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Abstract

This work focuses on the nominal design and later maintenance of satellite con-

stellations based on the 2D Necklace Flower Constellations for their application

in Earth observation missions. To that end, we introduce a generalization of

the 2D Necklace Flower Constellations formulation to adapt the methodology

to constellations whose satellites have different mission requirements, while still

allowing to reduce the searching space in satellite constellation design. More-

over, this design is combined with its dual distribution in the Earth Centered

Earth Fixed reference frame to obtain additional information about the dynamic

of the system, including the sub-satellite point revisiting time, or the relative

to Earth distribution. This is used to optimize the constellation in terms of

maximum uniformity of the distribution with respect to the Earth. Finally, a

detailed example of application of this design methodology is presented, where

a constellation based on satellites with different mission requirements is consid-

ered.
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1. Introduction

In the last decades, an increasing number of space missions are being de-

signed based on the idea of cooperation between satellites. This has been seen

extensively in telecommunication missions and global positioning systems. In

general, such missions consist on satellites with identical (or very similar) pay-5

loads with the objective to provide either continuous or discontinuous coverage

over given regions of the Earth surface. In order to study these systems, a large

variety of satellite constellation designs have appeared. Examples of that include

Walker Constellations [1], Streets of Coverage [2], Draim Constellations [3],

Flower Constellations [4], or the kinematically regular satellite networks [5],10

but there are many others [6, 7, 8, 9, 10, 11, 12, 13, 14, 15]. Nevertheless, an

increasing interest of combining the scientific data of different satellites have ap-

peared in the last years with the objective of optimizing the use of the available

resources in space, requiring, to that end, the coordination of the dynamic of

different missions. One example of this kind of design is the A-Train [16] or the15

future plans for the Copernicus program [17]. However, the majority of the pre-

vious constellation designs assume that all the satellites in the constellation are

identical, which limits their direct application to these systems. To overcome

this limitation, Necklace Flower Constellations was introduced [18, 19, 20, 21].

Necklace Flower Constellations is a constellation design framework developed20

as a generalization of Flower Constellations [4, 24, 22, 23], and its later incarna-

tion, the Lattice Flower Constellations [25, 26, 27]. The idea behind Necklace

Flower Constellations is to generate a fictitious constellation containing all the

possible satellite locations that are compatible with the mission requirements.

This means that, in general, this fictitious constellation contains a larger number25

of satellites that the constellation sought. Therefore, a subset of these fictitious

satellites is selected in such a way that the constellation maintains a chosen

set of properties. The formulation of Necklace Flower Constellations has been

applied for the 2D [28, 18], 3D [19], and 4D [21] Lattice Flower Constellations

methodologies showing their possibilities in satellite constellation design and30
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their properties. However, no clear relation between mission requirements and

the theory was presented, which limited its application to mission analysis.

In this work we focus on the design methodology of 2D Necklace Flower

Constellations for different missions. Particularly, a complete example of appli-

cation of this methodology for an Earth observation mission is presented, where35

we show the relation between mission requirements and the 2D Necklace Flower

Constellation formulation. In this example, a constellation composed by very

different satellites is shown, meaning that each satellite has very different mis-

sion requirements. This case of study introduces an additional complexity to the

problem, being not all the satellites equivalent, which differs from other design40

methodologies such as Walker [29, 30] or Flower Constellations [31, 32]. More-

over, and in order to show a more in-depth study, we apply a formulation based

on the Earth Centered - Earth Fixed (ECEF) frame of reference [33, 34, 35] to

the same design and show the duality and benefits that the combined use of

both formulations can provide.45

Additionally, and due to the nature of this systems, it is also of interest

to study the long term evolution of these systems under the effects of orbital

perturbations. In that regard, other studies have dealt with the effects of or-

bital perturbations in satellite constellations, including Walker [36], Draim [37],

Tundra [38], or the Galileo [39] constellations. For the more specific case of50

2D Lattice Flower Constellations, a study on the effects of the oblateness of the

Earth [40] (represented by the J2 term of the Earth gravitational potential), and

other orbital perturbations [41] was also studied. In this work, an example of

control strategy is shown for 2D Necklace Flower Constellations applied to Earth

observation missions to show that the design methodology proposed is feasible55

in terms of control and fuel budget, even in the cases where the constellation is

comprised by satellites with very different mass properties.

This work is presented as follows. First, we introduce a summary of the

methodologies of 2D Necklace Flower Constellations and the relative to Earth

constellation formulation that we will use in this work. This summary includes60

the relation between both formulations, and a new generalization of 2D Necklace
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Flower Constellations to account for non-uniformities in the distribution. Sec-

ond, a mission concept is proposed for the application of these methodologies,

including the selection of payloads and all the requirements that are considered

in this study. Third, we include the definition of the nominal design of the65

constellation by means of the 2D Necklace Flower and the relative to Earth

formulations. This allows to clearly show how to apply these design methodolo-

gies to particular mission requirements. Fourth, we define a control strategy for

the mission and evaluate the orbital maneuvers required by each satellite of the

constellation. With all these results, a simple but complete study of an Earth70

observation constellation mission is shown.

2. Constellation design methodology

The constellation design methodology presented in this work is based pri-

marily on the 2D Necklace Flower Constellations, which is then complemented

by a relative to Earth constellation definition in order to obtain additional in-75

formation about the distribution. For that reason, a short summary of both

methodologies is included in this section as a reference.

2.1. 2D Necklace Flower Constellations

2D Necklace Flower Constellations [18] (2D-NFC) is a constellation design

methodology where all the satellites share their nominal values of semi-major

axis (a), eccentricity (e), inclination (i) and argument of perigee (ω), while the

mean anomaly (M) and right ascension of the ascending node (Ω) depend on

each satellite of the constellation. 2D Necklace Flower Constellations has its

foundation on the 2D Lattice Flower Constellation [25] (2D-LFC) methodology,

which defines the following constellation distribution with respect to a reference

satellite of the constellation: LΩ 0

LMΩ LM

 ∆Ωij

∆Mij

 = 2π

 i− 1

j − 1

 , (1)

being LΩ the number of orbital planes of the constellation, LM the number of

satellites per orbit, LMΩ the combination number (a parameter that allows to80
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shift the distribution between different orbital planes), ∆Ωij and ∆Mij represent

the satellite distribution in the right ascension of the ascending node and the

mean anomaly with respect to a reference satellite, and i ∈ {1, . . . , LΩ} and

j ∈ {1, . . . , LM} are the integer indexes that allow to define each satellite in the

orbit i of the constellation and the position j of the orbit.85

The 2D-LFC methodology generates uniform and symmetric configurations.

However, provided a set of satellites, the number of possible different configura-

tions is limited by the number of combinations between the distribution param-

eters [20], and thus, larger constellations are able to generate a larger number

of different distributions. Therefore, in order to overcome this limitation and90

allow more flexibility in the design, the concept of Necklace was introduced [18].

The idea of Necklaces is to generate a fictitious constellation with a larger

number of satellites that the constellation required, and then select a subset

of those satellites following a given criteria. In that sense, the fictitious con-

stellation is generated in such a way that all the fictitious satellites fulfill the95

mission requirements, while the real satellites are the subset that makes the

constellation optimal for the mission considered.

The original 2D-NFC formulation [18] can be generalized to include a certain

degree of non-uniformities that will be useful when dealing with constellations

whose satellites have different mission requirement. In particular, it is possible100

to generate necklaces in the two distribution variables, Ω and M :

i = GΩ(i∗),

j = GM (j∗) + PMΩ(i∗), (2)

where GΩ ⊆ {1, . . . , LΩ} and GM ⊆ {1, . . . , LM} are the necklaces in Ω and M

respectively, and i∗ ∈ {1, . . . , NΩ} and j∗ ∈ {1, . . . , NM} name each real satellite

of the constellation. Note that using this formulation LΩ and LM define the

number of available positions in each variable while NΩ and NM names the

actual satellites of the constellation regarding their position in right ascension

of the ascending node and mean anomaly. Finally, PMΩ ∈ {0, . . . , Sym(GM )−1}

is a phasing parameter that allows to shift the configuration from one inertial
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orbit with respect to the others, where Sym(GM ) is defined as the symmetry

of the necklace GM , which represents the minimum number of rotations that a

given necklace can perform without repeating the configuration, that is:

GM ≡ GM + Sym(GM ), (3)

where ≡ identifies equivalent configurations. That way, the distribution of a

2D-NFC is defined by:

∆Ωi∗j∗ =
2π

LΩ
(GΩ(i∗)− 1) ,

∆Mi∗j∗ =
2π

LM

(
(GM (j∗)− 1) + PMΩ(i∗)− LMΩ

LΩ
(GΩ(i∗)− 1)

)
. (4)

Note that this formulation differs slightly to the one presented in Ref. [18] to

account for non-uniform distributions. This means that Eq. (4) represents a105

generalization of the 2D-NFC formulation.

Using Eq. (4), it is possible to obtain complete congruent configurations as

the ones seen in previous works [18, 19, 21], that is, constellations distributions

that are independent of the orbital planes selected as the reference. This kind

of distributions are able to maintain the original properties of uniformity and

symmetries of 2D Lattice Flower Constellations if some conditions are met. An

in-depth study of these constellations can be seen in Ref. [18]. Following that

work, the condition that the phasing parameter has to fulfill in order to obtain

a congruent distribution is:

PMΩ(i∗) = SMΩ(GΩ(i∗)− 1), (5)

being SMΩ ∈ {1, . . . , Sym(GM )} the shifting parameter, an integer constant for

the distribution that must fulfill the following relation to generate a congruent

distribution:

Sym(GM ) | SMΩLΩ − LMΩ, (6)

which reads Sym(GM ) divides SMΩLΩ−LMΩ, and where the previous expression

is a Diophantine equation used to obtain the solution of SMΩ.
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2.1.1. Repeating ground-track property

In addition to the previous formulation, it is possible to impose the repeating

space-track property [35] (if required). This is done by applying the compati-

bility condition to the distribution:

Np∆Ωij +Nd∆Mij = 0 mod (2π) (7)

where Np is the number of orbital revolutions and Nd is the number of days to

ground-track repetition respectively. This means that, there are two conditions

that 2D-NFC must fulfill to obtain a repeating ground track constellation [35].

First, LM |Nd and gcd(Nd/LM , LΩ) = 1 to impose that satellites in the same

orbit belong to the same ground-track, and second:

NdLMΩ +ALΩLM = NpLM , where A ∈ Z, (8)

to select the combination number that locates satellites from different orbital110

planes in the same ground-track. A more in-depth study of the implications of

these parameters and examples of application can be found in Ref. [18].

2.2. Relative to Earth constellation formulation

In this work we will make use of the formulation provided by Ref. [33]. This

formulation allows to define satellite constellations directly in the ECEF frame115

of reference using as distribution variables the along-track and cross-track dis-

tances between satellites. The idea behind this methodology is to define a set

of reference space-tracks that are shared by subsets of satellites of the constel-

lation. This means that the values of the nominal semi-major axis, inclination,

eccentricity and argument of perigee for all the satellites of the constellation120

are common, as in the case of 2D-NFC. Additionally, and when dealing with

completely uniform distributions, this formulation becomes:

∆Ωkq = −2πNd
q − 1

Nst
,

∆Mkq = 2π
Np

Nd

k − 1

Nt gcd(Np, Nt)
+ 2πNp

q − 1

Nst
, (9)
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where ∆Ωkq and ∆Mkq are the right ascension of the ascending node and mean

anomaly of each satellite with respect to a reference satellite of the constellation;

Nst is the number of satellites in each ground-track, Nt is the number of different125

ground-tracks of the constellation, and q ∈ {1, . . . , Nst} and k ∈ {1, . . . , Nt} are

the distribution variables that name and locate each satellite in the track k of

the constellation and the position q of each ground-track.

2.3. Relation between both formulations

It is possible to relate both formulations when dealing with constellations130

whose satellites are located in the same repeating ground-track [35]. In those

cases Nt = k = 1, and Eq. (9) leads to [33]:

∆Ωkq = −2πNd
(q − 1)

LΩLM
mod (2π),

∆Mkq = 2πNp
(q − 1)

LΩLM
mod (2π), (10)

where Nst = LΩLM is the number of fictitious satellites of the constellation.

Then, we can relate the distribution in ∆M with the one defined in a 2D-LFC

(see Eq. (1)), obtaining:

2π

(
j − 1

LM
− LMΩ(i− 1)

LΩLM

)
= 2πNp

(q − 1)

LΩLM
mod (2π), (11)

and after some equation manipulation in modular arithmetic, the following re-

lation is obtained:

Np(q − 1) +B (LΩLM ) = (j − 1)LΩ − (i− 1)LMΩ, (12)

or in the case of 2D-NFC:

Np(q − 1) +B (LΩLM ) =
[
(GM − 1 + PMΩ)LΩ − (GΩ − 1)LMΩ

]
, (13)

where B is an unknown integer number, and LΩ, LM and LMΩ fulfill the condi-

tions presented before to obtain a repeating ground-track configuration. Equa-

tion (13) is a Diophantine equation in (q − 1) and B that defines the complete135

transformation between 2D-NFC and this relative to Earth formulation. This
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means that Eq. (13) is able to relate the distribution in the inertial frame of

reference (where the 2D-LFC and 2D-NFC are defined) with the ECEF frame of

reference (where the formulation from Eq. (9) is defined), allowing for instance,

to compute the revisiting time between satellites, or the sequence of passing140

of all the satellites of the constellation over a given area. In that regard, it is

important to note that all the distributions generated using this formulation are

uniform, and thus, the relative positions between satellites are known in both

reference systems.

In the next sections we deal with a mission concept and its related mission145

requirements. Under these conditions, we propose a constellation design based

on the methodology presented, and study its dynamic under orbital perturba-

tions. This example of application is selected to show clearly how to apply

the previous methodologies using real mission requirements. In that sense, the

satellite distribution has been selected in such a way that the resultant constel-150

lation is able to fulfill all the mission requirements while keeping the process

followed as clear as possible.

3. Mission concept

In this work, we propose a constellation for coordinated Earth observation

based on 6 satellites whose mission is land remote sensing based on both optical155

and radar instruments. In particular, each satellite of the constellation will carry

a single instrument, meaning that a coordination between satellites is required in

order to be able to combine the scientific data from different payloads. To that

end, instruments shall be able to study the same Earth regions under a similar

geometry, that is, the data obtained from all the satellites of the constellation160

should be from the same regions of the Earth and taken under the most similar

conditions, including orientation of cameras and instruments, and Earth-Sun-

Instrument geometry. This condition allows to combine the scientific data of

different satellites and reduce the revisiting time of the mission. Moreover, an

additional requirement of the mission is that the constellation shall be able to165
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cover the majority of Earth’s surface in the least number of days. This implies

that the revisiting time of the constellation must be minimal, not only regarding

each individual satellite, but also from the constellation as a whole, and from

the perspective of the different payloads.

This kind of mission concept has already been applied to several missions,170

and its use is expected to increase in the future due to the number of possibili-

ties that it provides in new missions, and also because it allows to optimize the

satellites available. An example of this kind of mission concept is the coordi-

nation of Sentinel-3A with Sentinel-3B (or the future Sentinel-3C/D) [17] and

other smaller missions such as FLEX [42].175

For this example, the constellation considered is based on the instruments

carried by the Earth observation missions Landsat 7 [43], OCO-2 [44] and Cloud-

Sat [16], where each two satellites of the constellation have the same or equiva-

lent payloads. This introduces in the problem studied three different families of

instruments, which will have some interesting results during the design of the180

constellation. Moreover, this study focuses on a constellation made of only 6

satellites to show how the methodology applies in a varied set of mission re-

quirements while keeping the number of satellites, and thus the complexity of

the system, low enough to make the manuscript as clear as possible.

Landsat program is the oldest family of satellites whose mission is the acqui-185

sition of satellite imagery of the Earth. The program focuses on monitoring the

landmass of the Earth, providing high spatial resolution images both in the vis-

ible and the infrared specters of light. The first satellite of the family, the Earth

Resources Technology Satellite (later renamed Landsat 1), was launched in 1972

providing nearly three years of operation to the mission. Other satellites of the190

family followed the program: Landsat 2 (1975−1982), Landsat 3 (1978−1983),

Landsat 4 (1982−1993), Landsat 5 (1984−2013), Landsat 6 (1993−1993), Land-

sat 7 (1999−) and Landsat 8 (2013−). In addition, Landsat 9 is expected to be

launched in 2020. In this work we focus on Landsat 7 instrument, the Enhanced

Thematic Mapper Plus (ETM+), and the requirements that this instrument im-195

poses to the mission. The ETM+ is an imaging radiometer with eight spectral
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bands that ranges from the visible blue to the far infrared.

CloudSat mission is part of the Earth Observing System (EOS) Afternoon

Constellation, also known as the A-train, a tandem formation actually based on

six satellites: Aqua, Aura, CALIPSO, CloudSat, GCOM-W1 and OCO-2. The200

aim of CloudSat is the study of clouds with the objective of characterizing the

role they play in regulating the Earth’s climate. The satellite was launched in

2006 and its primary payload is the Cloud Profiling Radar (CPR), a 94-GHz

radar with 500-m vertical resolution.

The Orbiting Carbon Observatory (OCO) is a satellite mission that was in-205

tended to provide observations on the atmospheric carbon dioxide from a near

polar orbit. However, the first satellite of the series, OCO, was lost in a launch

failure in 2009. Later, in 2014, OCO-2 was successfully launched to substi-

tute OCO. One interesting property of OCO-2 is that the satellite maintains

a loose formation with the A-train, providing complementary scientific data to210

the mentioned constellation. The primary payload of OCO-2 consists of three

high resolution grating spectrometers.

4. Mission requirements

The mission considered is based on six satellites and two kinds of payloads:

two different spectrometers (from Landsat 7 and OCO-2) and a radar (from215

CloudSat). In addition, each two satellites of the constellation will contain

the same or an equivalent payload. This introduces a set of distinct mission

requirements for each satellite of the constellation that they must fulfill in order

to provide scientific data for the mission.

Now, we present the mission requirements for each satellite, showing the220

constraints that each instrument introduces in the problem as well as the phys-

ical properties of the satellites that originally carried these payloads. In that

respect, and in order to show the requirements in a clearer manner, we have

separated each satellite class in a different point.
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4.1. Landsat 7 class satellites (ETM+)225

For this mission, we assume that the two Landsat 7 class satellites will be

the primary spacecrafts of the mission, since they are the heaviest satellites that

we are considering. This means that, during the design, we will focus on the

requirements of these two satellites, being the requirements of the other satellites

additional constraints that will be applied to this first set of requirements.230

The ETM+ is an instrument with a field of view of ±7.5◦ and a swath of

185 km, which requires to fly at a nominal of altitude 705 km ± 5 km at the

equator. Moreover, this payload requires to perform periodically 3 different kind

of calibrations that affects the selection of the orbit [45, 46, 47]:

� Ground Look Calibration (GLC): this calibration consists on the observa-235

tion of given areas of the Earth surface, that, due to their properties of

homogeneity and stability over the course of the year, allow to perform

measure comparisons. It is carried out each 2 to 6 months during the

normal operation of the satellite. Examples of this reference regions are

Railroad Valley Playa (38.5◦ N, 115.7◦ W) and White Sands (32.9◦ N,240

106.4◦ W).

� Full Aperture Solar Calibration (FASC): this calibration is performed each

4 to 6 weeks during the normal operation of the satellite and consists on

the observation of the Sun using a set of mirrors in the instrument while

the satellite lays in the frontier between day and night and flies over the245

polar circle region.

� Partial Aperture Solar Calibration (PASC): this calibration is performed

once per day and lasts for two minutes. It consists on the measurement of

the radiation of the Sun while the satellite has just exited an eclipse and

its sub-satellite point is still in a night region.250

Additionally, there are two more requirements that the ETM+ must fulfill.

First, the local time at the ascending node must be between 09:45 and 10:15.

Second, and in order to maintain the observation geometric properties, the
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orbit inclination of the satellite must be in the range of ±0.15◦ from the sun-

synchronous inclination.255

On the other hand, the size and weight of the satellite also influences the

dynamic of the spacecraft. In that respect, we select Landsat 7 as the reference

for this class of satellites. Landsat 7 has a mass of 1982 kg, its height is 4 m

and presents 2.7 m of diameter [48, 175-179]. These dimensions will be used in

order to evaluate the effect of the atmospheric drag in the satellite.260

4.2. OCO-2 class satellites (grating spectrometer)

The instrument of OCO-2 (a payload consisting of three grating spectrom-

eters) requires a sun-synchronous orbit with a local time at the ascending node

between 13:18 and 13:33, a nominal altitude over the equator of around 705km,

and an inclination control of ±0.1◦ with respect to its sun-synchronous inclina-265

tion. Furthermore, OCO-2, the reference satellite for this class of satellites, has

a weight of 530 kg, a longitude of 2.3 m and 1.4 m of diameter [48, 199-203].

4.3. CloudSat class satellites (CPR)

The CPR instrument does not introduce more requirements to the mission

(since it share many of the previous constraints presented for Landsat 7 and270

OCO-2). In that respect, CPR requires also a sun-synchronous orbit with an

altitude of around 705 km over the equator. In addition, the reference satellite

used in this work, CloudSat, has a mass of 999 kg and the following dimensions:

2.3 m× 2.3 m× 2.8 m [48, 125-128].

4.4. Global requirements of the constellation275

In addition to the requirements imposed by each instrument of the mission,

the constellation satellites are required to maintain the same ground-track. This

is done primarily for three reasons. First, the constellation is required to main-

tain the geometry of the observations over the target regions over time. This

allows not only to compare the data of different passes, but also to combine the280

scientific data from different satellites. Second, this condition allows to ease the
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communications with the ground segment providing a periodic dynamic. Fi-

nally, the perturbation produced by the Earth gravitational potential affects all

the constellation satellites in the same manner since they follow the same tra-

jectory in the ECEF reference system [35]. This allows to maintain the relative285

position of satellites more easily.

In that regard, we assume that all the constellation satellites have a ground-

track control both in plane and in inclination. The boundaries of this control

are the same for all the satellites of the constellation in order to maintain the

structure of the system as a constellation. In particular, we select the most290

restrictive requirements from the mission instruments to define a dead band of

1.5 km (in each direction) and a range of inclinations of ±0.01 from the sun-

synchronous inclination.

Moreover, and in order to improve the response of the constellation as a

system, the constellation proposed will be designed is such a way that the re-295

visiting time for all the regions covered by the constellation will be the smallest

possible with the considered requirements. That way, we will be able to show

an application case of 2D-NFC in optimization problems.

5. Nominal design of the constellation

Based on the mission requirements presented, it is possible to define the300

nominal design of the constellation. In order to do that, we first define the

reference orbit for the constellation, that is, an orbit that fulfills the mission

requirements and that will be used to generate the constellation reference tra-

jectory in the ECEF frame of reference. Then, the design of the constellation is

performed using the 2D-NFC.305

5.1. Nominal reference orbit

Based on the requirements of repetition from the calibration of the ETM+,

as well as for convenience of design related to data handling and performance

of the mission, we select a repeating ground-track sun-synchronous frozen orbit.

14



Moreover, since all the satellites of the constellation require to observe the same310

regions of the Earth under similar geometries, we impose that all satellites of

the constellation share the same ground-track. This means that the nominal

values of the eccentricity, inclination, argument of perigee and semi-major axis

of all the satellites of the constellation will be the same [33].

Table 1: Repetition parameters of some compatible orbits.

Np 233 262 277 291 306 335

Nd 16 18 19 20 21 23

Np 364 379 393 408 422 437

Nd 25 26 27 28 29 30

However, although the payloads of the constellation are required to fly at an315

altitude of around 705 km, we do not know exactly the semi-major axis of the

orbit nor its eccentricity or inclination. In order to obtain them, we impose the

requirements of repeating ground-track orbit, sun-synchrony, and that the swath

of the ETM+ is able to cover all the Earth at the end of the repeating cycle.

By applying these conditions, we can obtain a series of compatible orbits [49,320

862-895]. A summary of the orbits that have the lowest repetition time and

fulfill the mission requirements can be seen in Table 1.

Table 2: Orbital parameters of the nominal orbit of the constellation.

Nominal a 7077.722 km

Nominal i 98.186◦

Nominal e 0.001043

Nominal ω 90.000◦

Ω and M Dependent on the date and satellite

Table 1 shows that the orbit with best repetition time is the one with Np =

233 and Nd = 16. Thus, we select it as the nominal orbit for the constellation.

This means that each satellite of the constellation will repeat its ground-track in325

233 orbit revolutions or 16 days. Moreover, and since we want the orbit to be as
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stable as possible, we impose that the satellites of the constellation present the

frozen orbit property [49, 885-888]. With these conditions, the nominal values

of the semi-major axis, the eccentricity, the inclination, and the argument of

perigee of the orbits are obtained [50]. Table 2 presents a summary of the330

nominal orbital parameters of the constellation.

5.2. Nominal constellation distribution

Once the nominal orbit of the constellation is defined, we can now focus on

the constellation distribution. The first step for this is to determine the size

of the fictitious constellation. This fictitious constellation defines the complete335

set of possible positions where a satellite of the constellation can be located to

fulfill all mission requirements. This means that if a satellite is located in one

of these positions, it is guaranteed that it will fulfill the mission requirements

considered for this study.

From the mission requirements of Landsat 7 and OCO-2 (the satellites that340

have an optical sensor), we know that the local time in the ascending node for

their orbits must be from 09:45 to 10:15 and from 13:18 to 13:33 respectively.

The local time is in fact providing the information of the angular distance that

must exist between the orbital planes of both satellites. Particularly, this condi-

tion can be rewritten as ∆Ω = [45.75◦, 57.0◦], from which an intermediate value345

of ∆Ω = 51.43◦ is selected as the nominal for the constellation distribution to

be able to absorb the effects of orbital perturbations. In fact, this value is also

chosen since it is the seventh part of a complete rotation (360◦/7 ≈ 51.43◦), a

fact that will greatly simplify the representations shown in this section while

still fulfilling the mission requirements. Thus, a uniform fictitious constellation350

with 7 orbital planes is defined (LΩ = 7), and since the number of satellites

that share instrument is two, we can derive that NΩ = 3, that is, satellites

with similar instrument must be in the same orbital plane to fulfill their specific

missions.
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5.2.1. Generation of available positions355

The next step is to determine the number of available positions that can

be defined in each orbit in such a way that they are in the same ground-track.

From the expression in ∆Ωkq of Eq. (10), if we impose that all the satellites

belong to the same inertial orbit:

0 = −2πNd
(q − 1)

LΩLM
mod (2π), (14)

we can derive that the maximum number of available positions in each inertial

orbit is equal to Nd (which corresponds to the nodes of the orbit). This means

that the fictitious constellation that is compatible with the ground-track of the

problem has LM = Nd = 16 available positions in each orbit, where only two

positions will be occupied by satellites of the constellation, that is, the number360

of real satellites per orbit is NM = 2.

Figure 1: Representation of the fictitious constellation in the (Ω,M)-space.

Being LΩ and LM already known, only the combination number LMΩ is left

to be defined. Its value can be obtained using Eq. (8):

16 · LMΩ +A · 7 · 16 = 233 · 16, (15)

where the combination number that allows the fictitious constellation to be dis-

tributed in only one ground-track is LMΩ = 2. Figure 1 shows the distribution
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of the fictitious constellation in the (Ω,M)-space. It is important to note that

the position of the reference satellite of the orbit will depend on the date, since365

orbits and satellites are rotating during the dynamic of the system.

5.2.2. Necklace selection

The objective now is to select the necklaces GΩ and GM that will define the

orbital planes selected, and the distribution of satellites in each orbital plane

respectively. In that sense, these necklaces will be studied independently.370

First of all, we define an orbital plane of reference. Since Landsat 7 class

satellites are considered the primary spacecrafts of the mission, we select their

orbital plane as the reference for the constellation. Then, from the mission re-

quirements, we know that Landsat 7 and OCO-2 class satellites must be in two

different planes at an angle of 51.43◦, which represent two consecutive planes375

of the fictitious constellation. On the other hand, we locate the orbital plane of

CloudSat class satellites at the same angular distance but on the opposite direc-

tion. That way, the necklace to select must be GΩ = {1, 2, 7}, where GΩ(1) = 1

corresponds to Landsat 7 class satellites, GΩ(2) = 2 relates to OCO-2 class

satellites, and GΩ(3) = 7 represents CloudSat class satellites.380

Second, the necklace in the mean anomaly GM must be selected. This neck-

lace represents the distribution of satellites that share the same orbital plane or,

in other words, the satellites that share the same payload. Since we are looking

for the distribution with the smallest revisiting time in each payload, the along

track distance between both must be maximum in order to optimize the revis-

iting time for any point in the Earth surface. That way, instead of having a

revisiting time of 16 days for each instrument, the time will be reduced to half.

Thus, satellites that share the same orbital plane must be phased 56 positions

in the relative trajectory (from the total of LMLΩ = 112 available positions),

or in other words (see Eq. (10)):

∆M = 2πNp
56

112
mod (2π) = π. (16)

This means that from the total of 16 available positions in each orbital plane, we
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must select the pair of positions that are located at 180o. This is represented by

the necklace GM = {1, 9} (both satellites are separated 8 positions from a total

of 16 available positions), where GM (1) = 1 is the first satellite of each class and

GM (2) = 9 is the second satellite of each class. Note that Sym(GM ) = 8 due to

the fact that:

GM + Sym(GM ) mod (LM ) = GM −→ {1, 9}+ 8 mod (16) = {1, 9}. (17)

5.3. Phasing and revisiting time

Once the fictitious constellation and the necklaces are defined, it is time to

study which is the optimal phasing combination between orbital planes that al-

lows to obtain the minimum revisiting time for the constellation while fulfilling

the mission requirements. In that regard, we will consider a worst-case scenario385

where the revisiting time is computed for any point in the ground-track and

with no field of view. This means that we will focus in the revisiting times of

the subsatellite points for any location along the ground-track of the constel-

lation. This calculation is performed using the relations between 2D-NFC and

the relative to Earth constellation formulation derived previously.390

The period of repetition of the constellation dynamic in the ECEF frame of

reference Tc is given by:

Tc = Nd
2π

ω⊕ − Ω̇
, (18)

being Ω̇ the secular value on the variation of the right ascension of the ascending

node, which, for this mission, corresponds also with the sun-synchronous secular

drift of Ω. This means that, for a uniform distribution (as the ones studied in

this work), two consecutive available positions in the constellation are separated

an along track time distance equal to Tc/(LΩLM ). Therefore, it is possible to

define the along track time distribution of the constellation with respect to a

reference satellite through [34]:

tq =
(q − 1)

LΩLM
Tc, (19)

where q ∈ {1, . . . , LΩLM} names each of the available positions of the fictitious

constellation. Then, using Eq. (13), we can relate the distribution provided by
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Table 3: Along track distribution of the constellation.
Phasing Landsat 7 class OCO-2 class CloudSat class Max.

OCO-2 Cloudsat GΩ(1) GΩ(2) GΩ(3) Rev.

GΩ(2) GΩ(3) GM (1) GM (2) GM (1) GM (2) GM (1) GM (2) Time

PMΩ(2) PMΩ(3) q (hours)

0 0 1 57 63 7 37 93 102.86

0 1 1 57 63 7 100 44 126.86

0 2 1 57 63 7 51 107 150.86

0 3 1 57 63 7 2 58 171.43

0 4 1 57 63 7 65 9 164.57

0 5 1 57 63 7 16 72 140.57

0 6 1 57 63 7 79 23 116.57

0 7 1 57 63 7 30 86 92.57

1 0 1 57 14 70 37 93 78.86

1 1 1 57 14 70 100 44 102.86

1 2 1 57 14 70 51 107 126.86

1 3 1 57 14 70 2 58 147.43

1 4 1 57 14 70 65 9 147.43

1 5 1 57 14 70 16 72 140.57

1 6 1 57 14 70 79 23 116.57

1 7 1 57 14 70 30 86 92.57

2 0 1 57 77 21 37 93 68.57

2 1 1 57 77 21 100 44 78.86

2 2 1 57 77 21 51 107 102.86

2 3 1 57 77 21 2 58 123.43

2 4 1 57 77 21 65 9 123.43

2 5 1 57 77 21 16 72 123.43

2 6 1 57 77 21 79 23 116.57

2 7 1 57 77 21 30 86 92.57

3 0 1 57 28 84 37 93 92.57

3 1 1 57 28 84 100 44 92.57

3 2 1 57 28 84 51 107 92.57

3 3 1 57 28 84 2 58 99.43

3 4 1 57 28 84 65 9 99.43

3 5 1 57 28 84 16 72 99.43

3 6 1 57 28 84 79 23 99.43

3 7 1 57 28 84 30 86 92.57

4 0 1 57 91 35 37 93 116.57

4 1 1 57 91 35 100 44 116.57

4 2 1 57 91 35 51 107 116.57

4 3 1 57 91 35 2 58 113.14

4 4 1 57 91 35 65 9 89.14

4 5 1 57 91 35 16 72 75.43

4 6 1 57 91 35 79 23 75.43

4 7 1 57 91 35 30 86 99.43

5 0 1 57 42 98 37 93 123.43

5 1 1 57 42 98 100 44 140.57

5 2 1 57 42 98 51 107 140.57

5 3 1 57 42 98 2 58 137.14

5 4 1 57 42 98 65 9 113.14

5 5 1 57 42 98 16 72 89.14

5 6 1 57 42 98 79 23 75.43

5 7 1 57 42 98 30 86 99.43

6 0 1 57 105 49 37 93 123.43

6 1 1 57 105 49 100 44 147.43

6 2 1 57 105 49 51 107 164.57

6 3 1 57 105 49 2 58 161.14

6 4 1 57 105 49 65 9 137.14

6 5 1 57 105 49 16 72 113.14

6 6 1 57 105 49 79 23 89.14

6 7 1 57 105 49 30 86 99.43

7 0 1 57 56 112 37 93 123.43

7 1 1 57 56 112 100 44 147.43

7 2 1 57 56 112 51 107 171.43

7 3 1 57 56 112 2 58 185.14

7 4 1 57 56 112 65 9 161.14

7 5 1 57 56 112 16 72 137.14

7 6 1 57 56 112 79 23 113.14

7 7 1 57 56 112 30 86 99.43
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the 2D-NFC formulation with the one defined by Eq. (19). By following this

procedure, it is possible to compute analytically the revisiting time between

subsatellite points.395

Moreover, we know that the phasing parameter for each orbital plane is

bounded by PMΩ ∈ {0, . . . , Sym(GM ) − 1}, and thus, there is a limited num-

ber of possible configurations that must be studied. First, the orbital plane

containing Landsat 7 satellites is selected as the reference of the constellation,

so, this plane can be considered as having no phasing, that is, PMΩ(1) = 0.400

Therefore, under the mission requirements considered in this study, there are

Sym2(GM ) = 64 possibilities of design. Table 3 shows all these possible con-

figurations. In that regard, each constellation distribution is defined based on

the phasing parameters PMΩ(2) and PMΩ(3). Table 3 contains the relative po-

sitions of the satellites with respect to their ground-track (q), as well as the405

maximum revisiting time between two satellites during the whole dynamic of

the constellation.

5.3.1. Optimal configuration

From the results obtained in Table 3, it can be derived that the optimal

solution with respect to the revisiting time is the one defined by the phasing410

parameters PMΩ(2) = 2 and PMΩ(3) = 0. The orbital parameters of this opti-

mal constellation can be seen in Table 4. As mentioned in previous subsections,

we select one of the Landsat 7 satellites as the reference spacecraft to define

the constellation. Moreover, this distribution can be also represented in the

(Ω,M)-space [25]. Such representation is shown in Figure 2, where the available415

positions from the fictitious constellation are shown as empty circumferences,

while the real satellites of the constellation are represented by filled circles. As it

can be seen, the solution presents a symmetry with respect to the orbital plane

of reference that is different to the symmetries that can be generated with the

original 2D-NFC formulation [18]. This shows that the generalized formulation420

introduced in Eq. (4) provides very interesting solutions for Earth observation

missions that cannot be obtained with the original 2D-NFCs.
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Table 4: Distribution of the constellation.

Landsat 7 class OCO-2 class CloudSat class

GΩ(1) GΩ(2) GΩ(3)

GM (1) GM (2) GM (1) GM (2) GM (1) GM (2)

∆Ω 0.00◦ 0.00◦ 51.43◦ 51.43◦ 308.57◦ 308.57◦

∆M 0.00◦ 180.00◦ 38.57◦ 218.57◦ 321.43◦ 141.43◦

Figure 2: Representation of the real constellation in the (Ω,M)-space.

Figure 4 shows the inertial distribution of the constellation from the isomet-

ric and polar perspectives. On the other hand, Fig. 4 shows the relative to Earth

representation of the constellation and its ground-track at a given instant.425

Figure 3: Inertial constellation distribution in isometric (left) and polar (right) perspectives.
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Figure 4: Relative to Earth and ground-track representation of the constellation.

6. Control strategy and station keeping

This defined nominal distribution can be maintained without any orbital

maneuver under the effects of the J2 perturbation [51, 52, 50]. However, if more

terms of the Earth gravitational potential are considered, a numerical algorithm

is required to define the nominal orbit such as the one in Vallado [49, 873] or430

Wagner [53]. That way, it is possible to maintain a frozen orbit, like the orbits

considered, nearly indefinitely under these perturbations, being the maneuvers

required negligible when compared to other orbital perturbations. Note also

that under orbital perturbations, satellites of the same class have a slightly

different inertial orbit due to the drift that orbital planes experiment during435

the time that it takes to fly from one satellite to its class companion [33, 35].

This result comes from the condition imposed in the sharing of the constellation

ground-tracks.

In addition to the Earth gravitational potential, we consider in this study

the atmospheric drag, the Sun and Moon as third bodies and the solar radiation440

pressure. In that respect, and due to the nature of the problem, we will separate

their effects in in plane and out of plane maneuvers, which are more related to
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the actual control of the satellites.

For this mission, we propose a control box strategy for the constellation [17].

This means that each satellite will have a defined boundary in which it is main-445

tained. From the mission requirements, we have to impose a control in inclina-

tion of ±0.01◦ with respect to the sun-synchronous inclination and a dead band

of ±1.5 km, which corresponds approximately to the maximum deviation that

the control in inclination produces in the ground-track of the orbits. This con-

trol box is applied to all the satellites of the constellation in order to maintain450

the formation over time.

On the other hand, and since the orbit and ground-track is being maintained,

it is also of interest to know the variation that satellites experiment in their

along-track distribution during the dynamic of the system. Thus, and as a result

of the control strategy proposed, the along-track distances between satellites455

and their nominal positions will vary in a box of ±3.225 s. This shows that

even if the maneuvers of each satellite are unrelated, the configuration of the

constellation is maintained. The following sections deal with the in plane and

out of plane maneuvers required to maintain this constellation.

6.1. In plane maneuvers460

In plane maneuvers have two objectives. The first one aims to counter the

decay of the semi-major axis of the orbit due to the atmospheric drag, while its

second objective consists on the maintenance of the ground-track of the orbit

inside its defined dead band. These two effects are produced primarily by the

atmospheric drag and the Sun and Moon as third bodies.465

In this section we show the results for frequency between in plane maneuvers

and impulse required for every satellite of the constellation. As it will be seen,

these values depend on the physical properties of each satellite and the date

in which the computation is considered. In that respect, we have selected the

values of the real Landsat 7, OCO-2 and CloudSat as references for this study. A470

summary of their properties is provided in Section 4. All the in plane maneuvers

are assumed to be performed when the satellites are in eclipse in order to not
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disturb the normal acquisition of data. Table 5 presents a summary of the ∆v

required for each satellite to maintain the proposed configuration for 11 years.

Table 5: In plane ∆v required for a 11 years mission for maximum, mean and minimum solar

activity (SA).

BC ∆v (m/s)

(kg/m2) Max SA Mean SA Min SA

Landsat 7 157.2 7.03 1.60 0.54

OCO-2 156.4 12.50 2.79 0.80

CloudSat 85.8 4.78 1.41 0.64

In addition to the expected correction due to the orbital perturbations, a475

given number of collision avoidance maneuvers per year must be taken into

account when defining the fuel budget. However, in most cases those maneuvers

require to increase the semi-major axis of the orbit, and thus, do not produce

an increase in the requirements of fuel for the mission (since this fuel is being

used to improve the maintenance of the ground-track at the same time). For480

this reason, we do not treat these cases in this study.

The results presented in this section were computed using the NRLMSISE-00

model [54] for the atmospheric density and tabulated data from the European

Cooperation for Space Standardization (ECSS) [55, 45-54] for the flux generated

in a solar cycle. Moreover, we consider a constant density during each day. All485

the computations performed correspond to a complete solar cycle beginning on

January of 2020. Note that if information about the mission for other dates not

presented in here is required, these results can be extrapolated to other dates

due to the eleven years periodicity that this model predicts for the solar cycle.

It is also important to note that the results presented in this section greatly490

depend on the ballistic coefficient of the satellites, the local time in their as-

cending nodes, and the solar flux. In that respect, the values of the solar flux

(and thus, the atmospheric density) are a prediction of the future solar activity

based on past solar cycles. On the other hand, the drag coefficients of the satel-

25



lites are an estimation based on past missions. This means that the calculation495

presented in this section has a high uncertainty due to these factors. However,

these results present a baseline of the strategy and the order of magnitude of

the maneuvers expected during the mission of these satellites.

6.1.1. Maneuver frequency

Figure 5 shows the maneuver frequency of the constellation satellites for500

an 11-year solar cycle and under the assumption of mean solar activity. As it

can be seen, OCO-2 class satellites require to perform their in plane maneuvers

more frequently than the other satellites. This is produced by the bigger ballistic

coefficient of OCO-2 class satellites and the orientation of their orbit with respect

to the Sun.505

Figure 5: Maneuver frequency under mean solar activity

6.1.2. Impulse per maneuver

Moreover, it is possible to compute the impulse per maneuver required to

maintain the nominal constellation configuration. Figure 6 shows the evolu-

tion of the impulse required per maneuver during a complete solar cycle of 11

years. As it can be seen from the figure, OCO-2 class satellites require a larger510

impulse per maneuver compared with the other satellites of the constellation.
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As mention before, this is produced by their larger ballistic coefficient and the

orientation of their orbits.

Figure 6: Impulse required per maneuver under mean solar activity

6.2. Out of plane maneuvers

Out of plane maneuvers aim to ensure the sun-synchrony of the orbit, the515

mean local solar time, and the maintenance of the ground-track of the con-

stellation. The deviation produced in the inclination of the orbits is provoked

primarily by the Sun and Moon as disturbing third bodies and the solar radi-

ation pressure. In this section we present the results of the evolution of the

inclination of the orbits under perturbations, and the out of plane maneuvers520

required to maintain the satellites in their defined control boxes.

For this study, we take into account the following perturbations: the Earth

gravitational potential up to 4th order terms (including tesseral terms), the

Sun and Moon as disturbing third bodies, the solar radiation pressure and the

atmospheric drag (using the same model as in the in plane maneuvers). In ad-525

dition, we assume that the out of plane maneuvers are performed once satellites

reach their mission boundaries. This means that all the out of plane maneuvers

will be based in a change of inclination of 0.02◦, which leads to an impulse of
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∆v = 2.61957m/s for each maneuver. Another important thing to notice is that

out of plane maneuvers will modify the along track distribution of the constel-530

lation and thus, we must expect additional in plane maneuvers following each

out of plane maneuver. Since these additional maneuvers are very dependent of

the impulsive errors, we do not treat them in this study.

6.2.1. Landsat 7 class satellites

Figure 7 shows the evolution of Landsat 7 class satellites in the orbit inclina-535

tion through one year of propagation. From this figure and the numerical data

obtained, we can derive that for the boundary in the inclination considered,

that is, ±0.01◦, an out of plane maneuver should be planed for each Landsat 7

class satellite each 200 days of mission.

Figure 7: Inclination evolution of Landsat 7 class satellites.

6.2.2. OCO-2 class satellites540

Figure 8 presents the evolution of the inclination for one year of propagation

of the OCO-2 class satellites. From the figure and the numerical data produced

during the propagation, we conclude that this class of satellites will require an

out of plane maneuver each 260 days in order to fulfill the inclination mission

requirements.545
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Figure 8: Inclination evolution of OCO-2 class satellites.

Additionally, it is important to note that the secular variation of the inclina-

tion experienced by OCO-2 class satellites is positive, compared to the Landsat

7 and CloudSat (presented later) class satellites which is negative. This effect

is produced by the different orientation of the orbit of OCO-2 class satellites

with respect to the Sun. In particular, OCO-2 class satellites orbit is the only550

one with a local solar time in the ascending node greater than the 12:00 hours,

more precisely 13:26, which produces this important change in the evolution of

the inclination. This differential variation in the inclination does not produce

a large impact in the example presented, however, in high density orbits, for

instance when dealing with megaconstellations, this could potentially generate555

an increase in satellite conjunctions due to the sensibility that the minimum

distances between satellites has with respect to small changes in the inclination

of the orbits [56].

6.2.3. CloudSat class satellites

Figure 9 shows the osculating evolution of the inclination for CloudSat class560

satellites for one year of propagation. However, in this case, after a year of

propagation, the satellites are not able to reach the boundaries of the control

box. In fact, the computation was continued, in order to obtain a frequency
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between out of plane maneuvers. By doing so, we conclude that an out of plane

maneuver is required each 600 days of mission.565

Figure 9: Inclination evolution of CloudSat class satellites.

Furthermore, comparing Landsat 7 class satellites inclination evolution with

the one of CloudSat, we can see how CloudSat class satellites require a lesser

number of out of plane maneuvers for the same time period. This is produced

by the gyroscopic effect in the orbit, affecting more intensively to satellites near

the 12:00 - 24:00 local solar time at the ascending node. In that respect, the570

reader should remember that there are two sets of equilibrium points in the

inclination. The first one corresponds to the 06:00 - 18:00 orbits which are also

know as dusk and dawn orbits (stable configuration); while the second set is

comprised by the 12:00 - 24:00 orbits which are unstable.

7. Conclusions575

This work focuses on the use of the 2D Necklace Flower Constellation method-

ology to design satellite constellations subject to a set of mission requirements.

In that sense, we consider constellations whose satellites can have very different

payloads, and study how these requirements translate into satellite constellation

design parameters using a generalization of the 2D Necklace Flower Constella-580

tions formulation. In that sense, a complete example of application is presented,
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where we select an Earth observation constellation consisting of 6 satellites hav-

ing each two of them the same instrument. In particular, this work uses the

payloads of Landsat 7, OCO-2 and CloudSat missions as the reference instru-

ments to define the mission requirements for the constellation design considered.585

Under the mission requirements studied, this work presents a feasible solu-

tion for this mission based on a combined design between the formulations of

2D Necklace Flower Constellations and a relative to Earth satellite constella-

tion definition. This allows to have a direct control in the design process of the

satellite distribution both in the inertial frame of reference and the ECEF frame590

of reference. To be more precise, this design process starts with the definition of

a reference orbit for the constellation based on the mission requirements. Then,

using the 2D Necklace Flower Constellations and a relative to Earth constella-

tion formulation, we define the available positions of a fictitious constellation

where all satellites fulfill the mission requirements. That way, it is possible595

to significantly reduce the searching space for the optimization of the system.

Note that these available positions are the unique orbit locations that fulfill

all mission requirements, and thus, they limit the number of possible satellite

distributions at our disposal. After that, all the configuration possibilities are

studied in terms of revisiting time, finding the optimal constellation under the600

conditions considered.

Additionally, a study on the effects of orbital perturbations in the constel-

lation is included. More precisely, the Earth gravitational potential, the atmo-

spheric drag, the Sun and Moon as third bodies and the solar radiation pressure

are taken into account in this study. Thus, and in order to maintain the constel-605

lation within its mission requirements, a control box strategy is proposed where

each satellite is controlled individually. From this study it is easy to derive that

each satellite of the constellation is affected in a very different manner. This is

due to two main circumstances. First, each satellite has a different mass prop-

erties, which implies differences in their ballistic coefficients. This difference is610

especially relevant when dealing with the atmospheric drag and the solar radia-

tion pressure. Second, satellites are positioned in different inertial orbits. This
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leads to a different dynamic under the effects of the Sun and Moon as third

bodies. Moreover, having different inertial orbits also modifies the effects of the

atmospheric drag and the solar radiation pressure since the local time at the615

ascending node of each satellite is different. Nevertheless, we show that using

a control box strategy, 2D Necklace Flower constellations are able to fulfill the

mission requirements of the constellation and maintain their structure with a

low amount of fuel even when considering very different satellite mass properties

and mission requirements for each spacecraft of the constellation.620

It is important to note that all the methodologies presented in this work

can be adapted to other missions without farther modification. In that sense, if

more specific mission requirements have to be considered, additional constraints

will be required to be imposed in the constellation design. Nevertheless, both

formulations used in this work allow enough flexibility to adapt them to the most625

common mission requirements, while still being able to reduce the searching

space for the optimization process.

Finally, this work shows a first study on how 2D Necklace Flower and a

relative to Earth formulation can be combined in satellite constellation design

to perform a dual definition of constellations, the first one from the inertial frame630

of reference, and the second one from the ECEF frame of reference. This allows

to benefit from the properties of both methodologies, while also obtaining a more

detailed information on the dynamic of the constellation from these reference

systems. An example of this kind of application is the determination of the

sequence of satellites from the Earth perspective.635
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