from closed system to open system, also an extension from
complete measurement system to incomplete measurement system [17]. During the
practical quantum communication, we care about measurement results instead of the
system state after measurement. Hence, based on general measurement, we define

Em ¼ My
mMm. It is easy to infer that Em is a positive operator, which satisfies

P
m
Em ¼ I

and pðmÞ ¼ uh jMm uj i. Such operator Em is called POVM operator and the operator set
Emf g is called a POVM measurement. Based on different criteria, there are different

POVM operators designed for different POVM measurement methods.

3.3 SRM Measurement

It is unable to completely determine transmitted quantum states via complete orthog-
onal measurement methods such as Von Neumann measurement because quantum
states of OFDM system are normally non-orthogonal. Therefore, it is necessary to find
a measurement basis to minimize error probability of measuring non-orthogonal states,
namely, minimize Bayes cost [18]. Quantum square root measurement, the best mea-
surement under the least square root condition, is a well-performed algorithm among all
the POVM method. Furthermore, it’s also the best method when quantum states in the
system have a certain type of geometric symmetry [19]. The basis of SRM method can
be obtained directly from a given set of quantum states with a really concise procedure.
Expand the transmitted state set under the n-dimensional photon-number state repre-
sentation and we get the set uij if g, in which all the vectors uij i are linearly inde-
pendent. Matrix U ¼ ½ u1j i; . . .; unj i�, formed by all the vectors uij i, is obviously
nonsingular. Then, through the singular value decomposition, namely U ¼ U

P
V�,

the relationship between measurement matrix M and U can be written as:

M ¼ UV� ¼ U U�Uð Þ�1=2¼ UU�ð Þ1=2
� 	y

U ð7Þ
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Extracting the column vectors of matrix M, denoted as lij if g, it is the optimal
measurement set. Meanwhile, the POVM operators are given by:

Y
i
¼ lij i lih j ð8Þ

3.4 Measurement Error Analysis

Unlike classical communication, because of the quantum no-cloning theorem, at the
receive end, it is impossible to duplicate received signals and detect them separately
like classical receivers. However, it is feasible to minimize the detection error proba-
bility through appropriate detective methods. Denote eij i ¼ uij i � lij i as error vector,
then form POVM operators to minimize mean square error:

E ¼ Tr U�Mð Þ U�Mð Þ�ð Þ ¼ Tr U� U�Mð Þ U�Mð Þ�Uð Þ ¼
X
i

ei j eih i ð9Þ

As for the SRM detection method with a symbol set which contains a total number
of K quantum states, under the condition of equal quantum states input probability, the
bit error rate of for detection is given by:

Pe ¼ 1� 1
K

XK
i¼1

/i j lih i ð10Þ

Then, it can be deduced that it needs infinite photon number states overlapping to
represent a coherent state through the analysis of the photon number representational
form of coherent states. Hence, theoretically, it takes infinite dimensional vectors to
represent coherent states. Obviously, this is unacceptable in practical situation. By

carefully observing the coefficient e�
1
2 aj j2 P1

n¼0

anffiffiffiffiffiffi
n!ð Þ

p of photon number state nj i, it is easy
to find that the bigger the amplitude aj j is, the bigger the coherent state’s dimensional
number is, thus the more accurate the representation is. Although with the increase of
accuracy, it is inevitable of computing complexity to increase accordingly. However,
when the coherent state’s dimensional number reaches a certain level, the coefficient is
close to zero, which means that the following increment of dimensional number almost
won’t contribute to accuracy any more. Therefore, it’s reasonable to choose an
appropriate n according to aj j, instead of an infinite number.

Taking a further analysis of the expressions of error vector and detection error, it
can be found that the amplitude aj j of the coherent state may also affect the detection
performance besides of the dimensional number n. Thus, with the increase of the
amplitude of coherent state, it will become easier to distinguish different states. Apart
from the average photon number of the transmitter, this paper also takes a consideration
of the effect upon system performance, which is due to optical power changes caused
by time delay and background optical noise.
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Among all the three pulses at the receiver, it is only necessary to extract the
intermediate one which carries the phase information [22]. During the procedure of
extraction, because of the influence of time delay and quantum channel, it is likely that
the intermediate pulse won’t fall into the extract gate entirely. This may not only affect
the optical power, but also introduce background noise in the blank section [23]. The
power of background noise can be written as following:

Pb ¼ HbXbf ð11Þ

where Hb denotes unit radiance, X denotes the performance coefficient of optical
receiver and bf denotes the range of background noise. Although background noise
won’t affect the coherent states directly, it will mix with optical signals. This may make
the receiver difficult to distinguish noise photons from signal photons, thus affecting
system performance and communication quality indirectly.

4 Simulation Results and Analysis

In order to test the performance of the proposed optical quantum OFDM system, some
relevant simulations were carried out. First of all, based on the SRM detection method,
without the influence of thermal noise, three frequently used quantum phase modula-
tions (Q-BPSK, Q-QPSK, Q-8PSK) were simulated, when the coherent state dimen-
sional number n ¼ 30, optical subcarrier number N ¼ 8. Compared with classical
photon counting detection, the simulation result is as follows (Fig. 5):

Fig. 5. Three types of quantum phase modulations based on SRM method compared with
classical detection
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From the simulation result, SRM detection method has better BER performance
compared with classical photon counting detection method. Meanwhile, with the
increase of average photon number, detection BER keeps reducing, thus it’s easier to
distinguish different quantum states. Besides, with the increase of modulation order, the
discrimination of quantum expansions becomes lower, thus degrading the BER
performance.

Then, another simulation was carried out on the time delay issue mentioned before,
when the average photon number n ¼ 5. The horizontal axis represents the ratio
E sj jð Þ
Tgate between the absolute expectation E sj jð Þ of time misalignment s and the
optical extracting gate width Tgate. The vertical axis represents detection BER, the
simulation result is as follows (Fig. 6):

As the result shown, when the time misalignment is relatively small, the system
BER performance is less affected. However, with the time misalignment ratio
increasing, not only the optical power in the extracting gate is lower, but also more
background noise is introduced, both caused the degradation of detection performance.
Hence, in practical situation, receivers are supposed to adjust the range of extract gate
adaptively based on the first optical pulse, thus increase the accuracy and robustness of
detection. It has been mentioned before that several domestic teams had already

Fig. 6. Quantum measurement affected by optical pulse time misalignment ratio
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realized classical all-optical OFDM systems based on MZI. By changing the modu-
lation carrier into quantum state, these existing practical all-optical systems are still
usable, thus providing the physical feasibility and achievability. Also, more research
and realistic simulation are needed for the reason that transmission medium is vacuum
rather than optical fiber. This is also the further research objective and direction.

5 Conclusions

In this paper, through the analysis of the characteristics of deep space communication
and the all-optical OFDM system based on MZI, combined with quantum phase
modulation, we proposed an optical quantum OFDM system suitable for deep space
exploration. Meanwhile, according to the non-orthogonality of the transmitted quantum
OFDM signal states, we proposed a scheme of expanding quantum states under
photon-number representation and measuring the received states with SRM detection
method. The simulation result shows that it’s performance is better than the classical
quantum detection method. Moreover, another simulation was carried out to show how
the average photon number and optical pulse time misalignment would affect the
system performance. These effects were summarized and some possible optimization
measures were discussed.
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Abstract. The development of anti-stealth technologies become popular
recently, especially the method to tackle the 5th combat aircraft such as F-22
from the US Air Force. Terahertz Radar has become one effective and promising
way to detect stealth unit, and the characteristic of frequency makes it effective
to discover the 5th stealth unit. However, the result is relying on many
uncontrollable influence factors such as climate, temperature, speed, etc. In this
work, we discuss the cooperation strategy to enhance the effect of Terahertz
Radar systems, through the cooperation using space based information net-
works, the terahertz radar and traditional microwave radar could work together
through the high-speed communication link, the speed and the accuracy of the
detection could be improved significantly.

Keywords: Terahertz radar � Radar cooperation
Space based information network � Hybrid cooperation
Heterogeneous network

1 Introduction

Terahertz radar is one of the most promising radar technology [1–3], the radar wave
work between the microwave and infrared band. As a new radar for the United States
F-22 and other stealth aircraft to detect, and thus become a stealth weapon The F-22
stealth aircraft, whether based on the shape of stealth or radar absorbing paint stealth, or
even based on plasma stealth. Terahertz radar can make it appear prototype, which is
currently the majority of conventional radar can not do [4].

In the US military participation in the war in Afghanistan, the US Air Force fighter
use infrared precision guided weapons, in the sand environment hit rate as low as 10%.
When the dust is blown by the wind, even if the pilot to try dangerous low-altitude
bombs, most of the time it is difficult to use infrared guidance way hit the target. If there
is a terahertz radar, the situation is not the same, it can be in the dust and tanks, armored
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vehicles to release the heavy smoke screen to accurately identify the target and guide
the precision guided bomb hit the target [5]. Due to fear of dust, clouds, terahertz-
imaging radar can be used to detect enemy concealed weapons, camouflage ambush of
armed personnel.

Terahertz radar can work around the clock, thereby enhancing the performance of
synthetic aperture radar. Its imaging is more widely used than the currently widely used
C-bandandX-band synthetic aperture radar resolution [6], can improve theaccuracyof the
map for military reconnaissance, surveillance tasks to provide higher quality information.
Terahertz radar penetration characteristics canbeused to detect deep targets on theground,
such as the enemy underground command post [7], is a strategic strike weapon.

However, the development of terahertz radar is limited by the equipment and
electronic components [8–10]. The range and the effect of detection are not satisfied
due to the imperfect condition. Therefore, terahertz cooperation through space based
information networks becomes one possible solution to current status of anti-stealth
radar [11]. In this work, we summarize the advantages and shortages of heterogeneous
terahertz cooperation by using the terahertz radar and traditional microwave radar in
heterogeneous networks. The rest of the paper is organized as follows. In part 2, we
propose the system model, in part 3, we describe the advantages and shortages of the
cooperation, in part 4, we present the simulation based on system level simulation
platform. Conclusion and acknowledgement are listed at the end of the work.

2 System Model

As we all know, the radar mainly by receiving the target reflection signal to find the
target. If the target surface can make the radar wave is absorbed or scattered, can
greatly reduce the probability of discovery, to achieve the purpose of stealth. Therefore,
the commonly mentioned stealth technology is mainly by the shape [12], absorbing
coating, the formation of plasma cloud absorption or change the direction of the radar
wave to achieve stealth.

After the application of stealth technology, the conventional narrow-band micro-
wave radar in the detection of radar cross-section of small stealth weapons often appear
“powerless.” Therefore, for a long time [13], people are talking about “hidden” dis-
coloration. Nevertheless, the current stealth technology is impeccable; they can only be
a very specific band to play a role, beyond this specific range will be powerless.

On the one hand, the wavelength of terahertz radar is very short, about 30 um–

3 mm range [14], much smaller than the wavelength of microwave and millimeter
waves, which can be used to detect smaller targets and more accurate positioning. It
also contains the rich frequency, has a very wide bandwidth, can be thousands of kinds
of frequencies [15] to launch nanosecond and even picosecond pulse, much more than
the scope of the existing stealth technology. The United States is the first country to
introduce the concept of terahertz radar, and has carried out 0.2 THz, 1.56 THz, 0.6
THz [16] and other high-resolution radar experiments to verify the feasibility of ter-
ahertz radar, Terahertz radar as a future high-precision, anti-stealth radar one of the
direction of development in the military will have a broad application prospects.
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In Fig. 1, we present the system model of terahertz radar through space based
information networks [17]. To enhance the detection, the traditional radar and terahertz
radar could be deployed in heterogeneous way, that means, the terahertz radar could be
installed on the ground [18], in the plane (Airborne Warning And Control System) or in
the space (satellite based radar). To reduce the influence of the shortage, traditional
microwave radar is also deployed and could cooperate with the terahertz radar. The
cooperation could obtain gain from both heterogeneous and space (degree of freedom
[19]). First, the gain from heterogeneous deployment is obtained through different
types of radars, that means the gain from terahertz radar and traditional microwave
radar will be retrieved [20]. Then the gain from geographical distributed deployment.
The cooperative link such as microwave, visible light communication, laser commu-
nication, etc. could provide high-speed transmission link without suffering from severe
interference of the counterwork environment.

3 Analysis of the Terahertz Radar Cooperation Through
Space Based Information Networks

Integration of heaven and earth network to satellite network as the backbone, by the
deep space network, adjacent space network, ground network together. The satellite
backbone network is generally referred to as the space-based network, including the

Fig. 1. Terahertz radar cooperation through space based information networks
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various levels of the implementation of different tasks of the satellite, deep space
network, including space shuttle, Mars detectors and other nodes. Adjacent space
network known as space-based network, including aircraft, hot air balloon Airships,
helicopters, unmanned aerial vehicles and other low-altitude aircraft. Ground network,
including ships, submarines, trains, cars, tanks, mobile phones and other ground nodes.
This heterogeneous network system breaks the barriers to data sharing among inde-
pendent network systems and can effectively integrate resources (including rail
resources, load resources, communications resources, etc.). Not only for combat of the
reconnaissance, navigation, combat command and other services, but also for the sea -
land - air communication, marine weather forecasting, navigation, emergency rescue,
etc. to provide a full range of support.

To make the discussion clear, we will compute the cooperative gain using the
following mathematical model. We take the cooperation between two terahertz radar
(traditional radar included as default) system as an example:

The receiving vector can be described as follows:

rðk; lÞ ¼ Hðk; lÞUsðk; lÞþ nðk; lÞ ð1Þ

where k is the index of transmit symbol in resource blocks and l is the index of
symbols. Considering M transmit antennas and N receive antennas, H is the N �M
channel matrix that represents the channel coefficient between the cooperation nodes, U
is the M � 1 precoding matrix and n is the N � 1 vector that represent the Additive
White Gaussian Noise.

Received signal of target radar is:

rðk; lÞ ¼ ðH0ðk; lÞH1ðk; lÞÞ U0

U1

� �
sðk; lÞþ nðk; lÞ ð2Þ

After the MMSE detector, the central unit could predict the received signal as:

brðk; lÞ ¼ Wðk; lÞ � ðH0ðk; lÞH1ðk; lÞÞ U0

U1

� �
� sðk; lÞþWðk; lÞ � nðk; lÞ

ð3Þ

The MMSE detector Wðk; lÞ is calculated using the equation below:

Wðk; lÞ ¼ U0

U1

 !H

ðH0ðk; lÞH1ðk; lÞÞHðk; lÞ

�
ðH0ðk; lÞH1ðk; lÞÞðk; lÞ

U0

U1

 !
U0

U1

 !H

ðH0ðk; lÞH1ðk; lÞÞHðk; lÞ
þ Rn

r2

8>>>>>><
>>>>>>:

9>>>>>>=
>>>>>>;

�1

ð4Þ
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The Signal to Interface plus Noise Ratio (SINR) of the received cooperative signal
is listed below:

SINRðk; lÞ ¼
r2jWðk; lÞðH0ðk; lÞH1ðk; lÞÞ U0

U1

� �
j2

Wðk; lÞRnWHðk; lÞ ð5Þ

Expanded to multi-radar cooperation scenario, radars of different types are trans-
mitting required information to each other and enhance the detection, so the received
signal can be described as:

briðk; lÞ ¼ Wi;0;1ðk; lÞ
� ½ðHi;0ðk; lÞ Hi;1ðk; lÞ Þ � U0;0

U0;1

� �
� s0ðk; lÞ

þ ðHi;0ðk; lÞ Hi;1ðk; lÞ Þ � U1;0

U1;1

� �
� s1ðk; lÞþ nðk; lÞ�

ð6Þ

4 Simulation and Analysis

In this part, we simulate the effect of cooperation in terahertz radar systems using the
system level simulation platform. To make the simulation simple and clear, we use the
Rayleigh fading channel as channel model, the typical scenario is the free space
transmission. We have established three-terahertz radar and three microwave radar as
typical cooperative nodes.

In Fig. 2, we present the comparison of different deployment strategy using the
system level simulation. We compare three indicators to represent the system
performance.

Note that all the values are normalized, the reference value are terahertz method.
Target Identify Rate means the rate to successfully detection of the target, target SINR
means the recovered SINR using the cooperative link, and the detection range means the
maximum range to detect required target. The deployment strategies are the combination
of traditional radar and terahertz radar in different positions, where space and heteroge-
neous gain are obtained through different combinations. The space-ground deployment
means the deployment of single type of radar (microwave or terahertz) are distributed
located on the ground and in the air (using plane or low orbit satellite), and heterogeneous
space-ground deployment means the traditional radar and terahertz radar are deployed
together. By analyzing the data in this figure, we have the following conclusions:

1. The detection rage of terahertz radar is the smallest, for the limitation of the
bandwidth, by using the hybrid heterogeneous cooperation; the detection rage could
be significantly increased;

2. The terahertz radar could enhance the detection rate of the radar, for the spectrum
characteristic to detect stealth target, so traditional radar may become weak when
working alone;

3. The target SINR of the cooperation will be increased through the cooperation by
adopting the fusion gain.
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5 Conclusion and Future Work

In this paper, we discussed the terahertz radar cooperation in space based information
networks. From theoretical point of view, the cooperation is very important to status of
the terahertz radar, for the limitation of the electronic component and the technological
process. Based on the status, we discuss the advantages and shortages of the terahertz
radar cooperation, through cooperation and heterogeneous fusion, the performance of
both range and SINR of the terahertz radar are improved up to 37%, which is a
significant improvement using this method. However, we do not consider the complex
environment, e.g. the channel model, delay, and we will discuss this in the future.
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Abstract. Recently more and more observation sensors carried by different
platforms make people be able to obtain massive multi-source data, this kind of
explosive increase of information extraction brings great challenge. However,
remote sensing image interpretation depends on the knowledge from experience
of the experts, there are also few available knowledge graphs for the intelligent
interpretation of multi-source remote sensing big data. In this article, we provide
a survey of such knowledge graph and propose the framework to auxiliary
interpreters.

Keywords: Knowledge graph � Remote sensing � Intelligent interpretation
Image fusion

1 Introduction

With the rapid development of remote sensor technologies, human observation of the
earth has risen to the level that has never been reached. The various sensors, different
bands and resolution of the satellite load make the remote sensing data increasingly, the
amount of remote sensing data is also significantly increased. Therefore, the remote
sensing data show “big data” features obviously [1].

In the process of traditional interpreting remote sensing images, it is necessary to
rely on the knowledge and experience of experts he field of remote sensing. At the
same time, a large amount of information can be obtained to support for the inter-
pretation, the workload is large and the efficiency is very low. So the accumulation,
expression and use of expert knowledge, and build a knowledge-based system, aux-
iliary interpreters faster and more effective solution to the interpretation of the work is a
very meaningful work. In addition, many satellites around the world form a large
amount of remote sensing information, how to provide a highly efficient data man-
agement, information extraction, semantic analysis and other technologies and meth-
ods, integrated satellite remote sensing data, ground observation data and simulation
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models and other multi-source, heterogeneous data, become the current urgent prob-
lem. A platform or knowledge organization on the a priori information can support
remote sensing big data expression, information semantic integration, collaborative
management, and ultimately to achieve mass spectrometry data services, semantic
integration and interoperability, sharing platform construction [2].

Knowledge Graph [3, 6] is a network that links different semantic concepts, enti-
ties, and attributes in a way that conforms to human cognition. Semantic concepts,
entities and attributes constitute the nodes of the network, and its semantic relations
constitute the edges of the network. The concept of Knowledge Graph was proposed by
Google in May 2012, then many user-friendly products were launched. Its purpose is to
improve the ability of search engine’s to enhance the user’s search quality and search
experience, to provide users with faster and easier access to information and knowledge
of efficient tools. Because Knowledge Graph can organize data efficiently at the
knowledge level, it can greatly drive the development of technologies and applications
such as intelligent search, intelligent Q&A, and personalized recommendation.

The contribution of this article is to review current knowledge graph techniques,
and present some perspectives on construction for remote sensing intelligent inter-
pretation. This article is organized as follows: Sect. 1 gives an overview of the big
data of remote sensing and value of Knowledge Graph; Sect. 2 introduce the
framework of Knowledge Graph for Remote Sensing Interpretation; Sect. 3 review
the building of Knowledge Graph; Sects. 4 and 5 addresses and highlights inference
and visualization of Knowledge Graph and finally Sect. 6 presents some conclusions
and comments.

2 Framework of Knowledge Graph for Remote Sensing
Interpretation

The framework of Knowledge Graph is shown as Fig. 1. Firstly, the data include
structed data, unstructed data and semi-structed data. The unstructed data is also
acquired from multi-source imagery, such as panchromatic, multispectral, hyperspec-
tral, SAR, infrared images, LiDAR, GIS. Of course, the data need to be preprocessed
before knowledge extraction. Data cleaning can remove the noise, then object recog-
nition and data filtering are applied to extract the object and import information from
the unstructed data. The ontology library need to be constructed according to the
domain knowledge of the expert and the unsupervised learning algorithm. Secondly,
knowledge extraction includes entity extraction, relation extraction, attribute extraction
and other extraction. A very good mathematical description is built to represent the
entity and the relation, with a very efficient vector in space. According to the effective
vector representation, a new deep neural network is applied to solve the specific
modeling problems in the process of Knowledge Graph construction, including iden-
tification, classification and so on. Thirdly, knowledge fusion can merge the same or
very similar entity by entity disambiguation and similarity computation. Inference is
also applied to information fusion. Finally, knowledge graph can be constructed after
knowledge fusion. As the remote sensing data is updated very quickly, the Knowledge
Graph must have self-learning ability to update its knowledge structure. In order to
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adapt to the retrieval needs of all kinds of people, the retrieval algorithm also has
certain intelligence characteristics, which adapt to the needs of personalized retrieval.
The visualization will greatly improve the efficiency of the use of Knowledge Graph,
but also for non-professional critics to facilitate the use of Knowledge Graph.

3 Knowledge Graph Building

3.1 Ontology Library

Knowledge Graph is essentially a semantic network of knowledge. The semantic
network is constituted by an ontology library with a set of triples. Ontology defines the
concept of a series of C = {c,c,…,c}, entity, E = {e,e,…,e}, attribute, A = {a,a,…,
a} and the values for each attribute Va = {Va,Va,…,Va}, and so on. Knowledge
Graph is a collection triples, which includes entities 1, relationships, entity 2 and
concepts, attributes, attribute values, entities are the most basic elements of Knowledge
Graph, there are different relationships between different entities. Concept mainly
refers to the collection, classification, object types, classes of things, such as characters
and geography; property referring to objects may have properties, features, charac-
teristics, features and parameters; the property value mainly refers to that the object is
specified in the value property.

From the composition of Knowledge Graph, it can be seen above, to construct a
Knowledge Graph, you firstly need to construct an ontology library and get the

Fig. 1. Knowledge graph construction framework
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concept, from the input of information entities and attributes (values), and the rela-
tionships between entities are extracted to form a triple. Due to Knowledge Graph
based only on text messages (or text message) to build, the construction of Knowledge
Graph based on Visual information is not reported by relevant researches, so this
following part will focus on progress of build Knowledge Graph based on text
information.

Ontology definition is a controversial topic in academia. Studer proposed that an
ontology is a formal, explicit specification of a shared conceptualisation [4]. Nechers
defines ontology as that given some basic terms and relations of a particular col-
lar domain vocabulary and take use of the terminology and definitions of vocabulary to
extend these rules constitutes. Neches said, Ontology defines the basic terms and
relations which consist of vocabulary field of relevant domain, and combining these
terms and relationships to define a vocabulary extension of rules. With the technology
of ontology in information engineering, knowledge engineering, information systems
and other areas of research developing, Ontology has a number of different defini-
tions. An ontology in the organizational structure generally consists of the following
four parts: concepts, attributes, entity and entities attribute value. There is often a
hierarchical relationship between concepts. Ontology library are actually defined in the
basic data types and values and relationship patterns of Knowledge Graph.

OWL (Web ontology language) [10] is a semantic Web ontology language standard
recommended by W3C. OWL can clearly describe the meaning of the concept of and
the relationships between concepts, it follows the object-oriented thought, describe
structure contained domain knowledge in the form of the classes and properties, OWL
language also has a logical description and calculation of reasoning ability. Method of
constructing Chinese Knowledge Graph based on multiple data sources is generally
divided into three kinds: artificial construction, automatic and semi-automatic con-
structing method.

With the development of semantic Web and knowledge engineering, the ontology
technique has received wider researching interests because of its superiority in field
knowledge expression and knowledge reuse. Ontology can be used as a concrete
formalization of the conceptual model in a specific field which helps for knowledge
sharing. But for direct application on remote sensing information processing and
interpretation, there are still some problems need to be solved. Among them, the
greatest issues are the bottlenecks in large-scale ontology storage and inference per-
formances. Up till now some practical solutions such as LAS, IS, DLDB and Seasame
have been proposed by native and foreign researchers, which are based on the com-
bination of RDBMS technique and ontology inference. Constrained OWL Lite model is
used to describe the knowledge derived from remote sensing image interpretation, thus
the polynomial processing time length can be promised. Based on an existing ontology
mapping model, an improved mixed version OOM/OIIM is proposed to map the
ontology interpreted from the remote sensing image to relational database. Then
according to the semantic and inference rules of OWL Lite and OWL Lite- models,
inference rules for interpreting TBox and ABox ontologies can be extracted, which are
passed to the inference procedure for illustrating the usage of these rules.
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3.2 Recognition and Alignment of Entities

The aim of entity recognition is to extract containing entities from the input source data
(which refers to text here). Techniques for entity recognition can be categorized into
dictionary based methods, supervised learning based methods, active learning based
methods and clustering based methods etc. Here are some brief descriptions on these
methods in below:

(1) Dictionary based methods: the recognition of dictionary based methods largely
depends on the feature dictionary being constructed, generally performed by
different kinds of string searching algorithms used for entry matching in the
dictionary being constructed. Performance of the dictionary based entity gene
naming recognition is mainly dependent on the quality of the matching method
and the dictionary being built. For the matching methods, which include the fuzzy
and exact versions, they determine the similarity between the dictionary entries
and the text content to be processed; while the compactness of the dictionary
decides the accuracy and recall-rate of recognition of gene-named entities.

(2) Rule based methods are built on manually designed rule-set, where biologically
named entity cognition rules are devised from analysis of the entity vocabulary
and phrasing habits. The explicit benefits of this method include the flexibility of
definition and the extendibility of the rule set; yet when the definition of such
amount of rules requires specific expertise knowledge, which makes them
expensive in acquisition time and hard for extension into other fields. Nar-
ayanaswamy etc. [5] manually built a set of rule through a selected quantity of
keywords, English grammar and contextual information. Given these information,
a number of abbreviations are extracted via pattern recognition algorithms, which
are useful for picking out the core terms and functional terms expressed by each
word. Finally, the multi-word entities are recognized by the connection and
extension rules defined with these abbreviations.

(3) Supervised classification based methods: the supervised method divides the orig-
inal input information into semantic blocks (e.g. to get a word sequence by the
segmentation of a given statement), then assign these blocks with labels manually.
The assigned categorical label of an entity semantic block is the entity itself, while
all other non-entity semantic blocks are usually uniformly categorized by an extra
label. Given an appointed number of training data with such {semantic block
sequence, label} format, common machine learning methods can be adopted to
train an entity recognition model. Machine learning based methods are currently
the most widely used means for recognizing biomedical named entities, which
mainly include Maximum Entropy (ME) [7], Hidden Markov Model (HMM) [8],
Conditional Random Field (CRF) [9] etc. For the most commonly used CRF
methods, its starting point is that the labeling of a single semantic block not only
depends on its own feature, but also the blocks around it in context. CRF has
shown a considerable capability in multiple entity naming tasks, it provides a
feature oriented, globally optimized entity naming framework. On the
JNLPBA2004 task, Settles et al. [11] firstly used the CRF model, with only tra-
ditional features plus some extra new ones, it reached a F score close to 70%.
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Recently, due to the fast development and high performance of deep learning
methods, their appliance on the entity recognition has also been inspected. At
present, it has been employed for extracting the deep representation of the semantic
blocks. Collobert et al. [12] used the neighboring vocabulary of a word as context
and devised a companying feed-forward neural network to recognize the entity. In
[13], Chiu and Nichols showed by experiments that the usage of Character
embedding andWord embedding as the descriptive features for semantic block can
significantly raise the entity recognition accuracy. Huang et al. [14] introduced a
bi-directional Long-Short Term Memory (LSTM) network to model the contextual
relationship between different semantic blocks, and managed to further raise the
recognition rate with traditional manual features. Limsopatham and Collier [15]
considered orthographic features, and used them as the input of the deep neural
network.

(4) Entity alignment: normal entity recognition involves classifying candidate semantic
blocks into major categories (such as locations, names of persons etc.), while the
entity alignment involves further correlating semantic blocks with specific entities
based on recognition results. Standard entity alignment consisted of matching and
disambiguation. For the first matching step, the selected semantic block is matched
with the entities in the existing entity ontology library, where one or several can-
didate entities are chosen. For the second step, when there are conflicting entities,
especially the case where a single entity name is matched with numerous entities,
one most possible entity is picked by the disambiguation technique. Dai et al. [16]
performed entity alignment by a Markov Logical Network modeling the relational
constraints between entities. Liu et al. [17] used a graph model to synthesize the
entity recognition and entity alignment processes for simultaneous recognition and
alignment. Li and Liu [18] proposed an unsupervised entity alignment method. This
method firstly used word embedding for to measure the similarity between entities,
then re-arrange similar candidate entities with sorting algorithm at the level of words
and phrases to get the aligned entities. Chen et al. [20] had utilized multiple features
to capture the semantic information from diverse aspects, and also introduced a
learning based sorting framework for the alignment procedure.

3.3 Relation Extraction

What relation extraction means is to decide the relationship between two entities
according to a raw input (e.g. a piece of sentence) and two appointed entities. Relation
extraction is one of the most closely watched topics in natural language processing.
Most early relation extraction algorithms require a large quantity of very detailed
labeling information. Mintz et al. [21] proposed a fuzzy supervised method, which
assigned all the sentences picked from the dataset including the two entities with the
same label. But such method would introduce the problem of erroneous labeling. To
address this issue, Riedel et al. [22] introduced multi-instance single label learning
concept to categorize relationships thus the samples with negative instances also
became valid. Surdeanu et al. [23] further introduced multi-label multi-instance
learning concept to enhance the relation extraction involving multi-class relationships.
Recently, deep learning based methods have also been applied onto the relation
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extraction problem. Socker et al. [24] utilized a Recursive neural network for the
relation extraction, which abstracted a sentence as a conceptual tree with word
embeddings as its nodes. In another research report, Zeng et al. [25] made use of the
Convolutional neural network widely used in the image processing for constructing an
end-to-end relation extraction algorithm, in which, distances between the pair of
entities and the vocabularies exterior of the ontology are made as the input of the
network. Xie et al. [26] had considered the use of a wider range of textual information
as the auxiliary feature for feature extraction. As the attention mechanism proved to be
effective for natural language processing task, Lin et al. had tried to introduce it into the
relation extraction in [27].

4 Inference of Knowledge Graph

Inference of Knowledge Graph involves two aspects mainly: one is the inference of
knowledge chain based on rules; the other is graph packing. Introductions are as
follows.

(1) Inference of Knowledge Chain Based on Rules

Path ranking is a representative knowledge chain inference algorithm, which uses the
link route between two entities to forecast the relationship of them. The technique was
first proposed by Lao and Cohen [28], which uses random walk as a basis. Path ranking
contains three main steps. First, path extraction using random walk; Second, figure up
the features of every route respectively, including relationships of multiple routes;
Third, classification on the basis of the first two steps. Wang et al. [29] moved forward
to culster relationships through routes, and shared context routes in multiple relations
through multi-task learning. They then have done the inference work with paths
ordering algorithms. Pujara et al. [30] proposed a probable soft-logic method to do the
derivation of knowledge chain.

(2) Graph Packing

Graph packing depends on feature interpretation of entites and relations, also known as
Embedding-based method. Current approaches can be devided into two classes, one is
Tensor factorization based, the other is Neural network based. Tensor factorization
based method [31] visualize knowledge graph as a three-dimensional close-neighbor
tensor, in which two dimensions are entities, the third one is the relation between
entities. For every relation, through tensor decomposition, we can build up a
latent-component representation matrix and a matrix describing the interactions
between components and class k. We can do the packing to the original tensor through
these two matrices. Furthermore, Nickel and Tresp [32] analyzed the generalization
performance of the tensor. Neural network based methods [33] typically construct a
scoring function to describe a triple (two entities and a relation between them) in which
entities and relations are represented as embedded vectors and tensors respectively. The
scoring function is modeled on a neural network. Using existing samples to train it, we
can classify new entities. Socher et al. [34] proposed a neural tensor networks to do the
graph packing, the net could allow entities to combine with each other, generating new

Remote Sensing Image Intelligent Interpretation 335



entities. Due to the face that neural net based methods are very dependent on the
effectiveness of the vectorization of entities, Guo et al. [35] considered the geometric
structure inside the embedded space of entities and proposed a semantic smoothing
embedding approach. Ji et al. [36] drew sparsity into the modelling of embedded space.

5 Visualization of Knowledge Graph

Information visualization is first mentioned explicitly in 1989 by Stuart Cade, York
McKinley and George Robertson [37], which is an interactive visualization of abstract
data through computer to enhance our cognition to non-physical information. Due to
the youth of knowledge graph, there’s a lack of research on visualization about it. Cao
et al. [38] designed the Facet Atlas system to demonstrate the biomedicine knowledge
graph (disease-therapy-medication) visually, which supported simple switches of glo-
bal demonstration and local demonstration. Lohmann et al. [39] researched on
user-oriented visualization, especially, an easy-understanding visual interaction lan-
guage was proposed. Lohmann et al. [40] did researches on visualization algorithm of
uncertain networks, which decomposed uncertain networks into certain instances using
Monte Carlo process. [41] developed a visualization platform to support knowledge
graph editing.

6 Conclusion and Future Work

This paper puts forward the technical framework of establishing the Knowledge Graph
of remote sensing image interpretation, and summarizes the key technologies. The
Knowledge Graph construction framework for remote sensing application is proposed,
including remote sensing data acquisition, data preprocessing, ontology library con-
struction, knowledge extraction, knowledge fusion, the visualization and retrieval. In
the future, the type and quantity of remote sensing data will grow rapidly, and the
breadth and depth of ground observation will be developed rapidly. It is urgent to carry
out research on remote sensing data. In the face of mass and multi-source data, it is a
bottleneck to restrict the application of remote sensing data by relying on experienced
interpreters. In order to improve the ability of knowledge graph which applied to
remote sensing interpretation, complexity will be also analyzed. How to construct the
knowledge structure of expert knowledge and realize the intelligent retrieval and
intelligent reasoning of remote sensing data not only has very important academic
value, but also has important practical significance.
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