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Abstract

Using Space-Air-Ground Integrated Network (SAGIN) for data transmission requires reliable two-
way communication. This work is devoted to the development of theoretical methods for predicting
the functioning of SAGIN. The issues of integration existing space, air and ground networks for
efficient interaction during heavy traffic and the choice of data transmission modes to ensure the
required Quality of Service (QoS) are the main topic of this study. Original models were created for
simulation data traffic in SAGIN. Models included Base Station (BS), LEO satellite, low-altitude
Remotely Piloted Air Systems (RPASs) connected with Cellular Users (CUs) and were designed using
NetCracker Professional 4.1 software. The dependences of the uplink Average Load on the size of
transactions for a different number of network users were obtained. The effects of different
bandwidths and Bit Error Rate (BER) were studied.

Keywords: SAGIN; RPAS; data traffic; transaction size; time between transactions; BER; bandwidth

1. Introduction

Space-Air-Ground Integrated Network (SAGIN) includes space, air and ground networks as
shown in Figure 1 and represents an important research area in communications, informatics and Air
Traffic Control (ATC). SAGIN combines the most modern communication and computing
technologies to implement a large network topology with the ability of efficient exchange global
information and resources. SAGIN is a complex and dynamic system that has distributed and
heterogeneous characteristics that change over time.

SAGIN is still in the early stages of key ideas development, design and deployment. For real
effective use, it is not yet sufficiently developed and requires more reliability, flexibility and
scalability. The existing SAGIN infrastructure needs to be improved with additional services. On
their own, terrestrial networks with increasing service demands cannot provide efficient solutions
for huge traffic. Terrestrial networks only together with space and airborne communications
infrastructure will be able to expand network services and reduce latency.

High Altitude Platform Station (HAPS), stratospheric drones, Remotely Piloted Air Systems
(RPASs) or Unmanned Aerial Vehicles (UAVs), which can provide efficient services anywhere using
the creation of a three-dimensional network, can complement satellite constellations in low and
medium orbits. In this way, SAGIN will be able to provide full-featured end-to-end communication,
computation and caching to achieve high network data rates with minimal latency and high
reliability.

The tasks of national security, disaster monitoring, and the development of the Internet of
Things (IoT) to expand the coverage of sensors have different requirements for the QoS - latency,
security, reliability, bandwidth, and the interface with the client. Providing such a variety of services
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requires SAGIN to have the flexibility, availability and coverage required. Moreover, each component
has its own advantages and disadvantages. Satellite networks have great coverage but high latency.
Terrestrial networks can provide minimal latency, but with limited service coverage. These features
make it difficult effective combining heterogeneous segments due to the need for constant monitoring
of entire system dynamics, the variable load of network traffic, and the availability of heterogeneous
resources. HAPS, stratospheric drones and conventional UAVs will play a leading role in creating
the middle layer of SAGIN - the air network. This layer needs to be studied in order to understand
how HAPS and stratospheric drones can work seamlessly with low-altitude platforms. RPASs/UAVs
are generally seen as the backbone of the proposed SAGIN infrastructure. With the use of aerial
components, it is possible to create a new structure of the Flying Ad Hoc Network (FANET).
Therefore, special attention should be paid to energy efficiency, battery design and proper payload
allocation. Many of the proposed architectures focus on aerial and space objects.

In the terrestrial communication system, it is possible to use Worldwide Interoperability for
Microwave Access (WiMAX), Wireless Local Area Network (WLAN), Wide Area Network (WAN),
2G - 5G technologies and promising 6G technology. Mobile Edge Computing (MEC) and Ultra Dense
Networking (UDN) can be used to perform tasks efficiently on the SAGIN platform. Clients can
interact with cloud platforms and traditional ground stations.Our contributions can be summarized
as follows. Using the NetCracker software [2], we created models for simulating Base Station (BS)
data exchange via Low Earth Orbit (LEO) satellite and RPASs with cellular networks in various
operating conditions, for which data traffic characteristics have been calculated for the first time. The
results obtained are of practical importance, since they allow predicting the behavior of SAGINI
under critical conditions.

Satellite
- Current and 5G Intelligent 6G
1 vehicular network  vehicular network

Space / : Ground vehicles  Space-air-ground
.

Transportation Interaction

e HAP Virtualization Intelligentization
é\\ S @ - = 2 Cognitive radio Intelligent radio
: (CR) (IR)
/ F
’ y Reactive Proactive
~
N
~
by’ J
g AR

/‘ \ '~

" Cell 1W K
A “cllular network
i o

Ground  Infrastructure
Underwater vehicle

Figure 1. Architecture of SAGIN [1].

This article is organized as follows. In Related Works, we review some works devoted to SAGIN.
In Problem Statement and Aim, we note that there are no methods for assessing traffic parameters in
SAGIN and formulate the goals of our research. In Models and Calculation Methods, we describe the
architecture of proposed models, algorithm and calculation methods. In Results, we describe obtained
data. In Discussion, we consider the practical value of our results. In Conclusion, we note the
contribution of our research to the development of methods for predicting the SAGIN functioning.

2. Related Works

Specific features of SAGIN include the ability to self-organize, variability over time, and
heterogeneity of structure. However, achieving the required traffic delivery parameters is hampered
by limited resources in all three network segments. Therefore, improving system integration,
reviewing protocols, and optimizing resource distribution management are of fundamental
importance for SAGIN. The article [3] provides an overview of SAGIN research related to network
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design, resource management and performance analysis. The review discusses existing network
architectures and technology challenges for the future.

In articles [4,5] the impact of the Free-Space Optical (FSO) channel on SAGIN performance was
examined. To simulate the correlation between apertures, an exponential model was used. To take
into account the spatial correlation in the air-ground communication channel, as well as air-air in
SAGIN, a multivariate gamma-gamma distribution was considered. The effect of fading due to
atmospheric turbulence was quantified.SAGIN has limited cross-layer bandwidth. In the article [6] a
solution for efficient determining the optimal set of gateways from the air network was proposed,
which serves as a relay layer for data delivery between the ground layer and the satellite layer.
Numerical results are presented to test the effectiveness of such a solution, and ways of solving the
problems are indicated.

Multi-Layered Space-Terrestrial Integrated Networks (MLSTIN) was designed to meet the high
consumer demand for 5G wireless data access. The internal heterogeneity of MLSTIN makes it
difficult to manage the delivery of large traffic volumes with optimal network performance. In light
of this, authors [7] proposes a cross-domain architecture that separates MLSTIN into satellite,
aeronautical and terrestrial domains. The design and implementation details of this architecture was
discussed, followed by problems and unresolved issues. The authors believe that the proposed
architecture can significantly improve the efficiency of MLSTIN.

Technological advances and the integration of satellite communications, the Internet, and mobile
wireless networks have resulted in the Space-Terrestrial Integrated Network (STIN). In the article [8],
a potential STIN architecture that integrates the extended space network, the Internet, and mobile
wireless global access networks anytime anywhere is presented. Authors addresses the key technical
issues associated with STIN, including physical transmission technologies, network protocols,
routing, resource management, security, and test bed design.

The rapid growth of data traffic for multimedia services and real-time applications is driving the
need for Ultra-Dense Networks (UDN). In doing so, the compaction of a large number of static small
cells faces the problems of cost savings, energy consumption and control. This necessitates the
development of software-defined integrated space-air-ground moving cells (SAGECELL). It is a
programmable, scalable and flexible framework for integrating space, air and ground resources, used
to match dynamic traffic requirements with network capacity capabilities. The paper [9] provides an
overview of the latest literature, then details the conceptual architecture of SAGECELL and highlights
the technological advantages. Four typical SAGECELL applications was presented.

SAGIN significantly expands the capabilities of terrestrial wireless networks, which, in turn, can
help space and aviation networks to carry out resource-intensive tasks. In the article [10], the key role
of network reconfiguration for the coordination of disparate resources in SAGIN was identified.
Network Function Virtualization (NFV) and Service Function Chain (SFC) were explored to provide
flexible mission offloading.

Due to limited network resources and limited coverage for users in rural and hard-to-reach
areas, satellites, UAVs and balloons were used to relay communications signals in addition to
terrestrial connections. Therefore, to improve the QoS for such users, SAGINs were proposed, which,
however, are much more difficult due to the different characteristics of the three network segments.
To make SAGIN more effective, researchers face significant challenges. In the article [11] an artificial
intelligence technique for SAGIN optimization was proposed, based on which the main problems of
SAGIN were analyzed. The balance of satellite traffic was considered as an example and a deep
learning method was proposed to improve the efficiency of traffic management. Simulation results
show that deep learning can be an effective tool for improving SAGIN performance.

The paper [12] compares ground-based platforms and satellite wireless communication systems,
including their characteristics and unresolved issues. These issues include altitude and coverage,
propagation, interference, handoff, power limitations, deployment and maintenance issues,
reliability in special events, disaster relief, cost effectiveness, and environmental impact. The OPNET
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Modeler analyzes the QoS for four wireless systems in terms of temporal events. The results show
that space-based wireless systems are superior to terrestrial ones.

In the article [13] SAGIN model was presented for reducing the number of satellite orientation
adjustments and increasing the task scheduling time that is generated by satellites, UAVs and ground
stations. The scheduling task in SAGIN maximizes the total priorities of the scheduled tasks under
given constraints (switchover times, storage capacity, etc.). An intelligent coordinated planning
algorithm with adaptive optimization of a swarm was proposed. A resource allocation method with
two criteria was developed for reducing planning conflict. The scheduling order was determined by
the priority of the task and the deadline. The simulation results demonstrate the benefits of the
proposed algorithm.

Microwave spectrum for satellite communications is becoming a scarce resource due to the ever-
increasing demand for bandwidth and capacity, which is driving the shift towards optical carrier
frequencies. High-speed data transmission from satellites can use optical inter-satellite links. Direct
optical communication with the Earth of spacecraft in low Earth orbit is also possible. The article [14]
studied the possibility of additional modulation of the laser signal for the ground-to-space radio
beacon. Such an optical return link can be used to trigger automatic retransmissions of payload data
downlinks, to control the spacecraft without interference, or to download high-speed software onto
its onboard processor. A particular problem is uneven optical path attenuation with respect to the
downlink and uplinks that cover asymmetric optical paths through the atmosphere. The work
defined the architecture of the communication chain, including the transmitter on the ground and in
space. The influence of limited optical uplink availability due to blocking by clouds on satellite
control was investigated.

Internet of Remote Things (IoRT) networks are used to provide services to intelligent devices
that are often remote and dispersed over a large area. The hierarchical space-air-ground architecture
can be effectively used in such cases. The work [15] aims to investigate the problem of energy
distribution in two-component communication for Space-Air-Ground and Internet of Remote Things
(SAG-IoRT) networks using UAV relays. Joint optimization of subchannel selection, uplink power
control and UAVs relay deployment was considered. Numerical results confirm that the proposed
algorithm gives a gain in the energy efficiency of the system compared to another testing scheme.

In the article [16], an Integrated Satellite and Terrestrial Network (ISTN) architecture was
described based on a software-defined network. Taking into account latency, throughput,
wavelength fragmentation and load balancing, a heuristic service-oriented algorithm for calculating
the path for elastic data flows for complex ISTN heterogeneity was proposed. Simulations show that
the end-to-end routing mechanism can reduce ISTN blocking rate, and the authors' proposed
algorithm significantly reduces wavelength fragmentation and bandwidth consumption, and has
better load balancing performance.

The performance of UAV functions is based on the information exchange between UAVs, as well
as between UAVs and Ground Stations (GS), which largely depends on aviation channels. However,
there is a lack of comprehensive studies on modeling aviation channels according to specific aviation
characteristics and scenarios. The review [17] was dedicated to modeling Air-To-Ground (A2G),
Ground-To-Ground (G2G) and Air-To-Air (A2A) links for UAV and air communications under
various scenarios. The management of UAV communication budget with allowance for channel
losses and channel fading effects was considered. The transmit/receive diversity gain and the spatial
multiplexing gain achieved by communicating with UAV using multiple antennas was analyzed.

Authors [18] say that due to the complexity and cost of a real deployment for testing SAGIN, an
efficient SAGIN modeling platform is needed. The authors note that it is difficult to design a unified
modeling platform because different modeling tools use different programming languages, network
structures, and data formats. Therefore, NS-3 was used as the main simulator and interfaces for
connecting to other components of the platform for unified modeling. The article presents SAGIN
modeling platform that supports various traces and mobility protocols for space, air and terrestrial
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networks. Centralized and decentralized controllers were implemented to optimize network
functions such as access control and resource orchestration.

It was noted [19] that reconciling heterogeneous physical resources in SAGIN is a very difficult
task in such a large-scale dynamic network. They offer a reconfigurable service delivery framework
based on the Service Function Chain (SFC) for SAGIN. In the SFC, the network functions are
virtualized, and the served must pass through certain network functions in a predetermined
sequence. In addition, here the main question is how to plan the chains of service functions in large-
sized heterogeneous networks, taking into account the resource constraints of both communication
and computation. The authors formulate the scheduling problem as an integer nonlinear
programming problem. Simulations have shown that proposed algorithm provides near-optimal
performance and that SAGIN significantly reduces the likelihood of service blocking.

The Internet of Vehicles with Edge Computing (EC-IoV) was discussed in the paper [20]. EC-
IoV is highly dependent on connections and interactions between vehicles and infrastructures and
therefore may not work in remote areas. SAGIN's ubiquitous connections and global reach effectively
support seamless coverage and are of particular interest to edge computing. The authors in this article
reviewed current edge computing research for SAGIN and proposed an integrated space-air-ground
network architecture with edge computing support (EC-SAGIN). In order to minimize the time for
completing tasks and using satellite resources, a preliminary classification scheme was presented to
reduce the size of the action space. In addition, a deep learning simulation-based offloading and
caching algorithm for real-time decision-making is used. The simulation results show the
effectiveness of the proposed scheme.

3. Statement and Aim

Uninterrupted communication between the space, air and ground segments is a necessary
condition for the successful functioning of SAGIN. This is especially important when interfacing
SAGIN with cellular terrestrial networks serving many users through multiple RPAS. In this regard,
it is important to understand the nature of the change in the channel load with an increase in the
number of users, the data rate, and the effect of the load on the number of bit errors. This requires
calculations of traffic characteristics for various loading modes, which are currently not available in
the literature. Such work actually involves the development of methods for predictive analysis of
SAGIN communication channels. This study pursues just such goals.

The aim of this article is to study data transfer and calculate traffic parameters in SAGIN with
cellular networks. To do this, we need to: 1) construct models for simulating data exchange using the
NetCracker software; 2) obtain dependences of the uplink Average Load on the size of transactions
for a different number of network users; 3) study effects of different bandwidths and Bit Error Rate
(BER).

4. Models and Calculation Methods

Published studies have proposed a variety of ways to design SAGIN. In this paper, we consider
the scenario of data exchange between a base station and users of two cellular networks via a low-
orbit satellite and two RPAS, shown in Figure 2. SAGIN models with different numbers of network
users (N =1, 3, 5) were designed using Professional NetCracker 4.1 software.

In all models, the satellite was at an altitude of 1000 km, and RPASs were at an altitude of 1 km.
The general designation of the models was chosen as BS-SAT-RPAS1-CU(N = 1-5)-RPAS2-CU(N = 1-
5). All communication channels in the models had a data rate of T3 (44 736 Mbps). Base station servers
and users had a bandwidth of 10 Mbps, and RPAS had a bandwidth of 1 Gbps. For satellites, only
two parameters could be changed - delay time and packet failure probability, which were equal to
Zero in any case.

Due to the complexity of the created models, the prediction of their behavior was studied by
reproducing the data transfer process on a computer. NetCracker as a research method is an
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analytical simulator for predicting network behavior in real time. The algorithm for calculating the
characteristics of a communication channel is described in our article [21]. Model parameters were
calculated taking into account the probability distribution law Const (w(x) = Const, w(t) = Const) as a
statistical distribution of the transactions size and the time between transactions. Our article [22]
provides formulas for the length of transactions, the time interval between transactions, and channel
average load.

Satellite

Pa=

Y 4
7

Tactical Data Common Data

Base Station Cellular Users

Figure 2. SAGIN model BS-SAT-RPASI-CU5-RPAS2-CU5.

Data transmission was carried out in the form of two-way C3 (Command, Control and
Communication) traffic, which consisted of Tactical Data (TD) traffic for flight control and Common
Data (CD) traffic for payload transmission. TD traffic was sampled with an FIP (File Transfer
Protocol) client profile, and CD traffic with an interLAN (Local Area Network) profile.

5. Results

When transferring data in SAGIN, it is important to understand how the network configuration
is related to the quantitative characteristics of traffic. How does an increase in the number of cellular
network users change traffic? How does the loading of the communication channel change with the
increase in the size of transactions? When does the channel close?

Below are given the calculated dependences of the Average Load for the "BS - Satellite" uplink
channel on the transaction size, data transfer rate and the number of bit errors. Models with a
different number of network users (N =1, 3, 5) are considered, which changed simultaneously in both
ground networks connected to RPAS1 and RPAS2.

Figure 3 shows the dependences of the uplink Average Load on the size of Common Data
transactions for models with different numbers of users. At the same time, the Tactical Data traffic
remained constant with TS = 10 Kbits. Messages on both streams are sent every second. Two
important facts can be noted. First, when moving from one user to three in both networks, the load
increases by about = 3,5 times for all values of TS, and when moving from one user to five, it increases
by about = 6,2 times. Secondly, regardless of the number of users, the load on the channel does not
grow in a wide range of TS parameter changes - from 10 bits to 10 Kbits. Only at TS > 10 Kbits the
load increases. At TS > 100 Kbits the channel is closed for all models. This means that normal data
transmission becomes impossible in case of selected tactical traffic transmission conditions.

The established requirements for RPAS cellular communication [23,24] correspond to the data
transmission rate over the control channel = 100 Kbps and the payload channel = 50 Mbps. In
accordance with these requirements for the Tactical Data in Figure 4, the parameters TS = 100 Kbit,
TBT =1 s were selected. In the simulation, the transmission rate of Common Data was changed from
T1 (1,544 Mbps) to E3 (34,368 Mbps) and T3 (44,736 Mbps). The data in Figure 5 shows how changing
the data rate affects the channel load in models with different numbers of users. It can be seen that
the uplink Average Load increases with decreasing bandwidth and at a bandwidth of 10 Mbps
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reaches = 9% for a model with N =1, = 34% for a model with N =3, and = 60% for a model with N =
5.
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Figure 3. Dependences of uplink Average Load on Common Data TS (Tactical Data — FTP, TS = 10 Kbits, TBT =
1s, Common Data — inter LAN, TBT =1 s, BER = 0%).
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Common Data — inter LAN, TS = 100 Kbits, TBT =1 s, BER = 0%).
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Figure 5. Dependences uplink Average Load on BER (Tactical Data — FTP, TS = 10 Kbits, TBT = 1 s, Common
Data —inter LAN, TS =10 Kbits, TBT =1 s).

In this case, when moving from one to three users in both cellular networks, the load increases
by about = 3,8 times, and when moving from one to five users - by about = 6,8 times. With a further
decrease in bandwidth, a significant increase in the load of the uplink channel is observed, which
makes it almost impossible to transfer data for models with a large number of users for a bandwidth
below 10 Mbps.

For SAGIN, the reliability of data transmission is critically important, especially with large
traffic, leading to congestion of communication channels. The probability of getting distortion for a
transmitted data bit is characterized by the bit error rate. For communication channels without
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additional means of protection against errors, the BER is 10 - 10, and the BER after Forward Error
Correction (FEC) should be less than 10¢. Figure 5 shows the dependences of the uplink Average
Load on the BER for TS = 10 Kbits for both Tactical Data traffic and Common Data traffic. The data
presented in Figure 5, indicate a high sensitivity of channels to bit errors and require the use of
effective error correction methods in SAGIN.

6. Discussion

Networks 1 and 2 shown in Figure 2 can cover not only terrestrial Internet users, but also be
used to support other information services such as aviation, dynamic road information services,
automatic vehicle control, real-time collection and processing data from remote sensor systems,
weather monitoring, Earth observation, disaster relief, precision agriculture and smart cities.

One of the key problems with this is the limited ability to process massive data. In this regard,
edge computing has come to be considered as advanced computing paradigm with data processing
at the network edge. To do this, computing resources are located in close proximity to terrestrial
networks. Thus, network bandwidth requirements, as well as computational and communication
delays can be reduced, especially given the problems of limited network coverage and scarcity of
network resources.

SAGINs have ubiquitous connections and global reach, which has led in recent years to a
paradigm shift from terrestrial edge computing to airborne or orbital edge computing. The main
feature of such edge computing is to move ground-based edge computing facilities to satellites and
drones to provide ubiquitous, high-bandwidth and reliable cloud computing services. Thus, SAGIN
represents the next frontier for edge computing. However, integrating edge computing into SAGIN
still faces latency and throughput issues.

The growing popularity and scope of RPASs/UAVs are expanding the capabilities of the
conventional terrestrial Internet. To ensure high-performance two-way communication between
drones and ground users, RPASs connected to terrestrial cellular networks are increasingly being
used. At the same time, an important issue is the ability of existing cellular communication networks
intended for terrestrial users also effectively operate in three-dimensional space. Our study is just
looking at modeling data traffic in an integrated space-air-ground network with remotely piloted air
systems connected to a cellular network. Our work is aimed at investigating satellite integration with
multiple cellular networks and multiple RPASs that are being integrated as new airborne user
equipment into existing cellular networks. With this integration, RPASs take on the role of flying
users in the cellular coverage area and are referred to as RPASs with a connection to the cellular
network.

Since deploying a real SAGIN for testing and research is very expensive, computer simulation
of all processes that take place in SAGIN became an obvious solution. To do this, it is necessary to
create realistic models for the study of broadband communications and conduct a numerical analysis.
Such study was carried out by us and allowed drawing conclusions about the achievable QoS in real
communications. In our previous articles, we used MATLAB Simulink, NetCracker and ns-3
simulators [25-27]. In this article, the simulation was based on the NetCracker software due to its
intuitive graphical interface.

So what does the performed modeling of SAGIN's work give and what is the practical value of
the results obtained? The main thing is that the obtained dependencies make it possible, with certain
reservations, to predict the behavior of the channel when changing traffic parameters set (Figure 3),
to understand the effect of reducing the bandwidth (Figure 4), as well as the effect of the channel load
on the bit error levels (Figure 5). This information allows estimating the QoS, which is especially
important for ATC.
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7. Conclusions

This work is devoted to the development of methods for modeling and predicting the
functioning of SAGIN. The article proposes models for which quantitative characteristics of data
traffic were first obtained. Such data are currently lacking in the existing literature. The simulation
allowed setting traffic parameters and observing the resulting bandwidth, packet loss, bit errors and
QoS in the built SAGIN models with cellular-connected RPASs. Possession of such information
allows more reliable and cheaper settings in the real physical SAGIN infrastructure.
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