
31ЗВ’ЯЗОК, № 4, 2016

СЛОВО НАУКОВЦЯ
Проблеми розвитку та вдосконалення

єдиної національної системи зв’язку

Introduction
National scientific and technical space program of 

Ukraine for 2013–2017 determines the development 
of modern space technology in Ukraine as an impor-
tant factor in determining the strategic location of 
the state in the world [1].

The altitude of the satellites in the constellation is 
a significant factor in determining the number of sa-
tellites required to cover the Earth. A lower altitude 
decreases free space loss and propagation delay, but 
means that the service each satellite can offer is limi-
ted to users in a smaller visible area of the ground 
(the satellite’s footprint). To fully cover the globe, 
more satellites are needed. This increases frequency 
reuse and overall system capacity, but will also in-
crease overall system construction and maintenance 
costs. Satellites at lower altitudes must move faster 
relative to the ground to stay in their orbits, increas-
ing the rate of handoff and Doppler effects between 
terminals and satellites [3; 4].

A basis for multi-satellite LEO systems is a system 
of orbital spacecrafts, defined as a set of spacecrafts 
to be arranged in-order in orbit and jointly imple-
ment the aims of the system [1]. 

One of the most important requirements [1; 2] 
about the orbital constellation is to maintain their 
sustainable navigation and ballistic structure. This 
is due to the fact that the movement parameters of 
both space-crafts and the orbital group in the whole 
are continually changing during the process of ope-
ration. The change of the parameters of orbital con-
stellation leads to an increase of required energy 
characteristics in radio channels.

This ensures high efficiency of space systems, 
applies the global communications network for cus-
tomer service, contributes to the development of sci-
entific and technical potential [1; 3].

The aim of this work is to develop a choice algo-
rithm of the orbital structure model of LEO high 
data rate satellite system.

Main part
According to the degree of motion ordering of the 

spacecraft in orbit satellite systems can be divided 
into two types [2; 3]:
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1) with an orderly deterministic motion of space-
craft in orbit;

 2) with a random phase placing of spacecraft into 
orbit plane.

For the first type for the operation of the system is 
necessary to conduct periodic or permanent adjust-
ment of the mutual position of spacecrafts. In turn 
a space-craft requires the power equipment which 
complicates and increases the weight of the struc-
ture and reduces the term of active existence due to 
using of consumables.

The relative position of the spacecraft is random 
in LEO satellite systems without adjustment (un-
correctable multi-satellite systems) which causes a 
shift in the periodicity of observation. However, the 
weight of such spacecraft is much less that allows 
to increase total number of satellites in the system. 
An arbitrary arrangement of satellites is acceptable 
for communication systems. The equal periodicity 
of satellites in orbit is provided using a uniform dis-
tribution. The increase of multiplicity of the cover-
ing area is possible when approaching several space-
crafts due to this QoS (quality of service) is increased 
[3].

Effective use of satellites in the orbital system 
can only be provided if the navigational and ballis-
tic characteristics of all satellites in the constella-
tion are known and stable. It is therefore necessary 
to explore options for the construction of the orbital 
constellation and to analyze orbit parameters, which 
requires the development of methods of construction 
of navigation and ballistic multi-satellite structure.

Dynamic change model of the orbital structure
of lEO multi-satellite system 

Selecting of navigation and ballistic structure 
shall take into account all the constraints and based 
on an analysis of quality indicators of LEO multi-
satellite system with different orbital construction, 
such as [2-4]:
 the operational availability factor (Ko.a);
 the network connectivity coefficient (kn.c);
 the probability of message delivery within the 

specified time (Pdelivery);
 the average delay time of messages (Ta.d.t).

The article presents a research model of navigation and ballistic structure of the orbital constellation. A selection 
algorithm of orbital structure for multi-satellite communication system without constellation adjustment that exploits the 
deterministic nature of the lEO satellite topology in order to deliver QoS guarantee is proposed.
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Fig. 1 shows the basic structural elements of the 
dynamics of the orbital spacecraft constellation. 

The orbital structure of multi-satellite system is 
characterized by the number N of the spacecrafts 
and their orbital parameters. The following Keple-
rian elements are used as the orbital parameters [4]:
 Ω — the longitude of the ascending node;
 a — the semi-major axis (or the focal parameter 

p);
 i — the inclination;
 е — the eccentricity; 
 ω — the argument of perigee; 
 τ — the time of passage of the perigee τ.
Since е = 0 for circular orbits, and ω is not speci-

fied, such orbits are characterized by only four pa-
rameters: а, i, Ω, u0. At that

a = r = H + Rz,                              (1)
where H is the orbit altitude; r is the orbit radius.

At the stage of the research system performance 
simulation of the dynamics of the multi-satellite 
orbital network is advisable carried out in a central 
gravitational field, excluding air resistance, because 
the main reason for the instability of such networks 
are errors of spacecraft launch into orbit. 

In turn, the impact of disturbing factors can be 
taken into account by means of «destruction» phased 
spacecraft motion in the orbital plane. In this case, 
the arguments of the latitude of all satellites of the 
constellation are distributed according to the uni-
form distribution in the range (0 ... 360°). The rela-
tive deviation of the longitude of the ascending node 
of n turns is expressed in the following form [2–5]:

  
(2)

Eq. (2) establishes the dependence of the relative 
orientation of orbit planes on the orbit insertion er-
rors and the focal parameter р = а(1 – е2).

Calculation using the Eq. (2) shows that the re-
lative error δрij /р0 = 0,0001 (for a circular orbit 
of 1500 km altitude corresponds to the orbit inser-
tion error of the semi-major axis about 0,8 km);  
δрij = 20 ang.min and the inclination i = 83°, the  
velocity of change of the relative orientation of 
the orbit will be respectively 0,0001° per day and  
0,023° per day, i.e. approximately 42° of the displace-
ment of nodes will be accumulated within 6 months.

It is noteworthy that for polar orbits (i = 90°), the 
effect of the orbit insertion errors on the focal pa-
rameter Ω is zero and is maximum for the orbit in-
sertion errors on the inclination i. For the near-equa-
torial orbit (i = 0°) the situation is reversed.

In the geocentric inertial coordinate system, the 
position and velocity of the spacecraft in a circular 
orbit at any one time (characterized by the argument 
of the latitude) are calculated by the following rela-
tions:

xINi = r(cosΩ × cosu – sinΩ × sinui × cosi);
yINi = r(sinΩ × cosu + cosΩ × sinui × cosi);
zINi = r × sinui × sini;
VxINi = – Vu(cosΩ × sinui + sinΩ × cosui × cosi);
VyINi = – Vu(sinΩ × sinui – cosΩ × cosui × cosi);
VzINi = Vu × cosui × sini.                                                

(3)

The motion of the spacecraft in the system is mod-
eled by the discrete changes in the Eq. (3) of the 
initial value of the argument of latitude by adding 
simulation step in each cycle: uі + 1 = ui + ∆u, at that

∆u = 2π∆t/T,                                 (4)

Fig. 1. Block diagram of the research model of the dynamics of the orbital spacecraft constellation
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where ∆t is the time step of simulation; T is the treat-
ment period of a spacecraft.

It is convenient to use Greenwich coordinate sys-
tem (taking into account the Earth’s rotation around 
its axis) to calculate service areas, time of mutual 
visibility, etc. [5]:

хG = хINcosγ + yIN × sinγ;
yG = yIN × cosγ – xIN × sinγ;
zG = zIN;
VxG = VxIN × cosγ + VyIN × sinγ + ΩEyG;
VyG = – VxIN × sinγ + VyIN × cosγ + ΩExG;
VzG = VzIN ,                                                                        

(5)

where γ = ΩE(t – t0) and ΩE = 0,729211 × 10–4s–1 is 
the angular velocity of the Earth’s rotation.

A calculation algorithm  
for lEO multi-satellite system

To ensure steady maintenance any point of the 
given area must be situated at least at multi-satellite 
LEO footprint at each period of time. The number 
of these zones is equal to the number of satellites in 
the system [5]. The service area of a spacecraft on 
Earth’s surface is characterized by the earth central 
angle ϕE [6]:

              
(6)

By the development of a steady maintenance satel-
lite system the following assumptions are accepted 
[7; 8]: 
 spacecrafts of multi-satellite LEO system are ar-

ranged in circular orbits; 
 the location of n spacecrafts in the plane of the 

spacecraft is uniform; 
 the orbit altitude for all spacecrafts is the same; 
 the service area of all spacecrafts in the system 

is equal;
 polar orbit (the inclination of the orbital plane to 

the plane of the equator equals to π/2).
As a result, the calculation algorithm of the un-

correctable LEO satellite system can be described as 
the following sequence of procedures.

1. The Earth central angle of zones ϕΕ is deter-
mined on the basis of Eq. (6).

2. The minimum number nmin of satellites in the 
same plane (intra-plane) is calculated using the fol-
lowing equation (so that the adjacent zones are 
touched) [3; 4]:

  
                           (7)

where E [Y] is Antje (from the nearest integer y, that 
does not exceed it). 

3. The half of the angular distance between sub-
satellite points under two adjacent spacecrafts of the 

same plane (see Fig. 2) аΕ is defined according to the 
formula

  
                                 (8)

Fig. 2. By definition, the half of the angular distance between 
under-satellite points of two adjacent space-crafts of same plane

The results of the calculation of the required number
of satellites to ensure the continuity of service

Н, km 600 750 1000 1500

n, pc 14 12 10 8

m, pc 8 7 6 5

N, pc 112 84 60 40

4. The width of the continuous in-view coverage 
area (by the spherical right-angled triangle) is calcu-
lated by the following equation:

  
                         (9)

5. The number of orbital planes is determined us-
ing the following equation:

  
                           (10)

6. The number of satellites in the system is calcu-
lated by the following formula:

                             (11)

7. After this N(1) is memorized, then the number 
of satellites in the same plane is increased by one  
n(2) = nmin+1 and the calculation is repeated starting 
with paragraph 3 by Eqs. (8) – (11).

8. Then N(1) and N(2) are compared and the mini-
mum value is stored until N(j+1) > Nj.

As a result of this algorithm, the «optimal» values 
N = Nopt; m = mopt; n = nopt are determined.

As an example of calculation, the table shows  
the results of the required number of satellites in  
the continuous review system for altitudes (from  
Н = 600 km to Н = 1500 km), of circular orbits with 
the inclination i = π/2 and the minimum angle of  
elevation of the spacecraft above the horizon  
δ = 7°.

The maximum overlap is achieved over Earth’s 
North and South Poles using such a construction 
of the system (with the orbital plane inclination  
to the equatorial plane is π/2). The design of incli-
ned orbits reduces the number of satellites in the 
system and in this case the maximum efficiency of 
operation is shifted from Earth’s poles to the lower 
latitudes.
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Conclusions
The primary advantages associated with LEO sa-

tellites (compared to MEO and GEO) are a lower re-
quired transmit power, a lower propagation delay,  
a smaller weight of satellites, and polar coverage.

The use of satellites with a small weight and size 
is a promising trend of development of LEO satellite 
systems with high data rate equipment. LEO satel-
lite system without constellation adjustment based 
on small satellites doesn’t require constant control 
and adjustment during operation. As a result, this 
helps reduce required transmit power and signifi-
cantly reduce the weight and size of the transceiver 
terminals. When deploying these satellite systems, 
there is no need to maintain a high accuracy of mo-
tion parameters of launch vehicles at the moment 
of separation of the spacecraft, which facilitates 
launch vehicle control system and makes launches 
even cheaper.

Research of the navigation and ballistic struc-
ture of LEO multi-satellite systems has allowed to 
develop a model of a satellite system without con-
stellation adjustment, which takes into account the 
location of the satellites in circular orbits with the 
same altitude and inclination. In this case the net-
work nodes are arranged in m planes of N satellites 
each. As a result, a model selection algorithm for 
LEO multi-satellite system without orbital constel-
lation adjustment system has been proposed. The 
success of this construction is largely dependent on 
an implementation of routing strategies and routing 
algorithms and their ability to efficiently route traf-
fic throughout the network. So further research will 
focus on a routing algorithm for LEO multi-satellite  
systems.
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АЛГОРИТМ ВИБОРУ МОДЕЛІ ОРБІТАЛЬНОЇ ПОБУДОВИ БАГАТОСУПУТНИКОВИх НИЗЬКООРБІТАЛЬНИх СИСТЕМ 

ВИСОКОШВИДКІСНОГО ПЕРЕДАВАННЯ ДАНИх
У статті подано модель дослідження навігаційно-балістичної структури орбітального угруповання космічних апаратів. Запропо-

новано алгоритм розрахунку некоригованих багатосупутникових низькоорбітальних систем.
Ключові слова: космічний апарат; супутникова система; алгоритм; високошвидкісне передавання даних.
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АЛГОРИТМ ВыБОРА МОДЕЛИ ОРБИТАЛЬНОГО ПОСТРОЕНИЯ МНОГОСПУТНИКОВых НИЗКООРБИТАЛЬНых СИСТЕМ 

ВыСОКОСКОРОСТНОЙ ПЕРЕДАЧИ ДАННых 
В статье представлена модель исследования навигационно-баллистической структуры орбитальной группировки космических 

аппаратов. Предложен алгоритм расчета некорректируемой многоспутниковой низкоорбитальной системы.
Ключевые слова: космический аппарат; спутниковая система; алгоритм; высокоскоростная передача данных.


