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1. INTRODUCTION
1.1 Purpose

1.2

The purpose of this document is to provide a rationale for considering small satellite
missions as a means of satisfying the needs of developed as well as developing
countries.

For those who have not yet had experience working in space activities, it is also
intended to provide a guide as to how and where to begin to get the technical support
needed, and to indicate the initial thought processes necessary to put together a space
mission. Since each entity will have its own political structure, there is no attempt made
to provide a path to available funding within any particular country. There are, of
course, various potential international sources of funding, for example, the World Bank
and the United Nations.

Points are provided for orbit selection and launch possibilities. There is a brief
description of the components required to build a spacecraft, key management
techniques, and decisions that must be made. Suggestions for possible missions are
included. Finally, an address is provided where you can write to get help and advice.

Scope

Space activities began from a particular desire to expand our knowledge base. In their
early days, space operations were a technical challenge which led to the establishment
of the technologies needed for the execution of space activities, for example,
computers, advanced materials, and miniaturisation. There was also the perception that

space activities were beyond the purview of all but the most sophisticated countries and
organisations.

After a modest beginning with small, simple, lightweight satellites, space systems have
evolved into large, complex and expensive space platforms for science and applications,
which often require up to 10 to 15 years of development prior to launch. While such
large platforms exist and will continue to exist , there has recently been a growing
interest in returning to the use of small satellites which can be launched within a few
years after program initiation. As a consequence of the evolution of the state of the art
space-related technologies, this class of spacecraft can make significant satellite
capabilities accessible to a wide number of users, from high school and university
students to engineers and scientists in every country in the world.

The International Academy of Astronautics (IAA) called attention to the potential for
"Small Inexpensive Scientific Satellite Missions" through a study by an international
working group (at Bordeaux, France in May 1989). The conclusions of that study
have been reinforced by NASA's Small Explorer and proposed University Explorer
Programs, as well as ESA's 1990 "Call for Ideas on Small Missions," which was

recommended by the European Science Program Review Team, chaired by Professor
Pinkau.

103



104

2.1

IAA Cosmic Studies

Another consequence of that study was the creation of the IAA Subcommittee on Small
Satellite Programmes as part of the Academy's Committee on International Space Plans
and Policies. After several preliminary meetings, this Subcommittee convened a
Workshop in June 1991 near Toulouse, France, to identify the concepts and processes
needed by any international user community to initiate, manage, acquire and launch its
own small economical satellite(s).

Such small satellites could serve a wide range of purposes, for example, learning high
technology and how to manage such programs, as well as fulfilling the basic purpose of
increasing the world's scientific knowledge or providing a country with a
communications system or enhancing the education of its people.

While the Bordeaux study had concentrated on scientific missions worldwide, the
Toulouse Workshop expanded that concept to include applications. It did not,
however, consider microgravity missions or sample return mission, since it was felt that
the added complication of retrieval was not compatible with "inexpensive". Although
the definition of "small satellites" was deemed to include those weighing up to 500 kg
and with a total mission cost up to the equivalent of 50 million U.S. dollars, there are
many much smaller, less expensive missions that are appropriate for a space mission.

RATIONALE

Applications of Spaceflight

Space techniques can provide direct and indirect economic benefits that may be
characterised as follows:

+ direct benefits:

- collections of valuable scientific data,

- provision of functional services,

- current applications concern mainly the collection and transmission of
information (communication services) and Earth observations.

+ indirect benefits:

- acquisition of technological know-how,

- economic stimulation,

- "spinoffs", ie. applications of space-derived technology to other fields. (There
are also "spinoffs" from other fields used in space techniques; the latter have
become large in recent years.)

In the various disciplines of science, space technology has contributed substantially and
will do so also in future in various ways:

« the environment of space has been studied in-situ, near the Earth, in the
interplanetary regions, as well as in the interactions between the Sun and Earth;
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+ all other planets in the solar system (except Pluto) have been visited by space probes;
this work has led to the birth of comparative planetology, which promises to
improve the understanding of the Earth as well, including the predictive power of
our planet's models;

+ access to the orbital environment has enabled an enormous extension of the
astrophysical observations in the electromagnetic spectrum: infrared, ultraviolet, X-
and gamma-ray observations of the universe have increased by many times our ability
to detect, correlate, and interpret astronomical events;

« even in the visible and the radio bands, space technology allows substantial
improvements of both sensitivity and resolution, in particular through the use of
interferometric techniques;

+ the study of corpuscular radiation, of solar, planetary, interplanetary or cosmic
origin, has similarly been expanded;

- the Sun, both for its direct influence on terrestrial life and as our "sample star" has
been the object of an increasing number of observations;

- solid Earth studies have measured the shape of our planet, its gravitational field, and
the behaviour of its crust;

- in space, zero gravity effects have been studied on various biological samples as well
as on chemical reactions and on specific physical systems.

Space technology has thus become an important tool to observe, study, and monitor
our planet since it provides unparalleled access to large spatial and spectral ranges.

Table 1 lists some areas in which the contribution of space-based Earth observations has
been demonstrated.
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Table 1: Earth Observation Satellites

CLASS APPLICATION SPACECRAFT
Meteorology Global Observation TIROS,
METEOSAT
Medium Term predictions TIROS,
METEOSAT
Catastrophe warning (hurricane, etc.) GOES, GMS,
METEOSAT
Land surface sensing Water resources, incl, runoff predictions & LANDSAT,SPOT
flood warnings
Forestry and rangeland studies LANDSAT,SPOT
Observation of air pollution phenomena LANDSAT,
NIMBUS
Crop predictions LANDSAT,
SPOT
Mineral resources' studies LANDSAT,
SPOT
Impact of large-scale phenomena LANDSAT,
(volcanic eruptions, forest fires, etc) SPOT
Mapping & cartography LANDSAT,
SPOT
Land use studies LANDSAT,
SPOT
Sea surface sensing Sea surface conditions (temperature, currents |SEASAT-A,
etc.) ERS-1
Coastal and marine resources NIMBUS-7
Land/ocean interface phenomena NIMBUS-7
Determination of wind fields over the ocean SEASAT-A,ERS-1
Topographic and dynamic ocean studies SEASAT-A,
TOPEX
Pollution investigations LANDSAT,
TOPEX, SPOT
Sea ice monitoring SEASAT-A, ERS-1
Support of fisheries activities ERS-{
Climate Studies Long-term, global data collection; METEOSAT
Study of anthropogenic changes NIMBUS -7,
(atmospheric carbon dioxide content, UARS
stratospheric ozone layer, etc.);
Study of trends in the energy balance ERBEs,
(variability of the solar constant, atmospheric |NOAA,
and oceanic temperatures, etc.) METEOSAT,
ERS-1
Solid Earth Studies Determination of the Earth's shape and LAGEOS,
gravitational field STARLETTE
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Communication satellites represent the first space application to reach commercial
enterprise status. They have enabled the advent of high-quality, global telephone and
television exchanges. Mainly based in geostationary orbit, these spacecraft offer today
a wide range of services, summarised in Table 2.

Navigation systems, originally developed for military applications, were opened to
civilian use twenty-five years ago. They allow position determination to a resolution
better than 1 m, using ground equipment that has continuously become smaller in size
and more economical in terms of acquisition and operation.  Already however, these
satellite constellations allow more sophisticated operations, such as air and ship
navigation. Already services have been established relaying navigational and other data
from mobile objects to, for example, the owner's organisation: such systems may also
evolve into providing a means for the surveillance of hazardous or otherwise important
items.

Table 2: Space Communications Services

Fixed-site Services Global telephony trunking

Regional systems

Television distribution for networks
Television feeder to cable systems

Mobile Services Maritime systems
Aeronautical systems
Airtraffic control
Land systems

Broadcasting Services Radio
Television
Data
Business Services Voice conferencing

Video conferencing

Private line telephony

Data links (incl. text, pictures)
VSAT

Data Services Electronic mail

High-rate digital data relay
Satellite data networks
Data collection
Radiolocation

Data Relay Services Earth orbital space
Search & rescue
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2.2 Rationale for small satellite missions
In the beginning of .space exploration, all space missions were small, primarily because
the launch capability was small. As launchers grew, so did satellites, but it must not be
forgotten that an incredible increase in our knowledge base came from those early,
small satellites. Some argue that we must have big satellites today to have that same
step function in our knowledge base, but it is more likely that incremental steps forward
are just as effective. Furthermore, today's technology still lets us do remarkable
science and applications of that science using small satellites.
Table 3: Early Satellites
COUNTRY NAME LAUNCH|MASS |MISSION
DATE |(KG)
USSR SPUTNIK-1 4/10/57 [83.6 Technology
US EXPLORER 1 1/02/58 {13.0 Tonospheric and solar
studies
UK ARIEL 1 (UK 1) |26/04/62 |61.7 Tonospheric and solar
studies
CANADA ALOUTTE 1 29/09/62 |143.7 |Ionospheric studies
ITALY SANMARCO 1 |15/12/64 |113.0 |Aeronomic and ionospheric
FRANCE ASTERIX (A-1) |26/11/65 [41.9  |Technology
AUSTRALIA WRESAT 29/11/67 |73.0
ESA (ESRO) IRIS (ESRO-2B) [17/05/68 |73.7 X-ray and cosmic radiation
GERMANY AZUR 8/11/69 |73.6  |Magnetospheric and cosmic
ray
JAPAN OHSUMI 11/02/70 |23.8 Technology
NATO NATO 1 20/03/70 1243.0 |Communications
CHINA CHINA 1 24/04/70 |173.0 |Communications
NETHERLANDS ANS 30/08/74 [129.3 |X-ray and UV Astronomy
SPAIN INTASAT 15/11/74 ]20.0 Tonospheric studies
INDIA ARYABHATA [19/04/75 |360.0 |High energy astrophysics
and aeronomy
CZECHOSLOVAKIA |MAGION 24/10/78 |15.0 Magnetospheric and
ionospheric studies
SWEDEN VIKING 22/02/86 |283.0 |Auroral plasma physics
ISRAEL OFFEQ 1 19/09/88 |13.0 Technology

Table 3 summarises some of the early satellites launched by the 17 nations or organisations
that developed them. The average mass of these first satellites was about 100 kg. Several of
these countries have also acquired their own national launch capabilities.
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Planning for small satellite missions does not repalce large satellite missions, as the
goals and issues are often different. Small missions can however be a complement to
large missions. By exploring new methods and techniques, small satellites can be a
pioneering tool for new experiments and technologies for future larger missions.

Small satellites have several advantages over larger ones for both large and small
countries: more frequent and larger variety of mission opportunities; more rapid
expansion of the technical knowledge base; greater involvement of local industry; and
greater diversification of potential users.

Rationale for Specific Users

The preceding sections have provided an overview of the rationale for engaging in
space activities. This thesis was essentially independent of individual national aspects,
for example, economic power or technical competence. Some of the reasons
supporting space involvement for developing nations are compared in Table 4 with
equivalent criteria for countries which are already industrialised.

Table 4; Reasons for Space Technology

DEVELOPING COUNTRIES INDUSTRIALISED COUNTRIES

Improved services (shortcuts in the  |Improved services
introduction and development thereof)

Improved inventory and management |Improved inventory and management

of resources of resources
National health and health services Improved data exchange
Development of national resources Access to new resources

Transfer labour to modern economic  {Development of new industries
sectors (higher productivity, capital (improved economic strength and
formation) balance of payments)

Environmental considerations Environmental considerations

Transition to industrialised lifestyle Assistance to developing countries

Space science activities are obviously valuable per se, and it is with small scientific
satellites that most "space powers" have begun their involvement  Weather,
Communications and Earth resources satellites were quick to follow. Although
scientific satellites are naturally connected with education and training, all types of
space activities accomplish that goal. A university environment is an ideal locale for
inaugurating space activities. Since the realisation of such projects often requires the
creation of new laboratories, these improved facilities are a lasting consequence of the
project. Thus the usual spin-offs of a space program, the acquisition of technology and
development of industrial organisation and management methods, will begin to accrue
at the national level as students leave the university and enter local industry.

Space science studies that can be supported by small satellite missions range from
aeronomy to astrophysics, for example, low-orbiting satellites can provide important
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daily coverage in the atmospheric sciences, leading to better weather prediction. Other
small low-orbiting satellites can bring communications to remote areas not currently
served by telephones; small satellites in geostationary orbits can do the same. Camera
systems can view the country both for weather and land data, offering help identifying
the country's resources and early warnings for catastrophes. It can also be used to
monitor the country's borders, evaluate crops and predict their yield, and improve
mapping accuracy.

Small satellites are ideal for environmental studies, monitoring biological reservoirs, rain
forests, marine habitats and the progress of the mass destruction of living species and
renewable natural resources. They can also be used to provide country-wide
surveillance of illegal activities, including those in inaccessible land and ocean areas.

MANAGEMENT ISSUES

There is no unique foolproof way to conduct a space flight mission. There are,
however, fundamental aspects that are common to all missions and must be addressed
to ensure their success. The philosophy and approach taken toward the implementation
of each of these is what defines the resources required to complete the mission.

Project segmentation

There are four basic segments that must be considered in a space project:
1 the program/project office segment which includes the management, coordination,
product assurance, interfaces among all segments, organisation, and resources

management,

2 the launch segment which includes the launch vehicle and related support services
and facilities,

3 the space segment which includes the development of all components of the
spacecraft, the payload, and systems engineering and tests,

4 the ground segment which includes the facilities, equipment, hardware and software

required to link the operations centre(s) on the ground and the spacecraft, and
carries out all the data processing tasks.

Project life
Typically the project life is divided into four phases:

Phase I: Concept and Feasibility

During this phase, the general approach to meet the mission objectives is set and
studied for its feasibility. The mission objectives must be clearly understood; concepts
for operation, overall schedule, cost constraints, interfaces, facilities, development
items, long term plans, national policies, ground rules and assumptions are identified.
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An organisational structure is established to develop the concepts for the mission,
obtain estimates of performance, define cost models and profiles, assess risk, and
develop strategies for implementation.

It is important to understand that concept development requires very close interaction
between the user and the developing organisation. This will help to ensure that
requirements are both realistic and achievable, as well as necessary.

The end result of this phase should be a broad definition of the mission and the basic
requirements to support it. The four basic segments must be addressed in sufficient

detail to determine the technical and programmatic feasibility of the mission.

Phase II: Detailed planning and design development

Once the feasibility of the mission is proven, the phase can proceed to a more detailed
level of planning and design. The general organisation supporting this phase of the
mission can be similar to that supporting Phase I. Interface agreements are formalised,
the system design is developed to the point where the procurement and/or fabrication of
the hardware and software systems can proceed, and the schedule, cost, and other
resource requirements are further detailed and planned. At the end of this phase, design
should be considered complete.

Phase III: Production and deployment

This phase concentrates on the efficient implementation of the strategies for
procurement, fabrication, assembly, installation and test of the systems designs and
plans developed in Phase I It usually requires that the organisation be expanded to
include supporting personnel as needed. This phase of the program is the most
demanding and intensive from a project management point of view and requires the
most control. Its success depends highly on the adequacy and completeness of the
planning and design phase.

Phase IV: Operations and support

This final phase in the project's life deals with the daily operation and maintenance of
the space and ground segments. Clearly there needs to be some overlap between the
production and deployment and the operations and support phase. Phase III will
provide the basis for the understanding of the operations, and verification and
maintenance of all of the segments through their final integration, launch, and in-orbit
performance. After verification in orbit, the project organisation is usually reduced to
key management, flight operations, data management and distribution, and overall
system maintenance.

Organisation

The development and implementation of any space mission requires good interaction
among and within each of the segments of the project to ensure its success. The Project
organisation and management will be centred on the space segment with the launch and
ground segments becoming important support services.
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The size of the project organisation will vary with the complexity of the mission.
However, it is always advantageous to have a dedicated core team of people (as shown
in Fig. 1), with clearly defined responsibilities and necessary expertise, supervising and
organisation spread over a large matrix. It is recommended that the core team be
located within close proximity. This makes the much needed interaction readily
available and essentially immune to external disturbances. Support personnel outside of
the core team should be added as needed for very specific tasks. These tasks are bound
by strict schedule and cost constraints and should have a clearly defined end objective.

Planning

It is important to recognise the value of early detailed planning. A thorough planning
exercise is critical and should be completed as early as possible in the project's life. A
key element of this activity is a work breakdown structure of the components and
activities required to complete the mission. The work breakdown structure should be
used to prepare and provide traceability for the schedule and cost phasing plan
throughout the mission. Development of new technologies are items that require early
and continuous attention. These are the ones that usually require extensive commitment
of resources to complete. It is useful to identify areas that can be descoped early in the
program as a measure to control cost.

Reliability and Quality Assurance

It is difficult to define exactly how much reliability and quality assurance is adequate.
Many times this issue is addressed in terms of the willingness of the user to accept risk.
However, it should be addressed more from a point of view of the minimum
requirements to ensure the success of the mission. Why is a certain level of reliability
and quality necessary? Consider, for example, the differences between the environment
on the ground versus that encountered in putting a payload in orbit. Structural
excitation during ground handling and launch, vacuum, radiation and temperature
extremes are some of the basic differences that drive the need for careful analysis and
monitoring. It should be kept in mind that the longer the space segment has to survive
in this environment, the greater the need for reliability and quality control. There are,
however, specific measures that can be taken to reduce the need for an extensive
reliability and quality assurance program and the associated documentation. The use
and enforcement of design and interface standards and standard parts across the system
are extremely helpful in reducing the integration and test time and cost. Components
and equipment with flight qualification heritage should be used as much as possible.
Emphasis should be placed on a verification and test program designed to show the
flight worthiness of the space segment and the adequacy of other supporting segments.
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Figure 1: Minimum Management Structure
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General recommendations

The following are some additional general recommendations that always prove to be
helpful in the development and control of a mission.

Keep a watchful eye on the evolution of the system design to keep it focused on
meeting the minimum requirements. Creeping requirements are extremely difficult to
stop if allowed to evolve without control.

A commitment to complete the mission at a cost "not to exceed" should be in the mind
by all of the team members.

Define all internal and external interfaces early in the program and make sure that they
are clearly understood and agreed upon by everyone supporting all segments of the
mission. Take the necessary measures to reduce administrative burdens on technical
personnel.

MISSION DESIGN

In order to design a satellite mission, it is necessary to define the mission objectives and
requirements, keeping in mind that these may have to be modified when the design
process is underway. Having established the mission goals, the four segments of the
project, as identified in Section 3.1, must be examined in detail to determine the
suitability of the design, its coherence and its cost. The overall system design, the
launch segment, the space segment and the ground segment will now be examined.
(There is no direct discussion of the payload since it is directly derived from the mission
objectives and therefore varies widely for each mission).

Mission and system considerations

General

The mission objectives defined by the user organisation need to be translated into
technical specifications and a configuration for all segments of the space project.

To satisfy the mission requirements, an instrument package or payload will be defined
which meets the objectives of the user. Possible orbits and pointing modes will be
identified. Trade-off analyses will be made on the resultant spacecraft definition,
launcher alternatives, ground segment configuration and operational complexity.
Overall resulting costs and satisfaction of the mission objectives will be key elements in
the analysis. At this point, "nice to have" requirements must be discarded in order to
contain costs.

The main purpose of the system activity is to ensure coherence among all the elements
and to conceive and develop a well balanced overall project within budget limitations.
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4.1.2 Orbit selection

To illustrate how all launch, space and ground segments must be considered in the
system analyses, several aspects of the orbit selection will be discussed.

Three general classes of orbits may be suitable for small satellites.

Geostationary Earth Orbit (GEO). In such orbits, the satellite appears fixed relative to
the ground, thus allowing continuous visibility over one spot on the Earth and therefore
a permanent communication link: it may simplify the ground segment and the
operations, but because of the large space-to-ground distance the data rates will be
small, or larger ground antennas and higher RF power on board the spacecraft will be
required. This orbit is reached usually from a standard Geostationary Transfer Orbit
(GTO) provided by a large launch vehicle. The circularization of the orbit from the
GTO to the GEO will require an apogee propulsion system which will roughly double
the mass of the satellite at launch. Small launch vehicles will not usually offer enough
performance for such missions.

An interesting derivative may be to conduct the mission from the GTO, thus benefitting
from frequent piggyback launch opportunities, but avoiding the complexity and extra
costs associated with the apogee propulsion system.

High-Eccentricity Orbits (HEO). Small satellites may be put into high-eccentricity
orbits. Orbits inclined at 63.4 degrees are particularly attractive because the plane of
such an orbit is unaffected by the aspherical Earth, thus it remains practically at rest ina
geocentric inertial frame. High-eccentricity fixed orbits allow one to minimise the
number of satellites covering certain desired areas which remain visible for long periods
of time. These are undoubted advantages for certain ground operations.

Certain launchers are able to deliver satellites into HEO orbits, thus simplifying or
obviating the need for an on-board propulsion system. However, such orbits are not
particularly useful for remote-sensing missions. In fact, not only does the geometrical
area seen by the on-board sensors change drastically, but the attitude varies rapidly,
thus rendering the whole pointing and pointing-rate requirements difficult to meet in
terms of both mass and cost. For a telecommunication satellite, these orbits usually
exhibit a high altitude apogee and the associated high power requirements, which, in
turn, mean large solar panels and significant power conditioning. As for GEO, this orbit
is not very compatible with assumptions of low mass and low-cost satellites.

Low Earth Orbits (LEO) - Such orbits will generally be preferred for small satellite
missions. Small launch vehicles can be used, offering flexibility in the selection of the
orbit parameters, or piggyback launches may be available. Low on-board RF power is
sufficient because of the short distance from the ground, but infrequent and short
visibility periods are a drawback which will lead to some ground segment and
operational complexity. One should also distinguish between the near equatorial or low
inclination orbits for which the visibility zone will be limited to the tropical zone, and
the polar and quasi-polar (sun synchronous) orbits which allow accessibility to any
point on Earth, either for communication (e.g. store and forward) or for Earth
observations.
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Launch segment

The launch opportunities for the small payload owner might seem unlimited when one
considers all the alternatives: dedicated launch on a small Expendable Launch Vehicle
(ELV); sharing or piggyback on a larger ELV; or negotiating a Joint Endeavor
Agreement for a free ride on the Space Shuttle or similar programme. However, once
the payload owner assesses the unique requirements of the individual spacecraft against
the capabilities, costs and constraints of each of the potential launch service providers,
the field of realistic space transportation options will often narrow down to a very few
vehicles for the unique mission under consideration.

Considerations for launch vehicle selection

A spacecraft owner needs to critique each launch vehicle option with respect to the
following considerations prior to making a launch vehicle selection decision, the most
important consideration being the spacecraft value, an assessment of the profit potential
and the costs associated with its replacement. Is a re-flight option included in the
proposed launch service package under consideration? How many payloads will be
launched? Is this a one-of-a-kind spacecraft, or a low-cost series of identical payloads?

A second consideration should be the potential launch vehicles reliability record or
flight history. A series of low-cost payloads may be willing to take the risk of a new
lower-cost launch vehicle with an unproven record.

A third factor in the selection process is an assessment of launch service costs when
compared to the anticipated commercial return on investment, value of the payload at
risk, and the associated vehicle reliability record. Schedule certainty is important to
most payload owners with a commercial product in mind, but may be of less importance
to a scientific experiment where time is not a primary driver. Corporate stability and
long-term viability of the launch vehicle manufacturer is a critical factor all customers
would be advised to consider. Once a commitment is made to a particular vehicle, the
spacecraft and its payload will typically require some modifications if it is necessary that
it be launched on a vehicle different from the one for which they were originally
designed.

The insurance requirements of a given launch vehicle and the insurance package
included in the launch service price should be closely examined. Although insurance
costs for most small ELV's are significantly lower than those attributable to larger
ELV's, the total launch service costs can fluctuate widely between vehicle
manufacturers based upon the insurance package each one has negotiated.

Any customer looking to launch a payload with US component technology on an
international ELV would be wise to consider the applicability of technology transfer
export regulations. At present, the US State Department is reviewing applications to
allow US payloads to be launched on Chinese and Russian launch vehicles on a
case-by-case basis.
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A new trend in the larger commercial communication satellite market has been the
purchase of a satellite on-orbit. A satellite operator in effect buys both a spacecraft and
a launch service in a single package and takes ownership on-orbit. It is not likely that
such an option would be viable with the small satellite market, but may be a factor in
the future.

A final consideration: is a dedicated flight required or will launch as a secondary or
piggyback payload meet the mission's requirements? A brief description of capabilities,
constraints and costs associated with small launchers will be discussed further, along
with secondary launch options on Ariane/Delta II/Space Shuttle. The aforementioned
series of considerations, although not necessarily an exclusive list, should be prioritised
by each small payload owner prior to committing to a final launch vehicle selection.

Dedicated launchers

During the past thirty years, many countries have invested in development of indigenous
launch vehicle capability, pursuing the lucrative commercial market or strengthening
their own civil and national defence. International space policies and programs are
emerging with developments in commercial and government support and advances in
related technologies.

The small class of ELV's is the most dynamic one and has experienced the largest entry
of commercial entrepreneurial activity both in the United States and abroad over the
past few years. Small class ELV's can deliver payloads weighing from as little as 25 kg
to as much as 1500 kg to Low Earth Orbit. Until 1989, the only flight demonstrated
vehicles in this class were the United States Scout, Atlas-E/F and Titan II; the Japanese
MU-31IS; and the Chinese Long March I. All these vehicles were developed under
government contracts to meet specific government requirements.

With the emergence of a potential commercial smail class market in the late 1980's,
industry has responded by offering a range of new services. Currently, there are a
number of US ELV Companies interested in servicing the small launch service market.
These include, but are not limited to, the following vehicles: Pegasus, Taurus,
Conestoga and Orbital Express. Of these, only Pegasus has any orbital flight history.
Pegasus has had two demonstration flights, one in 1990 and one in 1991. Scout , the
United States workhorse smaller launcher will be phased out in 1993 when the last two
Scout boosters in NASA's inventory are launched. Although there has been much
industry interest in offering commercial services in this class, a real commercial
customer base has not yet materialised. A dedicated launch service on one of these
small ELV's ranges from between 10 to 20 million US dollars. A dedicated launch at
this price is a luxury few scientists, universities, radio amateurs, or other commercial
entrepreneurs can afford.

Tables 5 and 6 provide a summary of the availability, performance capability and costs
quoted for commercial ELV's. Payload operators considering launch on a nonmarket
vehicle must take into account technology transfer and trade constraints.



IAA Cosmic Studies

118

I NVLL ‘I-SYILY 'LNO3S o1 ‘ATIVIOHIWWOI GILINHVIN LON STTOIHIA SN IANTINI LON S304 »

FOVASOUIIW SWIISAS SIONII0S SION3I0S
ouLsvovd uvavas oouwnv “TYNOLLYNHZLNS u33 1vLigH0 vugdo  |HIUNLOVANNYA
(110 WX 052 (oHIo W 881

/ NN soy) /WN 00t)
12z vel't 002 181 Li9 102 Ls1L | zeo't £2e | €52 9
00S 00s'C ovy oop LVE'L asy 0S§'T 4 SiTT LLL | 8sS sd1
: {,06 = 1) Hv10d
(H19 W oozt (410 W oLS (11D WX 958 (410 WX 955 (SHD WY $1
/ WN 8t9) /WN §22) / WN 00E) / WN 00€) 11NN 001)
2z p18'lL syt ST lze 868 zoe ois't | bzet e | o9ze L))
(,0=1) 005 000't 00z's ovs 005 086°L 599 oce‘e | oco'e | 016 | 61L sa1
(c8€ =1 031
EF4 ET 0zat 6ccl X | oiseg 9% | oiseg esueUiiopeg
I-OHLSYOVd| 319vavas | vNoY X39HO VHOLS3ANOD snHNvl snsvoad 3TOIHIA
w T-1) E e T o
mw @ Gy - =.\
m
o
i = ~ S >
- /o/<\\
mu.. 3 v
| > ] [ - N
M 5, )4 B
® 5 )
T I
mw o
\ v

a3sododd

LOVHINOD H3ANN HO DNILSIXZ

¢ atqe|

«STTOIHIA HONNVT 2T19VANIdXT SSYT1O-TTVIAS TVIOHIWNOD "S'Ni




119

IAA Cosmic Studies

i HONNV 43d
- i
VN V/N V/N N VN VN WSt -0l$ VN wois VN VN 1605 GILDArOHd
IAvUVAY
aaL aaL saA agL oN aay oA °N sl aaL aal ATIVIOHIWWOD
L9661 LEB61 v961 5661 S661 L5661 886} 1861 W13 L5661 VN ALavivaAy
TVILING
pesodoid ._w“_wa jeuonesedQ ._o.n_oc ._m“_wn ._o“_on_ Jeuonesedg | jeuonesedg | jeuoneledg ._oh_on_ PIoH U0 SNiviS
ofjisouely e unndsey| i Nio4 ede)
a 8fiqopy siseseid ewiyseboue]| ewiysobe) | oosep ueg Aabap ejoxyireyus uenbnyp elejuedly ‘erouoopy (s)aLis HoNNY1
vIN VN (wa gopz) | (wag'psl) | (waeere) | (worsst) | (waperi) | (wogoor) | (wopez) |(wo r/901-~) VIN HILIAWVIA
6L s uzse ‘ul 69 Wiy uee 49 YGe- ONIHIV QVOTAVd
(Put 515 (iputole | (Puole | (lemotenbe | (uloevt | (Puleer | (owols | (jeucienbe ® )
‘ono unj €66 | *os1o w 956 | ‘oso wyosz| uniger | *ono uni say | ‘oup0 wx ooy | ‘orpo uny spe ]  w 9gg ™/ 5l
jwuoze) | swuooe) | swugey) | swuooy) | swuoor) | swugyz) | jwusgt) | /wucoe) " %_mww%wwu 2
001 /0ZZ | 66¢/004't | 19€°L /000'E} L06/000‘C |0SE'L /00E'Y| 866 /002 | 6SI/0SE 0S4 /0e€ | 68L/0vL'} | 12Z/00S | 106/000°C
(ueds) (e1ssny) (e1ssny) (ueder) (uederp) (Aren) (oe18)) (e1puy) (suryg) (n1ze:g) (eyjensny) FI0HIA
owsoouden | }-JHVIS | SOWSOM e SN SWS naeys AISY at S1A ATV
yosepy Buoy
n 2} (7)) m w
x x x \ x
o o o ®
o~ — o >
3] o ] (1]
o - > || — =
z pd prd == =z
o (o] (o] {1 [o]
> > > — _| >
< < < K <
D, o, = ] - =
o ) o o
o =) - g ] — o
® ) ) . o

< T

(03S0d0oHd ANy DNILSIX3)
SITOIHIA HONNVYT IT19VANIdX3 TTVINS TVNOILLYNHILNI

9 ST1qE]




IAA Cosmic Studies

120

JUNTIVL TVILHYd L&/L1/L HONNYT SNSYO3d ONOD3S .

(¢) nemey
w_“_; 1-vd
(wo 6'6¥L) ‘efopuy (¢5661)
3leq o1 2uoN 0/0 s9L uow S$ ‘ul 65 1map/ZL as1 ‘sunspy | wswdojeasg uy OH1SVIOVd
(wo g°oE) youne (¢9661) N 318V3 VIS
e1e( 01 3uoN 0/0 sap UOHIIIN 01 BolL VIN V/N eas ajIqoN pasodold yvivas
(¢56-v661) vinov
a1e( O} 3UON 0/0 soA UojllIN OLS VN V/IN agaL g4vA pasodoid o0HWY
-d350d04d HO LNFWHOT13AIA NI STTIIHIA HIHLO
(wo 0°221)
‘uj 0§ akopuy ‘614
ue opuy §
ol | (ua s901) asL 19404 '4M (ve61) X3840
olas 0/0 saj 51-01$ ul zp lesp /g Q) vesl d— gqva wswdopeasq ul _u_
JE{' ol uolitin (wo gzgL) | paupeqa (e661) YHO01S3INOD
SA90 / VSYN 0/0 saA 02-0L$ ulzL 1N €661 0. PEd 4M | wewdojenaq uy !
adojaaug
ajweuig (¢) vé61 €F— s4V0D snyavi
yaune SN UolIN (wo z'2£1) 18a) (e661) 350
vdHva 0/0 {epju 1YY 12-L1$ “u} bg 19€ €661 <€j— 84VA juswdojasag u)
WWO028HO
izveg {(4ammmmu3)
VSVN £661-PIN <«}— L1017
AAVYN ‘SN adojaaugy
olas ajweuiq feuojierodo - 25-8 YSYN SNSvYoad
dvsn +%08 uoj| [ (woggly) E-E Y yjoune (oe61)
vduva =z/1 8oL SL-LL$ “uj gy 1219 -qvigon | reuonesedo 9so
(wo £:90})
(ynoasoln ‘Use
ai0jeqg Bujujewiay pus |suofjesado H4VA 1Nn0o2s
sayoune g) %8°.8 (wo p°ga) Jsa) (‘qngay wy) N (og61)
VSYN =SLL/1OL OoN V/N U6T /ZL-01 pai{BqUyIoN 44Mm |euopeiedg (A7) 35A1
S1OVHINOD adoo3d | éanavivav|  1S092 H3LINVIQ | FLvH | ALIEVIIVAY savd ALNBVIVAY F1DIHIA
HONNV HONNV1 ATIVIO HONNV1 ONIHIVA | HONAVT avd HONNV
WHIH . -HIWWOD | QILVWILS| avOoTAvd

{(LNIWJOTIAIA NI / DNILSIXT) LOVHLNOD HONNYT WHI4 HIANN STTIIHIA
SINIVHLSNOD :S3TOIHIA HONNVYT FT9VANIdX3 TIVIAS 'S™N

L 9Tqe|



423

IAA Cosmic Studies 121

Each vehicle should be considered from a total launch system perspective with an
understanding of both the hardware's performance capability and the attendant
operational launch constraints. As an example, a few of the most critical constraints
have been summarised in Table 7 for all of the aforementioned US ELV's. Launch pad
location and availability have a direct impact on the performance capability achievable
by a specific vehicle to accomplish unique mission objectives.

Available launch azimuths dictate the range of orbits a vehicle can perform, with or
without dogleg manoeuvres. Pegasus has unlimited launch site opportunities, since it
begins its flight on an aircraft, and can also accommodate twelve missions a year to a
range of orbits. The payload fairing diameter dictates the physical payload size that
each vehicle is designed to accommodate. Individual vehicle users' manuals should be
consulted to compare other critical environmental constraints (e.g., acoustics, loads).
Launch site location is a factor that also requires consideration since campaign costs
associated with launches from international sites can pose a financial burden on small
payload operators.

Secondary/Piggyback launches

In an effort to reduce the cost of access to space and to make use of surplus
performance capabilities, larger ELV manufacturers are interested in offering the small
payload community the option of flying as a secondary or piggyback payload on those
missions where the primary payload does not fully utilise the vehicle's capability. The
primary payload schedule and reliability remain unaffected by the companion payload,
and the small payload owner is provided with a potentially cost-effective alternative to
the purchase of a dedicated small ELV.

A primary payload owner purchases a dedicated launch service on an ELV to achieve
the primary payload mission objective, which in turn drives the vehicle configuration,
orbital trajectory, launch schedule and security requirements of the mission. The
primary payload owner incurs the price of the launch service. An experiment, sensor,
instrument or fully integrated payload whose mission objective is different from that of
the primary payload may gain access to space as a secondary or piggyback launch on
that ELV. In a piggyback launch, the secondary payload owner utilises excess capacity
on the ELV once the primary payload requirements are satisfied. The secondary
payload is constrained in weight, size, orbital trajectory, vehicle configuration and
launch schedule by the primary payload when purchasing a dedicated launch. However,
the piggyback launch costs may be only a very small fraction of the launch service price
plus the cost of integrating the secondary payload into the ELV.

NASA has a history of successfully flying secondary payloads on Delta and has recently
initiated a program to continue similar flight opportunities on Delta II. Arianespace also
offers launch opportunities for secondary payloads. Secondary flight opportunities on
Long March, Proton, H-II, and Atlas/Centaur may be viable options in the future for
small payload owners to consider and explore. At this time, secondary launch
opportunities are available primarily on Ariane and Delta II. The US Space Shuttle is
also mentioned briefly; however, actual flight opportunities are sparse at this time.
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Arianespace is offering secondary flight opportunities for up to six satellites, each
weighing up to 50 kg, on a circular platform called Ariane Structure for Auxiliary
Payloads (ASAP). The ASAP carrier has been designed for use on Ariane missions with
a single primary payload; it has been used and is intended to continue to be used to
place satellites into a polar Low Earth Orbit or a Geostationary Transfer Orbit,
Approximately five Ariane 4 missions currently scheduled through the mid-1990's offer
the potential use of the ASAP carrier into polar orbits. Arianespace has set a price of
$600,000 for launch of the ASAP platform; this cost may be split among as many as six
different small satellite customers. Arianespace has already identified a number of
candidate secondary payloads interested in taking advantage of the ASAP carrier for the
upcoming flights.

McDonnel Douglas is offering piggyback flight opportunities for experiments/payloads
that are small and light enough to fit on the Delta II second stage. The Delta II second
stage avionics package can provide limited command, power, telemetry and attitude
control services to the secondary payload. Based on current contracts, secondary flight
opportunities are available on Delta II (7925 model) developed to launch the US Air
Force Global Positioning Satellites beginning in early 1990. Sufficient excess
performance margin is not available on any of the commercial Delta launches currently
under contract; hence, the only flight opportunities are on government launches. NASA
is identified as the appropriate point of entry for any non-DOD
civilian/educational/non-profit organisation interested in reserving an available
secondary flight opportunity and has developed a Delta II secondary payload users
guide. Costs to the secondary payload owner include integration costs, additional range
support and any costs associated with additional security requirements. NASA recently
launched the Diffuse Ultraviolet Experiment as a secondary payload on the Geotail
Delta mission in July 1992, and plans to launch a series of small experiments as
piggybacks on Delta II GPS missions beginning in 1992, at an average cost of 1-2M US
dollars/launch.

National space policy directives preclude NASA from providing Shuttle launch services
to commercial communications satellites or other commercial payloads unless they
require the Shuttle's unique capabilities or manned intervention. NASA's Office of
Commercial Space Programs has established several types of joint arrangements that
offer flight time on the Space Shuttle for applied research until the commercial potential
of a product has been established. Shuttle secondary payload flight opportunities are
available for a variety of users: US Government, domestic/international research and
technology ventures. Flight assignments for secondary payloads can be made as much
as 19-20 months or as late as 5 months prior to launch. The number of available
secondary flight opportunities on any single Shuttle mission is highly variable and
dependent on the primary mission objectives and requirements. The most popular
arrangements offered by NASA are the Joint Endeavour Agreement (JEA) and the
Space Systems Development Agreement. The JEA is available for company-sponsored
and directed flight experiments. The JEA is a no-cost arrangement and, therefore, very
attractive to the small payload community. The reduced Shuttle flight rate, and resultant
downtime of the Shuttle fleet after the Challenger accident has resulted in a lengthy
queue of commercial payloads awaiting launch.
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4.2.4 Launch cost considerations

Reducing the cost of transporting payloads to orbit has been an elusive but much touted
goal of every proposed launch system since the early Space Shuttle days as a necessity
to develop commercial space goods and services. The cost quoted by a commercial
launch service supplier may not always include all the components of cost associated
with launch of a payload into a specified orbit. A brief list of the major components of
cost is presented in Table 8 below:

In addition, some large commercial spacecraft manufacturers make launch reservations
on more than one vehicle to provide schedule insurance, should one of the vehicles
experience a failure or become unable to provide a launch as requested by the customer.
This option is probably too costly for most small payload customers to consider. The
launch campaign costs associated with a launch from a remote launch site
(Australia/San Marco/China) may, in some cases, pose an additional financial burden on
the small payload customer. When it comes to launch selection, the total value of the
resources at risk drives the cost/reliability trade-off ultimately made by the payload
owner.

Table 8: Components of Cost
LAUNCH SERVICE
* VEHICLE
* RANGE SERVICES
* SPACECRAFT PROCESSING
* PROPELLANTS
MISSION UNIQUE REQUIREMENTS
¥ UPPER STAGE
LIABILITY INSURANCE
* THIRD PARTY
* DAMAGE TO GOVERNMENT PROPERTY
REFLIGHT INSURANCE
DUAL COMPATIBILITY
* SCHEDULE INSURANCE
CAMPAIGN COST

* REMOTE LAUNCH SITES
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Space segment - Spacecraft design considerations

Having established the main mission parameters, including its overall aims, the orbit,
available ground stations and likely launch vehicle, the detailed design of the satellite
can begin. The subsections which follow summarise the factors which must be
considered in this design process, most of which are applicable to all types and
complexities of spacecraft. They focus on spacecraft bus subsystem design and do not
cover any payload aspects, which are mission specific. An important point to note is
that virtually all the subsystems mentioned are available off-the-shelf, and many of them
in low-cost versions, ideally suited to small satellite missions.

Space environment

Earth satellites fly ballistic trajectories in the Earth's gravity field influenced by
atmospheric drag and solar radiation pressure. Drag is a function of altitude, and the
orbits of near-Earth satellites are affected as solar activity increases/decreases the height
at which air molecules interact with the spacecraft. Solar illumination also exerts a
pressure of ~4.4 x 10° N/m* and thus drag and solar radiation pressure provide
perturbing forces which influence the spacecrafts' orbit and must be accounted for
during the tracking process. The Sun also provides an energy source of ~1.36 kW per
square meter of surface, which can be converted by solar cells to provide electrical
power, albeit at low (~20%) efficiency.

The Earth, orbiting the Sun, is immersed in the solar wind and the interplanetary
magnetic field. It possesses its own magnetic field which resembles that of a bar magnet
with north and south magnetic poles offset from its geographic poles. The magnetic
field is a haven for charged particles, and both electrons and protons are trapped in this
field. This fact is a very fertile area of research in magnetospheric physics. In addition,
the effect of these charged particles must be considered during spacecraft design,
particularly relative to the power generating system and certain types of electronic
components.

Structure and launcher interface

Structural design is an iterative process that begins after the generation of a top-level
systems diagram containing the major spacecraft subsystems. The first task of the
mechanical designer is to propose a composite design based on the block diagram. This
design is influenced by the choice of launch vehicle, particularly because of the form
factor of the fairing and the mechanical interface with the vehicle. The launch
configuration will not necessarily resemble the orbital configuration since deployable
structures may be used.

The designer begins with the orbital configuration that will meet the mission goals and
then proceeds to the launch configuration. This process identifies those structural
elements that must be deployed to form the orbital configuration.

The structure will usually comprise a number of aluminium alloy honeycomb panels
with attachment points and fittings for all the various subsystems and deployable
elements. Some more advanced materials such as carbon-fibre reinforced plastics are
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now becoming available, which can reduce the mass of the structure from typically 15%
of the spacecraft mass to perhaps 10%. The interface with the launch vehicle will
usually comprise a V-shaped strong ring around which a clamp band is fixed. This band

is released by a pyrotechnic device and a set of separation springs is used to deploy the
satellite.

Thermal aspects

For small spacecraft with moderate power consumption, thermal control can usually be
accomplished passively through the use of external surface coatings with appropriate
absorption/reflection properties and multi-layer thermal insulation. Heat transfer is
accomplished through conduction and radiation. The design must start at the systems
level with the location and dissipative power of each package. The thermal designer
works with the mechanical designer to make sure that adequate heat paths to radiative
surfaces are considered in the structural design. The ultimate heat dump is by radiation
to space.

This process is not as simple as it appears since the spacecraft will experience varying
thermal conditions as loads are cycled on/off or as the spacecraft experiences eclipse or
full sunlight. Active systems employing heaters may be required in some instances to
maintain minimum survival temperatures when loads are switched off. Thermostatically
controlled shutters or louvres may also be employed as an active means of temperature
control, although these devices tend to be expensive and should be avoided for a small
satellite if possible. If active control is required, it is often possible to achieve a low-cost
solution by the use of innovative engineering techniques without having to employ
louvres.

Attitude sensing and control

There are two general classes of attitude control for spacecraft, namely spinning and
3-axis stabilised. Sometimes a combination of the two is used. An attitude sensing
system is required to determine the spacecraft attitude, usually with respect to the Sun
and the Earth or stars. A reaction control system is needed to establish and modify the
attitude, when required to point the spacecraft in a new direction or to correct for any
disturbances experienced by it.

4.3 .4.1 Disturbances

AA 31—L

The attitude of a spacecraft will be affected by a number of forces acting on it, including
the following:

a Aerodynamic drag, which is a retarding force caused by the Earth's atmosphere,
also resulting in a torque if the spacecraft centre of mass is not coincident with its
centre of pressure,

b Solar radiation pressure, a small but often non-negligible force pointing away from

the Sun, again resulting in a torque if the centres of mass and pressure are not
coincident,
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Gravity gradient torques, due to the small difference in gravitational attraction
between extremes of the spacecraft,

Magnetic torques due to interaction between the spacecraft's magnetic field and the
Earth's field.

4.3.4.2 Attitude sensing equipment

Spacecraft attitude can be determined, provided the position of the spacecraft in its
orbit is known and at least two reference vectors can be measured. The easiest
references to measure are to the Sun and to the Earth, and a variety of sensors are
readily available to perform this task.

a

b

C

Fan-Beam Sun and Earth Sensors. These are very simple devices which can be used
on spinning spacecraft to determine the angle between the spin axis and the Sun and
Earth respectively. One Sun sensor is mounted vertically to provide a reference
every time its fan-beam field of view (typically 140° x 1°) sees the Sun. Another Sun
sensor and an Earth sensor are mounted at an inclined angle and these will trigger at
different times, depending on the Sun and Earth angles.

Digital Sun Sensors. These devices can be used on either 3-axis stabilised or
spinning spacecraft to determine the Sun angle with respect to the spacecraft axes.
A digital Sun sensor consists of a narrow slit, a coded shadowmask, and a
one-dimensional photo-sensitive array that allows accurate measurement of the Sun
angle in one plane. The output from such a sensor is an eight bit binary word which
gives a direct representation of this angle. Two Sun angle measurements from two
perpendicular axes fix the orientation of the Sun in the spacecraft frame of
reference.

Earth Horizon Sensor. An Earth horizon sensor consists of a narrow Field-Of-View
(FOV) telescope which is scanned across the surface of the Earth. In a spinning
spacecraft the sensor will be fixed and the rotation of the spacecraft used to scan the
FOV across the Earth.

For the 3-axis stabilised case, the sensor FOV is rotated by a mirror mechanism so
that it scans the orbital plane and hence it sees the Earth's albedo at a given azimuth
angle. Since, in general, the position of the orbital plane relative to the z-axis of the
spacecraft is not known, a scan in two planes may be required in order to ensure
that the Earth's horizon will be scanned.

All types of Earth horizon sensors detect the transition in optical intensity between
the Earth/Space boundary. The location of the Earth's horizon is poorly defined at
visible wavelengths due to the effect of the atmosphere. The horizon is best defined
in the infrared spectral region and most sensors utilise the 14 um to 16 pm band.
Infrared sensors are unaffected by the presence of the terminator and are less
susceptible to solar interference problems than sensors operating in the visible part
of spectrum,



IAA Cosmic Studies 127

d CCD Camera-Based Earth Sensor. Developments are now in progress to produce
an Earth sensor whose detector is a simple (CCD) camera, and thus has no moving
parts. The problem of determining the Earth's centroid under varying conditions of
Earth size and brightness or phase is being tackled by advanced image processing
techniques and an on-board processor.

e CCD Camera-Based Star Sensor. Another option for an attitude sensor uses a CCD
camera to measure star co-ordinates in the spacecraft frame and provide attitude
information when the observed co-ordinates are compared with known star
directions from a star catalogue. Using only 3rd Magnitude and brighter stars, 4%
steradian coverage of the galactic sphere can be obtained by storing around 200 star
fields in memory. By comparing the camera image with stored patterns, attitude
measurement accuracy of around 0.5 degree can be obtained.

f Magnetometer. A magnetometer provides a reliable and well-proven method of
determining attitude providing the requirements for attitude knowledge are not
greater than around 1 degree. The accuracy of such sensors is limited by knowledge
of the Earth's magnetic field at the height of the orbit and also the variability of such
data with time e.g., due to solar activity (flares, magnetic storms, etc.).

g Inertial Systems. Any type of inertial guidance systems based on conventional or
ring-laser gyros will provide highly accurate attitude information, but at a high cost,

and may not be justified for use in small low-cost satellites.

4.3.4.3 Reaction control equipment

The Reaction Control System provides the actuating torques necessary to accomplish
attitude manoeuvres and correct for attitude perturbations induced by disturbance
torques of the types described above. A number of subsystems exist to fulfil this
function:

a Momentum Wheels. These wheels may be thought of as electrically driven flywheels
storing angular momentum which can then be transferred to or from the spacecraft
by either slowing them down or speeding them up, thus causing an angular rotation
of the spacecraft. For a simple Earth or star-pointing mission, only a single
momentum wheel need be used to control the pitch manoeuvre. However, for full
3-axis control, a suite of 3 orthogonally-mounted wheels will be required, often with
a fourth wheel inclined at 45° to all the others for redundancy. In this configuration,
the spare wheel can take over the function of any of the 3 primary wheels, albeit
with more complicated control algorithms.

When a momentum wheel is slowed down or spun up to one of its extremes, which
may happen if it is compensating for a continuous disturbing torque, its momentum
must be "unloaded" or "restored" by use of an opposing torque on the spacecraft.
This can be provided by a magnetic torquer or gas jet system as described below.
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b Reaction Wheels. Reaction wheels are very similar to momentum wheels, except
that they operate at nominally zero angular velocity (they can rotate in both
directions). They are useful in situations where cyclic manoeuvres are required,
necessitating bi-directional changes in angular momentum, e.g., observational
manoeuvres, etc. Reaction wheels are usually more massive.

¢ Cold Gas Thruster. A "Cold gas" system may be used to generate thrust by
expelling gas (typically nitrogen or xenon) from a high pressure storage vessel,
through a regulator and out through a nozzle. Such systems are useful for small
orbit or attitude manoeuvres, including dumping momentum from wheels.

d Hot Gas Systems. A "Hot gas" system is similar to the above, except that the gas is
burned or oxidised in a combustion chamber prior to being expelled, which results
in a higher efficiency in terms of thrust to fuel mass. However, these systems are
hazardous to handle in the spacecraft preparation phases and have significantly
higher costs as a result. They should be avoided for small satellites if possible.

e Magnetic torquers. These offer one of the most attractive solutions for a small
satellite because of their simplicity and low cost. A magnetic torquer is basically a
coil that is driven by an electric current to produce a magnetic field which will then
interact with that of the Earth to produce a torque. These coils can be implemented
either as large diameter coils around the periphery of the spacecraft, or as small
diameter coils wound around a long rod of ferro-magnetic material.

Magnetic torquers can be mounted orthogonally to provide a degree of 3-axis
control and can be coupled to a magnetometer sensor to provide spin control.
However, their use is always restricted by the strength and knowledge of the Earth's
field in a particular orbit.

Orbit acquisition and control

In most cases, a small satellite will be injected into its final orbit by the launch vehicle
and no additional propulsion system is required. However, for some missions it may be
necessary to carry such a system to achieve a particular orbit which is not accessible
directly by the launch vehicle.

Such "primary" propulsion systems could include a small solid rocket booster, or a
hot-gas system similar to that used for attitude control, but with a more powerful
thruster. Another option is an electric propulsion system which results in a highly
efficient use of propellant, but only low-thrust systems are currently available; thus any
orbit adjustment manoeuvre may take place over an extended time period, perhaps
many weeks.

A further requirement could be for orbit maintenance to compensate for atmospheric
drag effects, or for orbit trim manoeuvres, perhaps to station-keep with another
satellite. These "secondary" propulsion manoeuvres would normally be accomplished by
a hot-gas system, or by an electric propulsion system.
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43.6 Power

The choice of a primary power source depends on the type of mission envisioned. For
example: a short lifetime experiment could be performed using primary batteries with no
recharge required. A long-life orbiting spacecraft (years) will require solar cells and
rechargeable batteries. Another lower cost possibility is to employ only solar cells (i.e.,
no eclipse operation) with a primary cell (e.g., lithium) to prevent loss of memory data.
Missions to the outer planets use radioisotope heat sources with thermoelectric
converters and, normally, batteries to handle peak loads. This system is utilised where
the solar energy diminishes as a function of distance. The goal of the power system
engineer is to seek a system that is reliable, reasonably efficient, lightweight, compatible
with the spacecraft/launch vehicle configuration, available on a reasonable time scale
and low in cost. The technology needed for power subsystems is readily available at a
low cost.

4.3.6.1 Solar Array

A solar energy system starts with a power input of about 1.36 kW per square meter at a
distance of 1 AU from the Sun. Silicon solar cells convert this illumination to electricity
at about 13 to 14% efficiency; gallium arsenide cells are also available and offer 18%
efficiency but at about five times the cost. Solar cells are installed with packaging
efficiency of about 85%. This energy is usually used to charge secondary batteries
which provide power to meet those times when the spacecraft is eclipsed or during peak
load demands. DC/DC converters provide the appropriate voltages to the spacecraft
electronics.

Solar cells may be mounted on deployable panels or more simply mounted directly to
the spacecraft body. Solar cell performance is influenced by the:

&

spectral characteristics of the illuminating source,

o

intensity of the illuminating source,
¢ solar cell temperature,
d illumination incidence angle.

Solar cells are covered with transparent slides of glass, quartz or sapphire with
appropriate optical coatings. This cover slide serves two purposes:

1 to protect the cell from particle radiation,

2 to selectively reflect certain wavelengths of the solar spectrum to control cell
temperature,

The angle of incidence illumination variations will affect the panel orientation or the
body-mounted cell configuration. Shadow studies must be performed, and the power
generated at all incidence angles must be understood in order to produce a power
management plan.
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4.3.6.2 Batteries

Batteries that can be recharged for many cycles are required for solar array
configurations. In use today are nickel-cadmium cells with potassium hydroxide
electrolyte. Nickel-hydrogen batteries are being introduced, but their bulk and cost
currently make them unattractive for most small satellites

Primary batteries (e.g., lithium) are acceptable for short term missions, as a
development step towards future missions, and where simplicity and high power density
are desired.

4.3.6.3 Charge control

Charge control is required to prevent excessive overcharge of spacecraft batteries and
to enhance their lifetime. One example is the simple voltage limiting shunt regulator
which senses battery voltage and temperature and shunts the excess array current to
external dissipating resistors.

4.3.6.4 Power conversion

Power conversion provides four major functions:

1 voltage/current transformation and regulation (70/85% efficient),

2 containment of severe electrical noise,

3 protection and command capability. An alternative, more suitable for Low Earth
Orbits is the series regulator which can be adjusted to extract maximum power from
the array at varying temperatures and radiation doses. This reduces the time needed
to recharge the battery,

4 electrical ground isolation.

Power conversion may be performed centrally or within experiments and subsystems. It

is worth noting that many readily available items of equipment run from single 28 V

supplies.

4.3.6.5 Power distribution

Power is usually distributed to loads through power switching relays or transistors
which are under command control. This unit can become surprisingly complex if there
are several voltage rails and more than a few experiments. The command system,
however, is "hard wired" to the main power bus as a critical non-switchable spacecraft
electrical load.  Various spacecraft systems can be turned on/off via the
command/power switching system.
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On-board data handling

An on-board data handling subsystem is required to process commands and to gather
experimental and housekeeping data and to format it ready for transmission. The
remarkable recent reduction in the power consumption, mass, volume and cost of
electronic components allows very capable data handling systems to be quite easily
constructed for small satellites by any group with general electronics knowledge.

The very simplest satellite might have a downlink communication channel consisting
only of an analogue-to-digital converter selecting various channels in turn plus a number
of bilevel status channels. These data are then formatted into a telemetry format
compatible with the ground station equipment.

The command capability requires a command decoder based on digital logic. A further
stage in sophistication is to provide an on-board computer with memory (solid state);
this has the significant advantage of enabling "out-of-contact" operations, i.e., the use
of delayed-action commands or programs and the storage of data from experiments for
downlinking at a convenient time. Although suitable hardware for on-board computers
is now very readily available, there is a need for considerable caution in the area of
on-board software since complexity, cost and management problems can quickly
escalate. In order to prevent a satellite failure due to software "bugs", the most basic
satellite functions should not rely upon on-board software.

The choice of components for the data handling subsystem will be driven to a large
extent by the orbital environment. In Low Earth Orbits the radiation dose is fairly
benign and it is usually possible to use ordinary semiconductor integrated circuits at the
lowest cost. On-board data stored in memories may need to be protected by coding
techniques to alleviate cosmic-ray induced data corruption, but again very low-cost
memories can be employed. If the spacecraft is to be placed in a severe radiation
environment (e.g., GTO) then more expensive, radiation-tolerant semiconductor
technologies (such as silicon-on-sapphire) will be needed for all but the shortest
missions. The much longer procurement times (up to 2 years) and the restricted
availability (e.g., export embargoes) should be considered for any "high-reliability" or
"radiation-tolerant” component types. A recent promising technology for small
spacecraft applications is the programmable-logic-array (PLA) which can significantly
reduce the physical bulk of logic circuits and component count. Some PLAs currently
available promise a high radiation tolerance.

Some form of electrical check-out equipment for the data handling subsystem is
required. This is essentially a mini-ground-station. The most cost-effective means of
obtaining this is to use standard personal computers which are also small and easily
transportable.

Telecommunications

A radio-frequency (RF) telecommunications subsystem enables the transmission of
telemetry data from the satellite and the reception of telecommands by the satellite. The
currently preferred frequency band for most small spacecraft operations is S-band
(2.2-2.3 GHz) since the original VHF/UHF allocations are now being phased out,
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except for amateur satellites. Transmitters, receivers, diplexers and general antenna
designs are available already, some at low cost. For a large number of small satellite
applications it will not be necessary to have ranging capabilities, thus allowing a simpler
system. System link budgets need to be performed carefully to determine appropriate
power and sensitivity figures compatible with the ground station.

The simplest satellites might have only a single antenna used for both receiving and
transmitting functions: in this case a diplexer is required as well.

If S-band is the preferred frequency band for telecommand and telemetry, one must be
aware that specific services (i.e., communication services) are assigned dedicated

frequency bands,

Ground segment

The cost of mission operation represents a significant portion of the programme costs.
The ground segment configuration (i.e., hardware, software) and the operational modes
(i.e. complexity) have a definite influence on this segment cost.

The ground segment fulfils several functions:

- the operations include the status and health monitoring of the satellite, and the
command preparation and validation,

- the tracking, telemetry and command (TT&C) functions are ensured by a TT&C
station which ensures the communications with the satellite. The station may be
combined with the operation centre,

- the mission data are transmitted to the ground via satellite telemetry. The data have
to be transferred from the operation part of the ground segment to the user before

being processed.

The following are some general considerations concerning the ground segment
configuration and operation.

System modularity

In exactly the same way as satellite costs can be significantly reduced by greater use of
common modularised subsystems, ground system configurations can also be
modularised. Instead of developing individual EGSE (Electrical Ground Support
Equipment) and Ground Segment equipment for every instrument and/or satellite, there
are now being developed standardised off-the-shelf equipment that can subsequently be
customised to the individual needs, at much lower cost. Within the ground system itself]
computing power is sufficient these days to combine the tasks of TT&C into a single
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low-cost workstation. Of even more potential benefit is the reuse of previous mission
software for many of the data analysis functions. As an example of this, the data
analysis software for the Jet-X Instrument, which is scheduled to fly in 1995 as part of
the Spectrum-X mission, is almost entirely based on software developed for the
ROSAT mission launched in 1990. This scenario alone has cut the software
development cost for this mission by a factor of 2.

National facilities

Probably the greatest potential for cost reduction of the ground system is by making
greater use of national facilities. Agency facilities are clearly required for large (manned
and unmanned) missions, but are often too cumbersome and inflexible for small
missions. It has usually proven far more cost-effective to employ national facilities -
ideally utilising just a single ground station. For instance, the two European AMPTE
spacecraft were controlled from single stations in Germany and England, respectively.
The UK station was developed at very low cost by updating the original IRAS control
centre to the requirements of the AMPTE mission. Although new software and
operational procedures were necessary, very little new hardware was required. As an
example of this, the 12 m S-band tracking station and control centre at the UK
Rutherford Appleton Laboratory can be used for TT&C on an "as required basis", the
operations staff being redeployed to other tasks during non-active satellite periods, thus
cutting down significantly the running operations costs even for satellites producing
many hundreds of Mbits/day. Similarly for low-cost satellites producing kbits rather
than Mbits of data, it is now possible to receive data using rooftop antennas and
command/receive using desktop PCs.

Reliability versus cost

For larger missions, it has always been normal practice to maximise the reliability of the
ground system despite the associated increase in cost. This is not unreasonable for
man-rated missions, but is almost always an unnecessary expense for most other
missions. There is a very sizeable potential reduction in cost to be obtained by accepting
just a small reduction in system reliability. It is proposed here that it should be agreed
"up-front" that a small percentage (perhaps 5%) of satellite passes can be lost through
ground system outage. This may (though not necessarily) lead to some data loss, but
even so a data loss of a few percent is not usually significant. By agreeing to this
reduction in reliability, the level of hardware (and perhaps software) redundancy
required in the ground system can be reduced, and hence the cost is lower. Likewise, if
the number of passes required per day to support the mission operation can be reduced
through a slightly less than optimal coverage program, the cost of operations also falls.

Data availability

There is no doubt that for all missions it is essential to be able to process some subsets
of the data in Real-Time and/or Near Real-Time. However, the less data that has to be
processed in this manner the simpler the immediate ground system complexity becomes.
For the majority of small satellite missions, it should only be necessary to process
instrument/bus health data as a matter of urgency, thus decoupling the task of satellite
"operations" from that of off-line data processing.
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Data transfer

There are basically two different methods of transferring data from the operations part
of the ground system to the user or data processing centres. The first (and most
expensive) is via one of the many space or terrestrial data links. This is the common
route for most satellite data and gets the data to the end user very quickly. However, it
is more often the case that although the end user likes to have this data "as quickly as
possible" it is not often an absolute necessity. In this case the alternative route via
mailed magnetic tapes/optical disks can be just as satisfactory; possibly some (small)
percentage of the data can still be transmitted via a lower band (and lower cost) data
link; it is important to try to avoid the exclusive dedicated use of these links as this too
adds to the cost.

Data access

There are as many different philosophies regarding methods of data access as there are
concerning designs of satellites. Generally however, the most cost efficient and practical
method is the concept of a Centralised Data Handling Facility which is accessible by
users over local data networks. This concentrates the pipeline data processing in one
place, whilst allowing the individual users both to develop their own specialised
software and to make full use of centrally developed software.

The special case of satellite constellations

Constellations of small satellites in low Earth Orbits are currently under consideration,
mainly for commercial communications purposes.

The operations control centre has all conventional control centre functions, but with
some important extensions, such as implementation of the initial satellite phasing and
phase keeping within prefixed tolerances.

The telemetry and command station is conceived traditionally with the important task of
tracking each satellite in turn. In fact the constellation should be designed to exhibit an
observation repetition cycle (time symmetry) where both traffic data and observed

orbital arc distribution are satisfactory for every satellite to keep all services at standard
level. :

The Communication Mission Centre will not only include the user resources assignment

and communication, but also the delicate function of monitoring actual utilisation of the
resources.

The Communication Master Station is devoted to communicate operational plans to
users, whereas the satellites have to relay also their status information and the user

resources utilisation to the Operation Control Centre and the Communication Mission
Centre.

The major and, at the same time, critical aspects lie in managing a true multisatellite

configuration, planning and monitoring resources for users which may be much different
to each other,
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TYPICAL MISSIONS

There are five types of mission that show promise for Developing Countries. These
include Imaging, Polar orbiter, Plasma Physics Space Science Constellation,
Technology Demonstration and Store-and-Forward communications.

A brief discussion of these five missions follows.
Imaging

The basic sensor is a Charge Coupled Device sensitive in the visible spectrum. This
device is employed as an imaging camera. Appropriate lenses are commercially
available. A filter wheel is placed in front of the camera to enable spectral wavelengths
within the CCD sensitivity range to be samples. Rutherford Appleton Laboratory have
outlined a simple imaging experiment which sampled the 1p spectrum with an array of
600 x 400 pixels at a resolution of 11 km (visible to near IR).

The choice of orbital inclination and altitude depends on the geographical location of
the interested country and the region to be observed. For example, countries located in
the equatorial regions would be observed on every pass from a spacecraft in an
equatorial orbit. A polar orbit would be the choice for countries at high geographic
latitudes; mid-latitude countries could consider alternate inclinations. Tables 9 and 10
provided hereafter outline a possible baseline system, some enhancements to the
baseline, and an alternate system.

Polar orbiter

The polar orbit presents the opportunity for worldwide imaging (weather, forestry and
crop surveys, etc.) auroral studies, magnetospheric physics, etc. A spacecraft in this
orbit should be a versatile platform that could evolve technologically as a Developing
Country's capabilities mature. This spacecraft could ultimately perform quite complex
missions. There is a near-polar orbit that is Sun synchronous in which illumination
conditions range from 100% to about 60%, depending on the time of day of launch.

Table 10 depicts some possible spacecraft designs for this orbiter.

Space science (plasma physics) constellation

Collaborative science can be performed by multiple spacecraft deployed by a single
launch vehicle or multiple launches. Different combinations of inclinations and altitudes
provide time coherent sampling of the natural environment. The AMPTE program,
which is well published in open literature, is an excellent example of this type of
activity. This could be a multinational effort with shared costs; the benefits could be
very important. It is a chance for nations to cooperate, understand and work with
cultural differences and achieve significant results. The spacecraft alternatives described
in Tables 1 and 2 in section 2.1 are equally applicable here with the addition of
propulsion to vary the orbit parameters. Existing worldwide ground stations could be
employed to support such a mission.
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Technology demonstrations

This type of mission serves to introduce new or enhanced capabilities. The technology
spacecraft should possess extensive telemetry for performance evaluation and
diagnostics. New technology and subsystems can receive extensive evaluation on orbit

before being committed to operational use. Some possible technology experiment
examples follow:

surface coatings,

- solar cells and cover slides,

- spacecraft component parts,

- new mechanisms (deployable booms, antenna, ejectable covers),

- batteries,

materials (composites, etc.),

and, of course, major new spacecraft subsystems. Many different spacecraft
configurations can be used as test beds, with configurations shown in Tables 9 and 10.
Once again, mission parameters can be varied depending on what is being tested. At
1 500 km altitude, the Earth's radiation belts become a major player in spacecraft
component performance. Solar cell performance over a given lifetime is a consideration.
Some surface coatings change their properties in the presence of UV from the Sun.
Surfaces erode in the ram-direction due to the presence of atomic oxygen in very low

orbits. These are a few examples of technology studies required to assure long life in
orbit.

Store-and-forward communications mission

A simple but effective means of communications, especially to remote areas, is by
means of store and forward. This is accomplished by uploading messages to a
spacecraft which stores them in its memory. Solid-state memory technology has
progressed to the point where reasonable capacity and cost make this a challenging
competitor with tape recorders. As the satellite traverses its orbital track, the message
is "dumped" via an RF system to an appropriate receiving station within the satellite's
RF footprint on the earth. A "bent pipe" capability could be utilised for communicating
between two remote stations that have the spacecraft in RF view simultaneously. "Bent
pipe" is a real-time system where the satellite acts as an amplifier and relay station.

Again, there are many optional spacecraft configurations that are suitable for this type
of mission. The spacecraft designer should always remember that the simpler the
system, the better, the more reliable and the least costly it is.
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Table 9: Example Space Configurations for an Imaging Mission

IMAGING BASELINE INCREASED ALTERNATIVE | | BASELINE INCREASED ALTERNATIVE
SYSTEM CAPABILITY (SYSTEMS) PERFORMANCE |PERFORMANCE | SYSTEM
EXPECTATION |PERFORMANCE
EXPECTATION
ORBIT & DEPENDENT ON
ALTITUDE  |GROUND COVERAGE
REQUIRED
POWER SOLAR CELLS & ORIENTED SOLAR ADEQUATE MORE POWER
NICKEL CADMIUM  |ARRAY LESS SURFACE
BATTERIES AREA LESS
WEIGHT
ATTITUDE  |ELECTROMAGNET |MOMENTUM 3-AXIS <10°OFFLOCAL [1°-3°OFFTO  |0.01° BUT REQUIRES
CONTROL ~ |FOR CAPTURE, WHEEL FOR YAW  |REACTION VERTICAL LOCAL INCR. POWER
GRAVITY GRADIENT |STABILITY WHEELS. VERTICAL
FOR OPERATIONS.  |HYSTERESIS MAGNETIC
HYSTERESIS DAMPING TORQ.
DAMPING MOMENT.
DUMP
ATTITUDE  |MAGNETOMETER & |HORIZON SENSORS | MIN. DSAD 1 MIN DSAD
DETECTION | DIGITAL SOLAR DSADS | DEG 0.1 DEG
ATTITUDE DETECT MAGNETOMETER |HORIZ.
STRUCTURE | ALUMINIUM & HIGH STRENGTH
ALUM. HONEYCOMB TO WEIGHT RATIO
THERMAL  |PASSIVE; SURFACE |ACTIVE; LOUVERS PAINTS & MLI ARE | MINIMISE
CONTROL COATINGS. ADEQUATE THERMAL
MULTILAYER EXCURSIONS
INSUL.
TELEMETRY |S-BAND, DIGITAL.  |SOLID STATE MEM. ACCEPTABLE RECORD MORE
HOUSEKEEPING &  |OR TAPE DATA (COST
DATA TELLTALES  |RECORDER INCR.)
PERMITS REMOTE
SENSING
COMMAND  |S-BANDDIGITAL.  |COMMAND ACCEPTABLE WORLDWIDE
RELAY CMDSFOR  |MEMORY OPERATIONS
PWR TRANSFER DELAYED
DATA COMMANDS ~ |EXECUTION OF
STORED CMDS
ANTENNA  |OMNI-DIRECT ACCEPTABLE
BEFORE CAPTURE.
DIRECTIONAL AFTER
CAPTURE FOR
OPERATIONS
PROPULSION |NOT REQUIRED NOT REQUIRED
INSTRU- CCD WIDE < FOV INFRA RED MINIMUM HIGHER
MENTS SENSORS. ADD REQUIRED RESOLUTION
NARROW FOV BROADER
VISIBLE OBSERVING
SPECTRUM
DATA REAL TIME REAL TIME & REQUIRES EXTENDED
RECOVERY MEMORY STATION IN SYSTEM
READOUT VICINITY OF UTILISATION
DOWNLINK
GROUND WITHIN LINE OF ONE REQUIRED ADEQUATE CENTRAL
STATIONS  |SIGHT OF AREA FOR CMD & T™M LOCATION FOR
BEING OBSERVED  |MGMT DATA ACQUISIT.
& CONTROL
TRACKING | BEACON - FOR ORBIT [MAY REQUIRE ADEQUATE IMPROVED
DETERMINATION & |MULTIPLE SITES POSITION
STATION ALERTS ACCURACY
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Table 10: Example Configurations for a Polar Orbiter

POLAR Sun- | BASELINE INCREASED ALTERNATIVE BASELINE INCREASED ALTERNATIVE
SYNCH. SYSTEM CAPABILITY SYSTEM PERFORMANCE |PERFORMANCE |SYSTEM
EXPECTATION |PERFORMANCE
EXPECTATION
ORBIT & i=99" CIRCULAR
ALTITUDE
POWER SOLAR ONLY MODE |SHUNT SOLAR PANELS ADEQUATE BETTER MAY PRESENT
SOLAR BATTERY REGULATOR & OR BODY INTERNAL SOME DESIGN
ORIENTED ARRAY DISSIPATIVE MOUNTED TEMPERATURE [PROBLEMS
FOR DUMPING CELLS-ORIEN- CONTROL
EXCESS POWER TATION
DEPENDENT
ATTITUDE GRAV. GRADIENT . SPIN STABILISED 1.3° 0.1° DYNAMIC
CONTROL MOMENTUM WHEEL BALANCE
FOR YAW ASSIST. REQUIRED
HYSTERESIS DAMP
ELECTROMAGNET
FOR CAPTURE
ATTITUDE DIGITAL SOLAR HORIZON SENSORS 1 MIN. DSAD 1 MIN DSAD
DETECTION | ATTITUDE DETECT |(AND DSADS I DEG 1 DEG
& MAGNETOMETER MAGNETOMETER |HORIZ. SENS.
STRUCTURE | ALUMINIUM & MAXIMUM USE ACCEPTABLE MAINTAIN SPIN
ALUM. HONEYCCMB OF WITHOUT
NON-MAGNETIC/ REACTION JETS
HYSTERESIS
MATL TO
MAINTAIN SPIN
THERMAL PASSIVE; SURFACE |POSSIBLE a/e CONTROL BY MORE
CONTROL COATINGS. CONDUCTIVE PASSIVE SURFACE | OPERATIONAL
MULTI-LAYER PATHTO COATINGS & ML1 |FLEXIBILITY
INSULATION EXTERNAL
RADIATORS
TELEMETRY |S-BAND, DIGITAL ADD MEMORY - ACCEPTABLE COMPLETE
HOUSEKEEPING & SOLID STATE OR ORBITAL DATA
DATA TELLTALES TAPE RECORDER ACQUISITION
COMMAND | S-BAND DIGITAL CMD SYS. ACCEPTABLE MORE
RELAY CMDS,FOR  |[MEMORY PERMITS OPERATIONAL
PWR TRANSFER DELAYED FLEXIBILITY
DATA COMMANDS  |EXECUTION OF CANDUTY
STORED CYCLE IF
COMMANDS REQUIRED
ANTENNA OMNI-DIRECT MULTIPLE OR ACCEPTABLE MAY
BEFORE CAPTURE. SPIN AXIS EXPERIENCE
DIRECTIONAL AFTER LOCATED FARADAY
CAPTURE FOR MODULATION.
OPERATIONS NON-ORIENTED
MAY INCREASE
RF POWER
PROPULSION |REQUIRED IF NOT REQUIRED
EQUATOR CROSSING
TIME IS TO BE
MAINTAINED
INSTRU-MEN | UV IMAGERS PERMITS PLATFORM CAN GREATER
T3 ELECTR. & PROTON SCANNING & ACCOMMODATE A SCIENCE YIELD
DETECTORS SECTORING VARIETY OF FROM
MAGNETOMETER SENSORS INSTRUMENTS
DATA REAL-TIME FOR MEMORY STORE & LOW LATITUDE WORLDWIDE
RECOVERY |HIGHLATITUDE DUMP STATIONS PASSES | SAMPLING
STATIONS INGRPSOF 3 =
TWELVE HRS
CRTS
GROUND SINGLE SITE FOR MEMORY ACCEPTABLE ECONOMICAL
STATIONS COMMAND & ADDITION MAKES
CONTROL MULTIPLE |{SINGLE SITE
FOR TM OPERATIONS
POSSIBLE
TRACKING BEACON - FOR ORBIT
DETERMINATION &
STATION KEEPING
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CONCLUSIONS

General

The feasibility of space flight and the validity of its achievements can no longer be
questioned, but only a fraction of the world is involved in these activities. Small
satellites offer the prospect of extending the opportunity to participate in space
activities to countries and individuals throughout the world. In so doing, they provide
the chance for local industry to improve its technology base. The development of this
industrial infrastructure is accomplished by the accumulation of internal expertise and
the acquisition of organisational and management skills. This should contribute to the
overall development of the country, resulting in better communications and education,
improved health, emergency rescue and disaster relief, and optimum control of the
country's resources, especially its agricultural output.

Unless there is an existing communications infrastructure, satellite systems are the only
truly cost effective means for information gathering and dissemination. Satellite-based
audio-visual media are the best answer to the illiteracy problem, offering interactive
processes, immediacy, visual power, and simultaneous delivery to the entire country.
Satellite remote sensing can provide operational data for the monitoring and
management of both land and ocean resources, including information on weather,
droughts, floods, vegetation, forestry, soil conditions and water resources. The
appropriate use of satellites needs to become an integral part of each country's overall
planning in accordance with their priorities and their technical and financial capabilities.

Although each country has its own unique problems to solve, there are a number of
ways to help move toward space activities, for instance centre space activities around
the local university; provide the university with training courses in space science and
engineering; obtain technical assistance from foreign universities and research
institutions; and inaugurate no-exchange-of-funds co-operative agreements with
established space agencies (for example, for launches; for tracking, command and data
acquisition support; for use of test facilities; for training; and/or for sharing of data).

What to do next

Advice on proceeding with a small satellite project can be obtained from a number of
sources. Major Space agencies and their technical divisions are generally open to
requests for information (eg. on launch opportunities) and to suggestions of
co-operative projects (eg. in scientific fields). Within more limited domains, a similar
situation may be encountered by addressing universities with a record of space
activities.

As this report shows, the International Academy of Astronautics is ready to act to
stimulate the development of small satellite systems. In the present report,
management advice and technical information on the major elements of such a system
have been collected to provide initial guidance.
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On a more basic, technical plain, the potential for student exchanges and collaborative
educational projects with universities already established in the field must be mentioned.
In addition, major aerospace professional organisations, like the ATAA, periodically
schedule courses both on such system aspects, as well as on more detailed technical
issues. Finally, several books on satellite systems aspects have recently appeared that
can be useful to provide the necessary background to managers, project scientists and
engineers. Some of these books are included in the list given in Appendix 7.1.

Recommendations

In view of both of the benefits and of the technical and economic feasibility of small
satellite missions, the following recommendation are made:

- Governments and the research institutions of all countries, but in particular of the
developing countries, are urged to study, undertake, and support small satellite
programs for research, educational, and applications (eg. remote sensing,
communications) purposes, in accordance with their current technical and financial
capabilities;

« the industrialised countries should take the lead in gathering and disseminating
information on the significance and importance of astronautics, beginning with, but
not limited to, small satellite systems;

- the developing nations should undertake to accede to, and to increase, such
information;

- given the attractiveness of space activities, particular encouragement should be given
by the industrialised countries to projects that provide education motivation, with
special attention to spacecraft realised mainly for engineering purposes in a
University environment;

- established space agencies should consider the option of implementing technical
assistance programmes to promote development of space capabilities at foreign
universities and research institutions; such programs could be aimed at dispensing
technical advice, or providing external reviews;

- co-operative agreements need to be encouraged that support the development of new
national satellite programs without exchange of funds, eg. by having the supporting
agency provide the flight opportunity, supply a part of the payload, allow the use of
testing facilities, or make available existing ground stations for data collection or
TT&C purposes;

- an indirect way to provide support for third party programs is for established
agencies to develop or procure, as part of their own small-satellite program,
low-cost components that the manufacturer can easily export;

- launch opportunities for small scientific and civilian applications satellites should be
made available by the operators of launch systems at reasonable economic
conditions;
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+ adequate consideration should be given to the desire of countries developing small
satellites but not possessing national launch systems, to be associated in some form
with the preparation of launch systems, eg. by hosting an airborne system, providing
components or upper stages;

« raw data from Earth observation satellites should be made available on a
non-discriminatory basis for research and civilian applications, to all countries;

- remote sensing data utilisation training programs should be intensified, to enable

more effective use of these data, and by this way the identification of both specific
national needs and benefits;

- studies should be made to support investments in ground stations, which can today
exploit inexpensive commercial microcomputers, to enable local use of satellite data,
eg, to prevent droughts by proper management of watershed resources;
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