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УДК 521.32

МОДЕЛИРОВАНИЕ ПОСТРОЕНИЯ РЕГИОНАЛЬНОЙ  
ГРУППИРОВКИ НАНОСПУТНИКОВ ПУТЕМ ПОПУТНОГО  

ЗАПУСКА С РАЗЛИЧНЫХ КОСМОДРОМОВ

А. А. СПИРИДОНОВ1), В. С. БАРАНОВА1), В. А. САЕЧНИКОВ1), Д. В. УШАКОВ1)

1)Белорусский государственный университет, пр. Независимости, 4, 220030, г. Минск, Беларусь

Разработана маршрутная карта построения региональной группировки наноспутников путем попутного запуска 
по информации китайских провайдеров. Для создания группировки наноспутников, решающей целевые задачи 
сбора данных с мобильных объектов и обслуживания сервисов, был разработан программный модуль, предназна-
ченный для анализа орбитального построения глобальной группировки Spire Global, выполняющей аналогичные 
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задачи. Структура группировки наноспутников Spire Global изучена на основе анализа базы данных орбитальных 
параметров, представленных в формате TLE (two-line element set ), а также баз данных спутниковых группировок 
и сайта разработчика. Для построения группировки использовались две схемы запуска – запуск с Международ-
ной космической станции и попутный запуск. Исследованы схемы развертывания наноспутников, орбитальные 
параметры и параметры полета. Для моделирования построения региональной группировки проанализированы 
запуски наноспутников с космодромов Тайюань и Цзюцюань на орбиты с наклонением около 90°, наилучшим 
образом соответствующие пролету над Минском (ϕ = 53° 54′ 27″ с. ш., l = 27° 33′ 52″ в. д.). Разработан метод пред-
полетного прогнозирования орбиты наноспутника при попутном запуске. Данный метод предполагает определение 
вектора состояния наноспутника в первый день полета и на начало выполнения группировкой целевой задачи. На-
чальные данные, необходимые для моделирования предложенным методом, включают в себя время запуска, коорди-
наты космодрома, тип ракеты-носителя, наклонение и высоту орбиты (период). Также проводился анализ истории 
запусков и динамики движения спутника на аналогичных орбитах. Установлено, что для организации региональ-
ной группировки со средней продолжительностью перерыва радиовидимости порядка 36 мин при максимальном 
значении 85 мин достаточно пяти запусков.

Ключевые слова: группировка наноспутников; попутный запуск; предполетное прогнозирование орбиты.
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THE REGIONAL NANOSATELLITE CONSTELLATION  
MODELLING FORMATION BY A PIGGYBACK LAUNCH  

FROM DIFFERENT SPACEPORTS
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The roadmap for constructing a regional nanosatellite constellation using the piggyback launch according to Chinese 
provider information has developed. For nanosatellite constellation formation to a specific purpose, it is necessary to ana-
lyse existing constellation operated similar tasks. Therefore, the software module for the Spire Global constellation orbital 
construction analysis was developed. The construction of Spire Global nanosatellites constellation based on orbital pa-
rameters database in the two-line element set format, satellite constellation databases and the developer site was analysed. 
A launch from the International Space Station and a piggyback launch were used for constellation formation. Nanosatel-
lite deployment schemes, orbital parameters and flight parameters are investigated launches from the Taiyuan and Jiuquan 
Satellite Launch Centers with orbit inclination about 90°, that best correspond to the passes over Minsk (ϕ = 53° 54′ 27″ N, 
l = 27° 33′ 52″ E) are analysed. The method of nanosatellite orbit preflight prediction at a passing launch has been deve-
loped. It involves a finding the nanosatellite state vector in the first flight day and at the time of constellation mission operate 
start. The launch time, satellite launch center coordinates, launch vehicle type, orbit inclination and altitude (period) are used 
in the method. In addition, the launch history and the satellite motion dynamics analysis on similar orbits is carried out. 
It was found that five launches are enough to organise a regional nanosatellite constellation with average radio visibility 
interruption time of at least 36 min with a maximum value of 85 min.

Keywords: nanosatellite constellation; piggyback launch; pre-flight orbit prediction.
Acknowledgements. This work was supported by the state programs of scientific research of the Republic of Belarus 

«High-tech technologies and equipment» and «Digital and space technologies, human, society and state security».

Introduction
In Belarusian State University, the development of Earth remote sensing onboard satellite equipment has 

been carried out for 40 years at the aerospace research department of A. N. Sevchenko Institute of Applied 
Physical Problems [1] and at the department of physical optics [2]. In 2010, the radio physics and computer 
technology faculty started specialists preparation for aerospace sector. A university nanosatellite and a ground-
based control system have been developed for the quality students training [3].

Over the past decade, there has been a worldwide trend towards the nanosatellite constellations formation 
for various purposes [4; 5]. As of early 2022, 52 constellations were still deploying. Of these, 27 – communi-
cation constellations (radio and optical range, data transmission, Internet), 13 – remote sensing, 5 – weather 
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phenomena research, 3 – mobile objects automatic tracking (aircrafts and ships) and 4 – scientific research 
constellations [6; 7]. More than 50 nanosatellite constellations are planned for the future [8], including new 
task specifications such as asteroid observation, solar and ionospheric research. The number of satellites in the 
constellation ranges from tens to thousands.

For satellite constellations deploying are used a launch from the International Space Station and a piggyback 
launch (most often in sun-synchronous orbit) as secondary payload integration [9; 10]. The information enables 
the satellite developers to select a suitable launch for the mission is provided by a launch service in advance. This 
information includes the launch time, orbit inclination and altitude, and the launch vehicle type and characteristics. 

Various constellation deployment methods are used. For single-plane nanosatellite constellation configu-
rations the necessary in-plane separation can be achieved by either the launch vehicle upper-stage, carrier 
vehicles [11], differential separation spring deployment, differential drag [12], or nanosatellite propulsion sys-
tems [13]. For nanosatellite constellation with multiple orbital planes the requirement for out-of-plane ma-
noeuvring can be costly. The paper [12] proposes a method for deploying a nanosatellite constellation to seve-
ral orbital planes from a single launch vehicle. The method is based on commercially available deorbit devices 
that are used to lower the initial orbit, and that are discarded after the correct altitude has been reached. Calcu-
lations and simulations presented in the paper are shown, that with a launch of 6 satellites to an initial 800 km 
sun-synchronous orbit, orbital plane separation of approximately 30° between each satellite can be achieved 
within five years, with each satellite in its own final 600 km orbital plane [12]. Due to the long timescales, 
this method is best suited for long lifetime nanosatellite missions. In the work [14] constellation deployment 
method using plasma drag is proposed. Analytical analysis and numerical simulation results both agree that the 
constellation deployment time is proportional to the inverse square root of magnetic moment, the square root 
of desired phase angle and the square root of satellite mass [14]. Allowable constellation deployment time one 
year and more, this method is the best suited for long lifetime nanosatellite missions.

When creating a nanosatellite constellation to collecting data from mobile facilities and service for a par-
ticular region with a pass frequency 15–20 times a day does not require many spacecrafts in different planes. 
To meet the demand of information users requests, 5–6 nanosatellite is enough, when the period of repeated 
observations does not exceed 1–2 h [15]. In this paper to minimise the deployment time and cost of the nano-
satellite constellation formation for collecting data from mobile facilities and service over the Minsk territory, 
a deployment scheme by launching nanosatellites from different spaceports is proposed. It is assumed that 
the nanosatellites do not have a propulsion system that allowed them to be separated according to the latitude 
argument in one orbital plane, which they would have acquired with a joint piggyback launch. Therefore, with 
the help of single launch vehicle, it is advisable to launch one nanosatellite of the constellation. The nanosatellite 
constellation is deployed in an orbital inclinations close to 90°, to provide extensive communication coverage 
over Minsk region. The key parameters for nanosatellite constellation are average radio visibility interruption 
time of at least 40 min with a 90 min maximum value. For example, this allows to control the aircraft traffic 
and unmanned aerial vehicles over a certain region [16].

For nanosatellite constellation formation to a specific purpose, it is necessary to analyse existing constel-
lation operated similar tasks. It is necessary to assess the methods of constellation formation, to analyse the 
orbital parameters and to carry out numerical simulation of its operation dynamics. For analyse and numerical 
simulation, the Spire Global constellation has chosen.

Spire Global constellation analyses
Spire Global constellation is engaged in weather phenomena research, tasks of moving objects automatic 

tracking – planes and ships [16; 17]. The Spire Lemur and Minas nanosatellites are Cubesat 3U standard with 
a mass of 4.6 kg and two years design life [16]. They have the following onboard payload: STRATOS navi-
gational receiver for remote atmosphere and ionosphere sensing, and accurate orbit determination; SENSE re-
ceiver for ship signals; ADS-B receiver (automatic dependent surveillance-broadcasting) for aircraft tracking; 
various weather sensors [16; 17]. Using the GNSS (Global Navigation Satellite System) receiver STRATOS 
(vertical sensing resolution of the 100 m order; longitudinal 200 km; transverse 1 km) [17] and various weather 
sensors for remote atmosphere and ionosphere sensing, the considered constellation provides the following 
user services: global weather forecast at different altitudes; produces 50 weather variables; provides various 
time intervals for weather forecast (short-term – forecast every hour, average – forecast every 6 h, long-term – 
forecast of the last 3 days or more) [16]. Based on the Automatic Identification System data processing, the 
receiver SENSE collects data and tracks the ships. The ADS-B receiver data provides information on aircraft 
tracking.

This work analyses the construction of Spire Global nanosatellites constellation based on orbital para-
meters database in the two-line element set (TLE) format [18], satellite constellation [8] databases and the 
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developer site [16]. A launch from the International Space Station and a piggyback launch were used for con-
stellation formation. During the period 2016 –2022, 34 nanosatellites were launched from the International 
Space Station (2, 4 or 8 satellites each). As of March 2022, only 14 nanosatellites are active (2 satellites are 
expected to deorbit shortly). The orbital parameters of these Spire Global constellation satellites are as follows: 
inclination 51.6°, eccentricity less than 0.001, orbital altitude from 200 to 470 km. Between 2015 and 2022, 
105 nanosatellites were successfully orbiting by 20 piggyback launches (with 2, 4, 6 or 8 satellites each). There 
are currently 101 nanosatellites in orbit. The orbital parameters of these Spire Global constellation satellites 
are as follows: inclination 36.9° (8 satellites), 49.9° (1 satellite), 82.9° (2 satellites), 85.0° (2 satellites) and 
from 97.3° to 97.7° (88 satellites); eccentricity less than 0.001; altitude range is from 500 to 650 km.

A software for the Spire Global constellation orbital construction analysis was developed based on the 
simplified general perturbations model [19; 20] and initial TLE data [21]. It includes estimates for the constel-
lation orbits formation, the modelling of nanosatellites Lemur constellation dynamics and the pass parameters 
prediction over the Belarusian State University ground receiving station. The orbital parameters of the 115 – 
satellites constellation on 14 March 2022 were modelling. It was determined that satellites altitude ranged 
between 200 and 650 km at the time of the simulation. Besides, had defined the satellites orbital eccentricities 
are close to zero that would allow the circular motion model use for further modelling. Satellites are at diffe-
rent orbital inclinations. The 88 satellites are in sun-synchronous orbit, with inclinations ranging from 97.3° 
to 97.7°. The orbital planes are almost evenly distributed along the ascending node longitude, allowing global 
monitoring of all longitudes from 0 to 360°. However, as shown in fig. 1, Spire Global satellites weren’t ob-
served with ascending node longitudes from 162.9° to 179.6° and from 230.1° to 256.6° at the start time of 
simulation on 14 March 2022. 

The highest number of satellites (50 %) was in the range ascending node longitude of 118.5° to 162.9°. 
In the plane of one orbit, the most uniform satellites distribution over the argument latitude was observed for 
the ascending node longitudes: 41.7°; 118.5°; 133.5°–157.4°; 203.4°; 295.8°. This allows global monitoring at 
all latitudes of – 90° to + 90° for ascending node longitude data at the time of modelling.

Pre-launch calculation orbital parameters method
In order to minimise the cost of the nanosatellite constellation formation for the purpose to solve the task of 

regional monitoring over the Minsk territory, a deployment scheme by launching nanosatellites from different 
spaceports is proposed. The mission target task begins a week after the constellation last nanosatellite launch. 
From the point the Belarusian State University has a positive experience with Chinese partners the information 
on the 2021 launches was chosen to analyse from the Chinese spaceports for the period June – November. Taking 
into account the Minsk geographical coordinates (ϕ = 53° 54′ 27″ N, l = 27° 33′ 52″ E) 15 launches with an 
orbital inclination close to 90° were chosen from the following two launch sites: Jiuquan (ϕ = 40° 57′ 29″ N, 
l = 100° 17′ 28″ E), Taiyuan (ϕ = 38° 50′ 56.71″ N, l = 111° 36′ 50.59″ E).

In the paper [22] the satellite state vector determination method based on the perturbed circular motion 
for the piggyback launch into the solar-synchronous near-circular orbit has been developed. According to this 
method, the orbital period and satellite ascending node longitude are initially estimated from known launch 
time, orbital inclination and active launch path. Then, based on the launch history analysis results from the 

Fig. 1. The dependence of the latitude argument on the ascending  
node longitude for the Spire Global nanosatellite constellation
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target spaceport by similar launch vehicles, using the initial TLE files, the latitude argument at the satellite 
launched epoch time was numerically predicted. Besides, based on the perturbed circular motion, the nano-
satellite pass parameters (elevation, azimuth) and the Doppler frequency shift or radio signals necessary for 
successful radio communication over the ground receiving station are calculated.

In order to calculate the state vector of the constellation nanosatellites, a pre-launch orbit prediction method 
was developed. It involves two stages: finding the nanosatellite state vector in the first flight day and at the time 
of constellation mission operate start. The method flowchart is presented by fig. 2. The following input data is 
used in the method: the launch time, target spaceport coordinates, launch vehicles type, orbit inclination and 
altitude (period), as well as the history and motion dynamics analysis results of previous launches from the 
target spaceport to orbit with similar altitudes and inclinations.

In the first stage, the nanosatellite state vector in the first flight day is calculated based on the minimum 
launch data (inclination i, altitude H0 or period T0, launch time t0, target spaceport coordinates, launch vehic-
les type), and the launch history analysis results from the target spaceport by similar launch vehicles. In the 
process of satellite launch, the spent stages or boosters of the first and second launch vehicle stages should 
fall into specially designated areas for this purpose, where they can not cause any harm [23]. Therefore, it is 
assumed that the nanosatellite longitude l new and latitude ϕnew from subsequent launches by similar vehicles at 
time t0 + ta + ∆ t should coincide with the longitude l old and latitude ϕold of previous launches:

l t l tnew
new new

old
old oldt t t ta a0 0+ +( ) = + +( )∆ ∆ ,

ϕ t ϕ tnew
new new

old
old oldt t t ta a0 0+ +( ) = + +( )∆ ∆ ,

where t t0 0
old new
,  – previous and subsequent launch time; t ta a

old new
,  – previous and subsequent active launch 

trajectory time interval; ∆ t – several minutes time interval.
To find the nanosatellite radius-vector and velocity vector at the epoch time te, the previous launches by 

similar vehicles are analysed, besides, nanosatellite longitude l and latitude ϕ at three time moments t1 = te – t, 
t2 = te, t3 = te + t in the first flight day are estimated. Then, based on the orbital period T0, the position radius- 
vector modulus R is calculated [8; 19]:

R
T

= 





m
p

1 3 0

2 3

2

/

/

,

where m is the gravitational parameter of the Earth and is equal 398 600.5 km3/c2.
Three nanosatellite radius-vectors RECEF ECEF ECEF ECEFX Y Z, ,( ) in the Earth-centered, Earth-fixed (ECEF) 

coordinate system at times t1, t2, t3 (Earth’s oblateness has ignored) are figured out as follows [19]:
ZECEF = R sin ϕ; XECEF = R cos ϕ cos l; YECEF = R cos ϕ sin l,

where XECEF , YECEF , ZECEF are coordinates of radius-vector RECEF in the ECEF coordinate system.

Fig. 2. Nanosatellite state vector calculation flowchart for constellation flight simulation
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Since the greatest difference between geodesic latitude and geocentric latitude is reached at 45° latitude and 
is 0.192 1° = 11.315′, geocentric latitude for calculations has used.

Transforming radius-vector from the Earth-fixed to the geocentric inertial coordinate system at the time 
moment tk (ik = 1, 2, 3). The nanosatellite radius-vector in Earth-centered inertial (ECI) coordinate system [19]: 

R RECI
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 is rotate matrix; XECI, YECI, ZECI are coordinates of radius- 

vector RECI in the ECI coordinate system; θGST is the Greenwich Sidereal Time (GST). 
The Gibbs or Herrick – Gibbs method (for small time intervals values between the time moments ti ) is used 

to find the nanosatellite velocity vector  
ECI

V t
2( ) from three position vectors R

ECI
ti( ) [19]. Thus, the nanosat-

telite state vector in the first flight day at the epoch time te = t2 is fully defined.
In the second stage, based on the nanosatellite state vector in the first flight day, the orbit prediction at the time 

constellation mission operate start is conducted. As known [19; 24], for a low-orbiting spacecraft, the main 
perturbing forces are the non-centrality Earth gravity field (mainly taking into account the second zone har-
monic, that characterises the Earth polar compression) and the atmosphere resistance force.

Since the prediction time interval can reach several months to estimate the nanosatellite state vector, a sim-
plified perturbed motion takes into account only secular orbital parameter perturbations are used. The secular 
average motion perturbations (average motion derivative) based on nanosatellite motion dynamics analysis of 
previous launches to similar altitudes and inclinations are estimated.

Then, in the simplified perturbed nanosatellite motion model (taking into account the secular perturbations 
from the second zone harmonic and from the mean motion derivative), a nanosatellite state vector assessment 
at the constellation flight simulation beginning time are made (a week after the last constellation nanosatellite 
launch).

The input data in the simplified perturbed motion model for nanosatellites orbital parameters calculating 
at the constellation mission operate start time t, expressed in the Julian date format, are: ∆ t – the difference 
between the constellation mission operate start time and the epoch elements time te, expressed in the Julian 
date format (∆ t = t – te ); semi-major axis a0; orbit parameter p0; eccentricity e0; inclination i; ascending node 
longitude Ω0; perigee argument w0; mean anomaly M0; mean motion n0, calculated based on nanosatellites 
state vector at the epoch time te.

First, the nanosatellite orbital parameters at the constellation mission operate start time t, taking into account 
the secular perturbations from the first zone harmonic and the atmosphere resistance force (the mean motion 
first derivative) are determined [19]:
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where J2 = 0.001 082 626 7 is the second zonal harmonic; RE = 6378.137 km is the mean equatorial radius of 
the Earth. 

Then, the Kepler equation for eccentric anomaly E has been solved:
E – e sin E = M.

After calculating the eccentric anomaly E, we find the true anomaly ϑ at the constellation operate start 
moment of time t [19; 24]:

tg tg
ϑ
2

1

1 2
= +

-
e
e

E  or cos cos
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.ϑ = -

-
E e
e E1
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The current nanosatellite state vector at the constellation operate start time t in the orbital coordinate system 
is determined with the used the radius vector module and the true anomaly angle ϑ as [9; 19]:

Xоrb = Rоrb cos ϑ, Yоrb = Rоrb sin ϑ, Zоrb = 0,

V p V e p VX Y Zorb orb orb
= - = +( ) =sin , cos , ,ϑ ϑm m

0

where R p
eorb

=
+1 cosϑ

 is the orbital radius vector module.

As a result, the nanosatellite position vector RECI t X Y Z( ) = ( ), ,  and the velocity vector  ECIV t V V Vx y z( ) = ( ), ,  
in the geocentric inertial coordinate system (OXYZ ) at the constellation operate start time are determined [9; 19]:
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Results and discussion
For 15 launches from the Jiuquan and Taiyuan spaceports at 00:00:00 UTC (coordinated universal time) 

11 November 2021 the nanosatellite constellation orbital parameters were calculated. As the result, the route 
map for the regional nanosatellites constellation formation was developed, that presented in fig. 3.

According presented road map (see fig. 3), five launches (11 June, 3 July, 24 August, 14 October, 3 No-
vember) were chosen to produce five orbital planes differing in ascending node longitude Ω (20°, 24.8°, 
37.9°, 80.3°, 140.4°). For the close nanosatellite orbital planes (with Ω = 20° and Ω = 24.8°), the launches 
spaced by the latitude argument u to diametrically opposite points of the orbit were selected, as shown in 
the table.

Fig. 3. Route map of the regional nanosatellites constellation  
formation for selected five launches from Jiuquan and Taiyuan
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Nanosatellite orbital parameters for five selected launches

Date and lunch time (spaceport) Nanosatellite 
number i, degree Н, km Ω, degree u, degree

11 June 2021 (Taiyuan) 4 97.50 493 24.8 279.1
3 July 2021(Taiyuan) 5 97.52 536 20 124.4
24 August 2021 (Jiuquan) 1 86.41 1099 37.9 73.3
14 October 2021 (Taiyuan) 3 97.46 514 140.4 47.6
3 November 2021 (Jiuquan) 2 98.10 695 80.3 131.8

The constellation with five nanosatellites during its pass over the Minsk at the daily interval of 11 November 
2021 was modelled. Figure 4 presents a visibility constellation nanosatellites time chart. It has been established 
that the largest number of times (10) in the Minsk sight area was nanosatellite 1, with a 18 min maximum in-
terval. The rest (nanosatellites 2–5) passed 7–8 times with a 13 min maximum interval. At the same time, the 
constellation radio visibility interruption time was 36 min with an 85 min maximum value.

Conclusion
The software module for the nanosatellite constellation orbital construction analysis was developed. The con-

struction of Spire Global nanosatellites constellation based on orbital parameters database in the TLE format, sa-
tellite constellation databases and the developer site information was analysed. The pre-flight piggyback launched 
nanosa tellite orbit prediction method was developed. It involves two stages: finding the nanosatellite state 
vector in the first flight day and at the time of constellation mission operate start. The roadmap for constructing 
a regio nal nanosatellite constellation to collecting data from mobile facilities and service using the piggyback 
launch according to Chinese provider information has developed. Launches from the Taiyuan and Jiuquan 
Satellite Launch Centers with orbit inclination about 90°, that best correspond to the passes over Minsk are 
analysed. It was found that five launches are enough to organise a regional nanosatellite constellation with 
average radio visibility interruption time of at least 36 min with an 85 min maximum value.
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