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1 INTRODUCTION

1.1  Background

The Cross-scale TRS is one of ESA’s Technology Reference Studies (TRS, see also
http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=33170). The purpose of the TRSs is to
provide a focus for the development of strategically important technologies that are of likely
relevance for future scientific missions. This is accomplished through the study of several
technologically demanding and scientifically interesting missions, which are not part of the ESA
science programme. The TRSs subsequently act as a reference for possible future technology
development activities. The TRSs will not interfere with (or replace) the standard ESA mission
selection process.

The purpose of the mission requirements document is to provide level 1 (mission) requirements for
the Cross-scale TRS system design study.

1.2 Documentation architecture

The mission requirements document is one of the documents that constitute the complete mission
profile for the Cross-scale TRS. This MRD is supported by:

e Cross-scale Mission Objectives Document [AD1]
e Cross-scale Environment Document [AD2]
e Cross-scale Preliminary payload resources [AD3]

The following documents contain general requirements for Technology Reference Studies:

e Margin Philosophy for SCI-A Studies [AD4]
e CDF Model Input Specification [ADS5]

1.3 Issue schedule

This issue of the Mission Requirements Document has been prepared to support the study contract
for the system design of the Cross-scale Technology Reference Study.

The document is (currently) an open document and refinements or updates are expected.
Particularly, iterative steps with industrial study partners and the ESA TRS study manager are
foreseen. Revisions will be published, as required, at the start of as well as during the system
design.


http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=33170
http://sci.esa.int/science-e/www/object/index.cfm?fobjectid=33170
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1.4 Requirements identification

Items included in this MRD are classified according to the following categories:

R-x  Mandatory requirement or constraint. If not complied with, the contractor shall
immediately notify the agency

G-x  Performance goal, to be subject of system trade-off analysis

D-x  Descriptive text, providing supporting information/background about a set of requirements
or goals

2 MISSION REQUIREMENTS AND CONSTRAINTS

2.1  TRS System design requirements

2.1.1 STUDY APPROACH

G-2.1.1-1: The objective of the system design study is to establish a feasible cost-efficient mission
concept

G-2.1.1-2: The mission concept shall have an optimized science return within the cost constraint

G-2.1.1-3: The study shall identify enabling technologies as well as innovative technologies and
methods that have the potential for reducing resources (mass, power, volume) as well
as cost

2.1.2 DOCUMENTATION

R-2.1.2-1: All documentation shall use the SI International System of Units, as specified in ECSS
E-30 Part 1A, sections E-2 to E-6 [AD6].

R-2.1.2-2: The output of the system design and mathematical models shall be compatible with the
specifications provided in [ADS5]

2.1.3  MARGIN

R-2.1.3-1: The SCI-A standard margin philosophy shall be applied [AD4], with the following
provisions:
a.) RDV-11: 5% for accurately calculated trajectory and orbital manoeuvres
a.) RDV-12: 100% for estimated orbital maintenance manoeuvres, over the specified
lifetime
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2.1.4 MISSION LIFETIME

R-2.1.4-1: The nominal operational lifetime in the operational orbit shall be 3 years (more than two
years for science acquisition and less than one year for commissioning and calibration)

R-2.1.4-2: The extended operational lifetime of the science acquisition phase shall be an additional
2 years

2.1.5 SPACE DEBRIS MITIGATION

R-2.1.5-1: The mission concept shall comply with the ‘European Code of Conduct for Space
Debris Mitigation’ [AD10]. In particular the following shall apply:

a). Any S/C (or transfer vehicle) shall not enter the “LEO protected zone” and the
“GEO protected zone” after mission completion. The LEO and GEO protection
regions are defined in section 5.2.2 of [AD10]. The GEO protection region is
limited in latitude (+/-15 degrees). SD-OP-03 of [AD10] provides guidelines on
possible end-of-life measures:

0 Direct re-entry
0 Limiting orbital lifetime of the space system to less than 25 years
after its operational phase
0 Transfer to a disposal orbit
b). The S/C shall be passivated at the end of its lifetime (SD-DE-08 of [AD10])

2.1.6  MISSION COST
R-2.1.6-1: The overall mission cost to ESA shall be less than 350 M€ (TBC)

G-2.1.6-2: The overall mission cost to ESA shall be less than 250 M€ (TBC)

D-2.1.6-3: Mission cost to ESA includes S/C, GSE, AIV, launch, ESA internal costs, mission and
science operations through all phases with the exclusion of the extended operational
lifetime

2.1.7 TECHNOLOGY

R-2.1.7-1: The technology development and demonstration horizon shall be less than 5 years (up to
2011) (TBC)

R-2.1.7-2: European equipment shall be baselined as far as practicable

2.2 Science requirements

R-2.2.0-1: The CS TRS shall perform an in-situ multidimensional scientific exploration of
universal plasma phenomena occurring in near-Earth space
(a) Three length scales shall be explored at the same time
(b) With at least two S/C per length scale
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R-2.2.0-2: The CS S/C constellation shall visit at least the following relevant regions in near-Earth
space where the scientifically most interesting plasma processes occur
(a) Bow shock
(b) Magnetosheath
(c) Magnetopause and tail current sheet (reconnection regions)

R-2.2.0-3: The science requirements up to and including level 5 (i.e. only level 5) shall be fulfilled
(TBC for other issues)

G-2.2.0-4: Lower level science requirements shall be fulfilled (TBC)

D-2.2.0-5: The priority levels are defined as

[1] Bonus

[2] Additional interesting science

[3] Significant contribution to understanding related science questions that will
not be answered by other missions

[4] Significant contribution to understanding of key science questions

[5] Without this measurement, Cross-Scale would fail to answer one of the key
science questions

2.3 Space segment requirements

2.3.1 SPACE SEGEMENT LIFETIME

R-2.3.1-1: All spacecraft shall be designed and sized from launch until the end of the extended
operational lifetime (e.g. radiation tolerance and consumables)

R-2.3.1-2: In addition to R-2.3.1-1, all spacecraft shall be designed, sized and have sufficient
reliability to comply with the ‘European Code of Conduct for Space Debris Mitigation’
[AD10], in particular SD-OP-03 and SD-OP-05

R-2.3.1-3: All S/C shall be designed for sufficient reliability such that no spare or replacement
strategy is required

2.3.2 CONSTELLATION
R-2.3.2-1: The number of spacecraft shall be 8 — 12 S/C (TBC)

D-2.3.2-2: For the TRS study, an optimized constellation configuration is defined as:
a). For 12 S/C:
e The spacecraft shall be in three nested tetrahedrons on a large, medium and
small scale
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e The distance between the centres of the small and medium scale tetrahedrons
shall be less than 25% of the actual medium scale distance

e The distance between the centres of the large and medium scale tetrahedrons
shall be less than 25% of actual large scale distance

b). For 11 S/C:

e The small and medium scale spacecraft shall be in two nested tetrahedrons
surrounded by three S/C on a large scale (one in every direction in GSE
coordinates)

e The distance between the centres of the small and medium scale tetrahedrons
shall be less than 25% of the actual medium scale distance

e The distance between any S/C on the large scale and the centre of medium scale
tetrahedron shall be equal to the large scale distance (with an accuracy of 25%
of the actual large scale distance)

¢). For 10 S/C:

e The spacecraft shall be in two nested tetrahedrons (large and medium scale)
with in the centre a mother-daughter system on a small scale

e The distance between the centres of the medium scale tetrahedron and the
mother-daughter system shall be less than 25% of the actual medium scale
distance

e The distance between the centres of the large and medium scale tetrahedrons
shall be less than 25% of the actual large scale distance

d). For 9 S/C:

e The spacecraft shall be in two nested tetrahedrons (large and medium scale)
with a single small scale spacecraft close by a medium scale spacecraft

e The distance between the centres of the large and medium scale tetrahedrons
shall be less than 25% of the large scale distance

e). For 8 S/C:

e The medium scale spacecraft shall be in a tetrahedron with a single small scale
spacecraft close to one medium scale spacecraft. Three large scale spacecraft
surround the medium scale tetrahedron (one in every direction in GSE
coordinates)

e The distance between any spacecraft S/C on the large scale and the centre of the
medium scale tetrahedron shall be equal to the large scale distance (with an
accuracy of 25% of the actual average large scale distance)

The scale distance is dependent on the number of spacecraft per scale and is defined as
follows:
- Small/medium/large scale with 4 S/C: Distance between spacecraft on same scale
- Large scale with 3 S/C: Distance between large scale spacecraft and centre of
medium scale constellation
- Small scale with 2 S/C: Distance between the two small scale S/C
- Small scale with 1 S/C: Distance between small scale S/C and the nearest medium
scale S/C
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R-2.3.2-3: The constellation shall be in an optimized configuration around apogee (optimization at
true anomaly of 160° and 200°)

G-2.3.2-4: (removed, 12/9/06)

R-2.3.2-5: During the nominal science acquisition phase, the following spacecraft scale distances
shall be established (In GSE coordinates: x is sun-Earth direction, y is East/West, z is
North/South. In boundary normal coordinates: N is normal to magnetopause, L+M

perpendicular to N):
Large scale Medium scale Small scale | Distance Priority Remark
(10*km) (km) (km) from centre (High/Medium/Low)
of Earth
X:6-15 10— 1,000 5-10 3—-4Re Medium (depends Inner
Y:6-15 on orbit, section magnetosphere'
Z:3-13 23.3)
L:3-15 N: ~100 ~3 10-15 Re High
M:3-13 L+M: <500 (dayside)
N:1-6
6-13 100-1,000 2-100 15-20 Re High
(dayside)
N: ~3 ~1,000 5-100 15-20 Re High
L+M: 6- 12 (dayside)
X:6-15 X:500 - 1,500 ~10 15-50 Re High
Y: ~6 Y: <500 (night side)
Z:3-6 Z:<500
Baseline scale distance
X: 6 X:100-2,000 ~10
Y,Z: 6 Y,Z: 250 (50-500)

R-2.3.2-6: During the science acquisition phase, the following constraints on the deviation from
the optimized configuration shall apply (at the optimization point(s))*:
a). The distance between any two S/C at the small scale shall not differ by more than
10% from the actual average® small scale distance (not applicable for 1 or 2 S/C on
small scale)
b). The distance between any two S/C at the medium scale shall not differ by more
than 10% from the actual average (medium scale) spacecraft distance

¢). The distance between any two S/C at the large scale shall not differ by more than
25% from the actual average large scale S/C separation (for large scale constellation
with 4 S/C)

d). For 3 S/C at the large scale, where the actual average large scale distance is
defined as the averaged distance of the large scale S/C with the centre of the medium
scale constellation (at the optimization points): The distance between any two S/C at

! Personal communication, 5/8/05.

2 R-2.3.2-6 sets a constraint on the constellation shape, not the baseline distance. Le. it is allowed that the scale
distance changes due to perturbations, but the deviation between actual inter S/C distances is constrained.

3 Actual average scale distance is defined as the actual separation at the optimization points averaged over all S/C
distances (it differs from the scale distance at t=0 due to differential drift).



e S a Cross-scale TRS Mission Requirements
issue 3 revision 2 - 28-2-2007

SCIA/2005/073/CS/MvdB

page 10 of 24

the large scale shall not differ by more than 25% from the actual average large scale
distance multiplied by V2. In addition, the distance between any S/C at the large scale
and the centre of the medium scale tetrahedron shall not differ by more than 25%

R-2.3.2-7: The mission shall allow for at least:
a). 5-20 (TBC) changes in the small scale distances (from 2-10 km to 100 km)
b). 3-5 (TBC) changes in the medium scale distance between 50 km and 2,000 km
d). The large scale separation shall start with a baseline separation of 6,000 km. During the
science acquisition phase, one scan shall be performed from 6,000 km (0.5y +
commissioning time) to 3,000 km (0.5y) to 15,000 km (1y) to 6,000 km (till end of
mission). Note: The tentative durations are specified to allow calculation of the
constellation maintenance propellant budget

R-2.3.2-8: At any time during the science acquisition phase, the actual average large scale distance
shall not be smaller than the actual average medium scale distance, and the actual average
medium scale distance shall not be smaller than the actual average small scale distance (at
the optimization points)

R-2.3.2-9: At any time during the science acquisition phase, the actual average scale distances at
the optimization points shall not exceed the following range limits:
a.) 1.5 — 125 km (for the actual average small scale distance)
b.) 35 km — 2500 km (for the actual average medium scale distance)
c.) 2700 km — 16500 km (for the actual average large scale distance).

D-2.3.2-10: Note that the S/C on large, medium, and small scales are not interchangeable (due to
differences payload instrument suites at different scales)

2.3.3 OPERATIONAL ORBIT

D-2.3.3-1: Distances for orbital parameters are quoted from the centre of the Earth. Inclination is
quoted with respect to the Earth’s equatorial plane

D-2.3.3-2: Re denotes Earth radius (6,378 km)

D-2.3.3-3: The tailbox is defined as follows* (from [RD1]):

* Personal communication with Masaki Fujimoto and Yuichi Tsuda (ISAS/JAXA), 11/8/05



e S a Cross-scale TRS Mission Requirements
issue 3 revision 2 - 28-2-2007

$CIA/2005,/073/CS/MvdB
page 11 of 24

'm ) ecliptic plane
'\ Tailbox

Q> P
equatorial plane

1. Position Q is 10 Re from the centre of the Earth in anti-sunward direction along the

equatorial plane
2. The centre of the tailbox, position P, is at a distance of 30 Re from the Earth’s centre
with the line Q-P parallel to the ecliptic plane
3. The tailbox is defined as a rectangular box parallel to the ecliptic plane:

a. 25 Re along Q-P line, extending 5 Re tailward of the centre P

b. 4 Re orthogonal to the ecliptic plane (+/- 2 Re from the tailbox centre P)

c. 10 Re parallel to the dawn-dusk terminator (+/-5 Re from the centre P)
4. The position of the tailbox varies with season and crosses the ecliptic plane at vernal and
autumnal equinox, as shown in the following figure from [RD1]:

Summer
Ecliptic Plane

= Tail Box

Winter
phe Ecliptic Plane

R-2.3.3-4: The orbit shall be such that the apogee is in the ‘tailbox’ at least once a year during the
mission lifetime

(-2.3.3-5: The initial orbital parameters shall be selected both for maximization of the total time
spent in the ‘tailbox’ during the nominal and extended mission lifetime (see R-2.1.4-1
and R-2.1.4-2) as well as for uniformly sampling the complete ‘tailbox’ length (parallel

to the ecliptic plane, see D-2.3.3-3)

D-2.3.3-6: It is foreseen that spacecraft engineering trades and mission analysis optimization
(eclipse times and/or orbital evolution) determine the optimum season to visit the

‘tailbox’
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R-2.3.3-7: The pericentre shall be between 6,878 km (500 km altitude above the Earth’s surface)
and 10 Re.

R-2.3.3-8: The apogee shall be between 25-50 Re, baseline is 25 Re.

D-2.3.3-9: As an EXAMPLE the following orbits are required for the apogee in the tailbox at
winter solstice:
a). Inclination 14 degrees’, argument of perigee -90 degrees, right ascension of
ascending node 0 degrees

D-2.3.3-10: No apse control to keep the line of apses along the Sun-Earth line is foreseen. It is
important though that the orbit apogee does visit the tailbox with a frequency of about
a year (see R-2.3.3-4)

2.3.4 SPACECRAFT SEPARATION

R-2.3.4-1: The mission profile shall ensure that the spacecraft are deployed in the operational orbit
and in the correct position of the constellation. If applicable, any spacecraft separation
mechanisms shall be included

2.3.5 PROPULSION AND AOCS

R-2.3.5-1: The propulsion modules (on all spacecraft, only mother spacecraft or on dedicated
transfer modules) shall be able to transfer all spacecraft into their operational orbits

R-2.3.5-2: When required for compliance with R-2.1.5-1, the propulsion modules on all spacecraft
shall, in addition, be able to de-orbit or transfer all spacecraft into a parking orbit at the
end of the spacecraft operational lifetime

R-2.3.5-3: All spacecraft shall be able to perform orbit and attitude control manoeuvres during the
specified nominal and extended lifetime, necessary for:
a). Navigation
b). Orbit and constellation configuration maintenance
¢). Science operations
d). Communication
e). Spin maintenance

D-2.3.5-4: In particular, the spacecraft shall accommodate sufficient propellant to correct for
differential drift due to disturbing forces that impacts the constellation configuration

R-2.3.5-5: During science acquisition phase, all spacecraft with science payload shall be spinning
with at least 15 rpm

> Personal communication, 10/8/05. Depends on apogee.



e S a Cross-scale TRS Mission Requirements
issue 3 revision 2 - 28-2-2007

SCIA/2005/073/CS/MvdB

page 13 of 24

(G-2.3.5-6: During science acquisition phase, all spacecraft with science payload shall spin with 30-
60 rpm

R-2.3.5-7: The constellation configuration shall be updated only when:
a). The scale distances and/or the centres of the three constellations are outside the
scale ranges specified in section 2.3.2
b). If there is a risk of collision
¢). In order to fulfil R-2.3.2-7 [preferably simultaneously with a).]
d). In order to fulfil R-2.3.3-4 [preferably simultaneously with a). or c.)]

R-2.3.5-8: If necessary, the AOCS system shall autonomously prevent spacecraft collision (TBC)

D-2.3.5-9: It is not required to continuously update the constellation. It is expected that a
constellation configuration update only occurs at intervals of a few months (TBC)

23.6 PAYLOAD

R-2.3.6-1: All primary scientific objectives shall be addressed by using a set of model payload
instruments (see also [AD3])

R-2.3.6-2: The payload commissioning and calibration procedure shall be completed in 6 months
(see also R-2.1.4-1)

R-2.3.6-3: Under nominal satellite operations all instruments shall be continuously in operation

R-2.3.6-4: The instruments shall be operated autonomously, also during eclipses and radiation belt
crossings. If instruments need to be switched off, both switch-off and switch-on shall
be autonomous and scheduled in advance

G-2.3.6-5: The science payload complement shall autonomously respond to damaging
environmental conditions such as solar flare events (e.g. by switching off sensitive
instruments)

R-2.3.6-6: The instrument operational modes shall be limited as far as practicable

R-2.3.6-7: The instrument operational modes shall be scheduled in advance

R-2.3.6-8: The instruments and instrument operational procedures shall be designed to allow
recovery from anomalies by the flight control team within one day (see also R-2.5.0-4)

(G-2.3.6-9: The instruments shall have autonomous failure detection and recovery

2.3.7 PAYLOAD ACCOMODATION

G-2.3.7-1: It is desirable that the system design maximises the payload resources of all spacecraft
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R-2.3.7-2:

R-2.3.7-3:

R-2.3.7-4:

R-2.3.7-5:

R-2.3.7-6:

R-2.3.7-7:

R-2.3.7-8:

R-2.3.7-9:

All spacecraft shall be capable of accommodating the payload complement that is
allocated to it in order to fulfil the science requirements (section 2.2)

Each spacecraft shall provide the necessary resources (power, data handling, thermal
control) to its payload complement

Each spacecraft shall provide the necessary accommodation and interfaces (e.g. FOV,
alignment) to its payload complement

The spacecraft shall be compatible with the following electric magnetic cleanliness

limits (TBC):

a). Magnetostatic cleanliness: 5 nT and 0.1 nT/100 seconds at DC magnetometer
location

b). AC magnetic field shall be below 14 dBpT at 1 Hz down to -46 dBpT at 1 kHz (-27
dBpT at 10 kHz) at AC magnetometer location

¢). Electrostatic cleanliness: < 1 Volt between any two points of the S/C external
surface

d). Electric field at 1 m distance: above 1 kHz below 50 dBuV/MHz

The payload shall not be contaminated from particulate, organic or inorganic elements
(during all mission phases starting from AIV) and shall be compatible with the limits
specified in TBD

Spacecraft charging shall not exceed the values specified in TBD

All spacecraft shall allow its payload complement to be operated in a high data rate
mode, whereby all instruments are operated simultaneously and acquire data at their

maximum data rate. The total generated average compressed scientific burst data rate
for all S/C is 2.5 Mbps (TBC)

All spacecraft shall allow the payload to be operated in a nominal data rate mode,
whereby all instruments are operated simultaneously and acquire data at their nominal

data rate. The total generated average compressed nominal scientific data rate for all
S/C is 400 kbps (TBC)

G-2.3.7-10: All spacecraft shall allow the payload to be operated in a nominal data rate mode,

whereby all instruments are operated simultaneously and acquire data at their nominal

data rate. The total generated average compressed nominal scientific data rate for all
S/C is 600 kbps (TBC)

D-2.3.7-11: For the distribution of data-rate production over the individual S/C it is suggested to

use the relative number of payload instruments as a rough criterion for the distribution
of data-rate generation among the individual S/C (TBC)
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2.3.8 INTER-SPACECRAFT LOCALIZATION AND SYNCHRONIZATION

R-2.3.8-1: The relative timing of science data between any two S/C on a small scale shall be
retrievable with accuracy of at least 0.25 ms

G-2.3.8-2: The relative timing of science data between any two S/C on a small scale shall be
retrievable with accuracy of 10-100 ps

R-2.3.8-3: The relative timing of science data between a medium scale S/C and any medium or
small scale S/C shall be retrievable with accuracy of L/500,000 [km/(km/s)], with L the
distance between the two spacecraft in [km]. The timing accuracy does not need to be
better than 0.25 ms. The timing accuracy shall always be better than 2 ms (see also R-
2.3.8-4) (TBC)

R-2.3.8-4: The relative timing of science data between a large scale S/C and any other S/C shall be
retrievable with accuracy of 2 ms

(G-2.3.8-5: The drift in relative timing of science data between any S/C shall be less than 50 us over
a single orbit (TBC)

R-2.3.8-6: The relative distance between any two S/C on a small scale shall be retrievable with
accuracy of 125 m (TBC)

R-2.3.8-7: The relative distance between any S/C, regardless of scale, shall be retrievable with
accuracy better than 1%

D-2.3.8-8: Above requirements are complementary; the most stringent mandatory requirement
should be fulfilled at any time

D-2.3.8-9: I[f R-2.3.8-4 and/or R-2.3.8-7 are mission drivers (cost, mass etc.), they can possibly be
relaxed

2.3.9 COMMUNICATION

R-2.3.9-1: All satellite data, both uplink and downlink, shall be acquired, processed, coded and
transmitted to ground using the ESA standards and shall be compliant with the ESA
Package Utilization Standard (PUS)

R-2.3.9-2: Each S/C shall have a communication link for the transmission to ground of science and
housekeeping data as well as for the reception of ground commands. Ranging and
range rate transmissions shall be supported

R-2.3.9-3: All S/C shall be capable to receive and acknowledge commands from the ground at all
times when communication links can be established. This shall not depend on specific
satellite operation modes, attitude or location on the orbit with the exception of a small
sun-S/C angle
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R-2.3.9-4: Monitoring shall be provided for each satellite such that its status can be assessed on
ground at all times when communications can be established. This monitoring shall be
automatic and autonomous and shall not be dependent on specific operation modes

R-2.3.9-5: It shall be possible to handle telecommands in parallel with telemetry transmissions

R-2.3.9-6: Mode changes by telecommand shall be possible including the definition of new modes.
Failure detection, isolation and correction functions shall be provided

R-2.3.9-7: The down-link of recorded science data, housekeeping, and localization/synchronization
data shall be started upon ground segment command only (TBC)

R-2.3.9-8: The total link budget of all spacecraft shall allow to downlink an on-orbit average
continuously compressed science data rate equal to 200% of the nominal science data-
rate in addition to housekeeping, localization and synchronization data

G-2.3.9-9: The total link budget of all spacecraft shall allow to downlink an on-orbit average
continuously compressed science data rate equal to 300% of the nominal science data-
rate in addition to housekeeping, localization and synchronization data

D-2.3.9-10: Nominal average compressed science data rate is defined in R-2.3.7-9/G-2.3.7-10
D-2.3.9-11: 100-200% 1is allocated for down linking burst mode science data (see also R-2.3.7-8)

R-2.3.9-12: The link budgets of the spacecraft to ground shall be calculated for a weather
availability of 95%

R-2.3.9-13: The communication subsystem shall be free from single point failure modes

R-2.3.9-14: The receive function of the communication subsystem shall be hot redundant, the
transmission function shall be cold redundant

R-2.3.9-15: All spacecraft shall comply with the ESA Telecommunications Standards

2.3.10 ON-BOARD DATA HANDLING

R-2.3.10-1: The spacecraft on-board-data-handling system shall perform all commanding functions
of the satellite in a centralised manner. Telecommands generated by the ground
segment shall be validated and transferred to the relevant users; time and event
triggering shall be provided. Timelines, consisting of several commands shall be
handled according to the specified conditions; handling of nested timelines shall be
possible
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R-2.3.10-2: Provisions shall be made for the acquisition, processing, storage and transmission to
ground of all data generated by the payload and the platform. This shall include
ancillary data necessary for instrument and other sensor calibration, operation and
monitoring as well as the supporting timing, orbit and attitude data

R-2.3.10-3: All satellite data, i.e. science, ancillary and housekeeping data shall be formatted into
one data stream, referred to as the global data stream, for onboard storage, processing
where applicable, and transmission to ground

R-2.3.10-4: Onboard data handling and storage shall be reconfigurable by ground command. It
shall be possible to acquire process and transmit to ground only selected sets of
onboard data. This shall include over- and under-sampling of data channels from one
or more instruments and the platform subsystems

R-2.3.10-5: Acquisition of housekeeping data shall be performed for all instruments and the
platform subsystems, such that their state of health can be assessed at all times.
Housekeeping data shall be unambiguous; their update frequency shall be compatible
with the characteristics of the signal sources

R-2.3.10-6: Housekeeping data for spacecraft monitoring shall be acquired, processed, and
transmitted to ground independently (see also R-2.3.9-4)

R-2.3.10-7: The spacecraft constellation shall have an onboard data storage capability, to store
house-keeping and scientific down-link data (global data stream) when sufficient
communications with ground is not possible to continuously downlink the average
compressed downlink data defined in R-2.3.9-8/G-2.3.9-9

R-2.3.10-8: In addition to R-2.3.10-7, the spacecraft constellation shall have an onboard data
storage capability, to store all science data produced during two orbital periods with the
following continuous data-rates:

a). 50% of the time in burst mode (as defined in R-2.3.7-8)

(G-2.3.10-9: In addition to R-2.3.10-7, the spacecraft constellation shall have an onboard data

storage capability, to store all science data produced during two orbital periods with the
following continuous data-rates:

a). 100% of the time with a high-data rate (as defined in R-2.3.7-8)

D-2.3.10-10: Only a selection of the burst-mode science data will be down-linked to Earth. This

selection is made after preliminary analysis of the nominal science data (see also R-
2.5.3-1)

R-2.3.10-11: The onboard data storage system shall allow simultaneous recording and replay of
data
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R-2.3.10-12: The onboard data storage system shall have sufficient reliability to allow compliance
with R-2.7.2-1

(G-2.3.10-13: The onboard data storage system shall have sufficient reliability to allow compliance
with G-2.7.2-2

D-2.3.10-14: The on-board date storage system (memory and controller) should be designed to be
robust against e.g.:

e Single Event Effects (e.g. on-board error detection correction S/W, highly
reliable memory controller)

e S/C safe mode (no loss of previously recorded data)

e S/C reboot (no loss of previously recorded data) (TBC)

2.3.11 POINTING AND STABILITY
R-2.3.11-1: Pointing errors shall be as defined in ESA-NRC-502 [AD7]

R-2.3.11-2: The absolute pointing error (APE) of the spacecraft spin axis shall be less than 1
degree (2 sigma confidence level)

R-2.3.11-3: The reconstructed absolute measurement error (AME) shall be:
a). Spin axis: 0.5 degree (2 sigma confidence level)
b). Spin phase: 0.1 degree (2 sigma confidence level)

R-2.3.11-4: The spin-axis shall be maintained 4 +/- 1 degree towards the ecliptic north pole

D-2.3.11-5: The spin-axis is pointing slightly off-normal to the ecliptic to ensure similar
environmental conditions for the wire double probe antenna (see [AD3])

D-2.3.11-6: Stability requirements to be defined

2.4  Launch segment requirements

G-2.4.0-1: As a baseline, the space segment shall be designed to be launched by a Soyuz-Fregat 2-
1B from CSG

R-2.4.0-2: The space segment, consisting of all S/C in a stacked configuration, shall comply with
the launcher interface specifications (for SF 2-1b, see [ADS])

D-2.4.0-3: Particularly, the stacked configuration must fit within the launcher envelope and comply
with the CoG requirements

R-2.4.0-4: During the integration phases with the launcher, the spacecraft shall be compliant with
the launcher operations and attitude (e.g.: horizontal integration on Soyuz launch
vehicle)
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R-2.4.0-5: The mission concept shall allow a launch date between 2015 — 2025

D-2.4.0-6: If the system requirements (e.g. delta-V or eclipse times) are different for different
launch dates, the most stringent requirements shall be used

R-2.4.0-7: The space segment shall be designed and sized such that there is at least one opportunity
to launch the space segment in every four months for the time-frame specified in R-
2.4.0-5

G-2.4.0-8: The space segment shall be designed and sized such that there is every day an
opportunity to launch the space segment during the time-frame specified in R-2.4.0-5

R-2.4.0-9: The opportunity to launch the space segment shall comprise a daily launch window for
at least 20 consecutive days

G-2.4.0-10: The opportunity to launch the space segment shall comprise a daily launch window for
at least 90 consecutive days

R-2.4.0-11: The launch window shall be compliant with the Soyuz-Fregat 2-1b launch
requirements (see [ADS])

2.5  Ground segment requirements

R-2.5.0-1: The ground segment shall acquire the data transmitted by the space segment, perform
data processing, archiving and dissemination as well as control of the mission as a
whole

R-2.5.0-2: The delivery within the established timeline constraints of the data acquired by the
ground station shall be guaranteed with 95% reliability (TBC)

R-2.5.0-3: Recovery from platform and/or payload anomalies shall not interfere with the operation
and data down-link of the spacecraft that are functioning nominally (TBC)

R-2.5.0-4: The ground segment shall be sized to allow recovery from platform and/or payload
anomalies within 2 days (per spacecraft) after acquisition of signal (TBC)

2.5.1  GROUND STATION(S)

R-2.5.1-1: The baselined routine ground station(s) shall be capable of acquiring the satellite
science data, housekeeping, as well as localization and synchronization data

R-2.5.1-2: The routine ground station(s) shall be capable of commanding and controlling the
spacecraft
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R-2.5.1-3: The data down-link shall be supported via X-band with a maximum data rate of 6.4
Mbps

R-2.5.1-4: The routine ground station nominal data down-link operations shall be operated and
managed automatically

R-2.5.1-5: The time between commanding the G/S to acquire S/C signal and start of S/C signal
acquisition shall be less than 5 minutes

R-2.5.1-6: The routine ground station(s) shall provide relative and absolute orbital position and
velocities of the spacecraft by X-band ranging, in order to comply with:
a.) operational requirements on spacecraft safety (R-2.5.2-5)
b.) science requirements on spacecraft localization (R-2.3.8-7)

R-2.5.1-7: The routine ground station(s) shall support the reconstructed relative timing knowledge
between the spacecraft by time correlation with an accuracy better than 50 ps (see also
R-2.3.8-4/G-2.3.8-5)(TBC)

G-2.5.1-8: The routine ground station(s) shall support the reconstructed relative timing knowledge
between the spacecraft by time correlation with an accuracy better than 10 ps (see also
R-2.3.8-4/G-2.3.8-5)(TBC)

G-2.5.1-9: One or more very small dedicated or on-call ground stations for S/C and P/L anomaly
recovery shall be considered as a baseline to ensure compliance with R-2.5.0-2, R-
2.5.0-3, and R-2.5.0-4

2.5.2 MISSION OPERATIONS AND CONTROL

R-2.5.2-1: The ground segment shall be capable of planning and controlling the mission and
operating the satellites under all expected conditions

R-2.5.2-2: The ground segment shall be capable of processing the satellite data for its own
purposes and for delivery to the users

R-2.5.2-3: The ground segment shall be able to archive the science and housekeeping data and the
commanding history. The ground segment shall provide the functionality such that the
health status of the spacecraft can be fully investigated on ground

R-2.5.2-4: The ground segment shall be able to perform all activities necessary for the attitude and
orbit maintenance of the spacecraft

R-2.5.2-5: The ground segment shall ensure that the spacecraft orbits do not intersect within 30
days, taking into account proper safety margins
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R-2.5.2-6: The ground segment shall be able to simulate the behaviour of the satellites such that
ground segment and operations training and validation activities can be carried out

2.5.3 SCIENCE OPERATIONS

R-2.5.3-1: (Part) of the nominal science data shall be available to the Science Operations Centre or
science community to enable the selection of 1 — 4 time slots for which the burst mode
science data is to be down-linked within a time equal to one orbital period

D-2.5.3-2: (TBC) More specifically, the ground segment shall be organized to schedule the
following procedures within one orbital period (during normal operations):

End of downlink nominal data orbit number ‘x’

Delivery of (part of) raw nominal data (orbit ‘x”)

Approximate calibration of (part of) nominal data (orbit ‘x’)

48 hours for the selection of 1 — 4 time slots by scientist(s)

Scheduling of burst mode data segment(s) to be down-linked

. Downlink nominal data orbit number ‘x+1’

Note: The downlink of burst mode data from orbit ‘x — 1’ can and should take place at

any time during steps 1 — 5 (see also R-2.3.10-2 and G-2.3.10-3)

R

R-2.5.3-3: During the mission and up to ten years after launch, the ground segment shall be
capable of providing the users with the archived data

R-2.5.3-4: During the mission and for ten years after launch, the ground segment shall allow the
users to acquire related space and ground data

2.6 Environmental requirements

2.6.1 GROUND OPERATIONS ENVIRONMENT
D-2.6.1-1: To be written

2.6.2 LAUNCH ENVIRONMENT

R-2.6.2-1: The mission profile shall be compatible with the launch environment (for SF 2-1b see
[ADS])

2.6.3 FLIGHT ENVIRONMENT

R-2.6.3-1: The space segment shall be compatible with the thermal-vacuum environment
experienced during all mission phases

R-2.6.3-2: The space segment shall be compatible with the charging environment experienced
during all mission phases
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R-2.6.3-3: The space segment shall be compatible with the predicted energetic particle radiation
environment experienced during all mission phases

R-2.6.3-3: The space segment shall be compatible with any other space environmental condition
that is experienced during any mission phase

R-2.6.3-4: The environment assessments shall comply with the ECSS standards, procedures and
guidelines detailed in [AD9]

D-2.6.3-5: The energetic particle radiation environment assessment shall in particular comply with
the guidelines section 9.6 (p. 105) as well as the recommended probability confidence
levels in table 31 (p. 97) of [AD9]

2.7  Operational requirements

2.7.1 SPACE DEBRIS MITIGATION

R-2.7.1-1: The operational procedures shall comply with [AD10], in particular SD-OP-01 and
SD-OP-02

2.7.2 SPACECRAFT RELIABILITY

R-2.7.2-1: The individual spacecraft shall be designed to have an average science data return
probability of 98% over the mission lifetime, assuming spacecraft anomalies are
resolved within 2 days after acquisition of signal (see also R-2.5.0-4)(TBC)

G-2.7.2-2: The individual spacecraft shall be designed to have an average science data return
probability of 99% over the mission lifetime, assuming spacecraft anomalies are
resolved within 2 days after acquisition of signal (see also R-2.5.0-4)(TBC)

2.7.3 SPACECRAFT CONTROL AND AUTONOMY

R-2.7.3-1: Operation of the space segment shall be possible during all mission phases using either
direct communication with Ground or via on-board intelligence and on-board data
storage followed by periodic data transfer to Ground. Parameters up-linked for time-
tagged deferred execution on board shall be stable for at least 17 days

R-2.7.3-2: The space segment shall perform autonomously nominal operations when ground
intervention is not possible. Each spacecraft shall be capable of continuing in nominal
measurement mode, assuming no failure, for a period of at least 8 days

R-2.7.3-3: All spacecraft shall respond to on-board failures by switching, independent from ground
control, to a redundant functional path. Where this can be accomplished without risk to
satellite safety such switching shall enable the continuity of the mission timeline and
performance. In the event that alternative redundant paths do not exist or that the
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failure effect is too complex to allow autonomous recovery, the spacecraft shall enter
Survival Mode

R-2.7.3-4: All spacecraft shall be able to survive in safe mode without ground intervention for a
duration of at least 30 days

G-2.7.3-5: Recovery of S/C and P/L anomalies shall interfere as little as possible with nominal S/C
operations of the other S/C (see also R-2.5.0-3 and G-2.5.1-9)

G-2.7.3-6: The satellite(s) shall be designed such that reconfiguration for in-flight calibration
and/or orbit maintenance is minimised

2.8 Assembly, Integration and Verification requirements
D-2.8.0-1: To be written

2.9  Product assurance requirements
D-2.9.0-1: To be written

3 LIST OF ABBREVIATIONS
AlV Assembly, Integration & Verification
AME Absolute Measurement Error
AOCS Attitude and Orbit Control System
APE Absolute Pointing Error
CS Cross-scale, an ESA Technology Reference Study
CSG Centre Spatial Guyanais / Guiana Space Centre
CoG Centre of Gravity
ECSS European Cooperation for Space Standardization
ESA European Space Agency
ESTEC European Space Research & Technology Centre
GSE Ground support equipment
ITT Invitation to Tender
MRD Mission requirements document
Rx Reconnection
TBC To be confirmed
TBD To be determined
TRL Technology Readiness Level
TRS Technology Reference Study

4 APPLICABLE DOCUMENTS

[ADI1] “Cross-scale TRS Mission Objectives,” SCI-A/2005/072/CS/MvdB
[AD2] “Cross-scale TRS Environment Document,” SCI-A/2005/074/CS/VS (not available yet)
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[AD3] “Cross-scale TRS Preliminary payload resources,” SCI-A/2005/077/CS/MvdB
[ADA4] “Margin Philosophy for SCI-A Studies,” SCI-A/2003.302/AA

[ADS] “CDF Model Input Specification,” CDF-IFS-001

[AD6] “Space Engineering — Mechanical — Part 1: Thermal Control”, ECSS-E-30 Part 1A, 25
April 2000, available from: http://www.ecss.nl/

[AD7] “ESA Pointing Error Handbook”, ESA-NRC-502, 19-2-1993.

[ADS8] “SOYUZ from the Guiana Space Centre, User’s Manual,” Issue Draft — January 06
(including annex 1). Available from
http://www.arianespace.com/site/documents/soyuz_man_csg_index.html

[AD9] “Space Engineering — Space environment”, ECSS-E-10 Part 04A, 21 January 2000,
available from: http://www.ecss.nl/

[AD10] “European Code of Conduct for Space Debris Mitigation,” issue 1.0, 28 June 2004,
available from http://www.stimson.org/wos/pdf/eurocode.pdf

3) REFERENCE DOCUMENTS

[RD1] Yuichi Tsuda et al., “Mission design of SCOPE — small satellites formation flying
mission for magnetospheric tail observation,” paper presented at AIAA International Conference
on Low Cost Planetary Missions, Kyoto, 2005.
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