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A generalized framework has been developed for classifying space system architectures and their characteristics
for any mission in communications, sensing, or navigation. For each of these applications, the overall mission ob-
jective is to transfer informationbetween remote locations and to do so effectively and economically.Consequently,
satellite systems can be represented as informationtransfer networks, serving origin–destination informationmar-
kets. Their capabilities are characterized by four quality-of-service parameters that relate to the isolation, rate,
integrity, and availability of the information transferred. This generalized approach has led to signi� cant conclu-
sions in a variety of applications and has allowed a comprehensive characterization of satellite systems in general.
Based on the arguments presented, deduced from organized, qualitativeanalysis, it would appear that the potential
offered by distributed satellite systems is very great.

Nomenclature
A = aperture area, m2

a = acceleration,m/s2

D = aperture extent, m
Dc = cluster (sparse) aperture extent, m
Ds = satellite (� lled) aperture extent, m
Es = energy per symbol, J
E[ ] = expected value
g = gravitational � eld strength
Isp = speci� c impulse, s
Ni,o = noise power (i = input, o =output), W
N0 = noise power density, W/Hz
n = frequency of reference orbit, rad/s
nr = number of receive channels
ns = number of satellites in a cluster
n t = number of coherent transmitters
Rc = cluster radius (from reference orbit), m
Si,o = signal power (i = input, o = output), W
t = time, s
tsym,1 = dwell time (symbiotic cluster, single satellite), s
D V = velocity increment, m/s
k = wavelength, m

Introduction

T HE primary goal of this research is to develop a consistent
methodology for quanti� able analysis of any satellite system

designed for communications, navigation, or sensing applications.
The emphasis of this introductorypaper is to introduce the concepts
that are needed to construct this generalized analysis. This involves
the identi� cationof the characteristicsthat are general to these types
of satellite systems and also the de� nition of a framework for clas-
sifying space system architectures.

Distributed Satellite Systems
Recently, increases in the available processing power, improve-

ments in navigation,andadvancesin themanufacturingprocesshave
all made the concept of a distributed satellite system feasible. The
term distributedsatellite system is used to refer to a system of many
satellitesdesigned to operate in a coordinatedway to perform some
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speci� c function. This de� nition encompasses a wide range of pos-
sible applications in the commercial, civilian, and military sectors.
The advantages offered by such systems can mean improvements
in performance, cost, and survivability compared to the traditional
single-satellite deployments. The term distributed satellite system
can have two different meanings.

1) Distributed satellite system can refer to a system of many
satellites that are distributed in space to satisfy a global (nonlocal)
demand. Broad coverage requirements necessitate a separation of
the satellite resources.At any time, the system supportsonly single-
fold coverage of a target region. The local demand of each region
is served by the single satellite in view. Here, the term distribution
refers to the system being made up of many satellites that work
together to satisfy a global demand.

2) Distributed satellite system can also refer to a system of satel-
lites that gives multifold coverage of target regions. The system,
therefore, has more satellites than the minimum necessary to sat-
isfy coverage requirements. A subset of satellites that are instanta-
neously in view of a common target can be groupedas a cluster.The
satellites in the cluster operate together to satisfy the local demand
within their � eld of view. Note that the cluster may be formed by a
group of formation-�ying satellites, or from any subset of satellites
that instantaneously share a common � eld of regard. The cluster
size and orientation may change in time, as a result of orbital dy-
namics or commanded actions. In any case, the number of satellites
in the cluster is equal to the level of multifold coverage. In this con-
text, distribution refers to there being several satellites that work
together to satisfy a local demand. The entire system satis� es the
global demand.

The most importantcharacteristicof all distributedsystems, com-
mon to both of the precedingconcepts,is that more than one satellite
is used to satisfy the overall (global) demand. This is the basic dis-
tinction between a distributed and a singularly deployed system.
Within the classi� cation of a distributed system, the main differ-
ence between the two concepts described lies in the way that the
local demand is served. Speci� cally, the distinction is the number
of satellites used to satisfy this local demand: the cluster size ns

thus characterizes the level of distribution,with larger cluster sizes
corresponding to higher levels of distribution. The lowest level of
distribution,with a cluster size of one, correspondsto the � rst mean-
ing of distribution described.

Satellite Systems as Information Transfer Networks
Most currentsatelliteapplicationsprovidesome kindof servicein

communications, sensing, or navigation. The common thread link-
ing these applications is that the satellite system must essentially
perform the task of collection and dissemination of information.
Data that containspertinentinformationare gatheredby the satellite,
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either from other components of the system (on the ground, in the
air, or in space) or from the environment(local or remote). Some in-
terpretationor processingof the datamay be performed,and then the
satellite disseminates the information to other system components.
The generalization made is that all satellite systems are basically
information transfer systems and that ensuring information � ow
through the system is the overall mission objective. This is easily
understoodfor communicationand remote sensingsystems.Perhaps
more surprising is that navigation systems such as the NAVSTAR
Global Positioning System (GPS) are also information dissemina-
tors. The GPS satellites use the information uploaded from the con-
trol segment to construct a signal that is transmitted to the ground.
GPS receivers can use the information in the signal, including not
only the navigationmessage contained therein, but also the phase of
the signal itself, to determinea navigationsolution.As with commu-
nications and remote sensing, the performance of the system relies
on the � ow of information through the satellite network.

Whereas the format and routing of the information being trans-
ferredmay bedifferentfordifferentapplications,thephysicscharac-
teristicof informationtransfersystemsare, of course,invariant.This
common thread linking all systems (navigation, surveillance, com-
munications, and imaging) establishes a context for a generalized
analysisand is particularlyuseful in the studyof distributedsystems.

To generalize, most satellite systems can be represented as in-
formation processing networks, with nodes for each satellite, sub-
system, or ground station. The satellite network connects a set of
sourcenodes to a remote set of sink nodesand, in doingso, addresses
a demand for the transfer of information between them. Figure 1
graphically represents a simpli� ed version of such a network for a
communication system consisting of three satellites and two gate-
way ground stations. The system transfers data between users dis-
tributed throughout its coverage area, using several spot beams,
which are the input and output interfaces for the satellite nodes.The
satellites can also route information through ground stations. Even
in this simple example, there are many possible routes for informa-
tion to travel throughthe network.Some paths involveonly satellites
nodes, whereas others involve both satellites and ground stations.

Accepting the abstractionof satellite systems to information net-
works allows satellite system analysis to be treated with the well-
developed mathematics of network � ow and information theory.
The principlesof network � ow apply to the overall routing and � ow
of information, whereas the transmission of information over each
individual link is governed by the rules of information theory.

Fig. 1 Network representation of a simple communication system.

The information symbol is the atomic piece of information de-
manded by the end users. The symbol for communication systems
is either a single bit or a collectionof bits. For imaging systems, the
symbol is an image of a particular scene. This compound symbol
has many component pixels, each of which has some value, de� ned
by a sequence of data bits. The symbol is the image and not the
individual pixel because pixels on their own carry little or no in-
formation and are of no use to the end user, who demands images.
For a navigation system, the symbol is a user navigation solution.
The NAVSTAR GPS system is an interesting example because it
addresses this demand without transferring user navigation solu-
tions through its satellites; they only relay their position and time
to the users. With this information from at least four satellites, the
user terminal can calculate the navigation solution, assembling the
information symbol from several constituent parts.

To be a contributing element to the system, each satellite node
must receive information from some other node, be it a source, a
ground station, or another satellite. Once this information has been
received, the satellite may perform some processing and reduction
before relayingthe information to the next node in the network.This
destination node may likewise be an end user, a ground station, or
another satellite in the system. Although some data reduction may
be done, information must � ow through the satellites. Because of
this continuity constraint, every satellite must be able to communi-
cate with at least one other node in the network. For all satellites,
the energy conversion system, for example, solar arrays, must pro-
vide the energy for the transmission of this information. For active
systems, the satellitemust also provide the energy needed to receive
the information in the � rst place. These are systems such as radar
and lidar that illuminate a target and detect the return. The satellites
must transmit a signal with enough energy to make the round-trip
journey to the source and back. The source adds the information
to the signal, but returns only a fraction of the incident energy, de-
pending on its cross section. Note that under this de� nition, and
contrary to intuition,communicationssatellites are passivebecause
they only relay received information to a destination node.

The volume of demand served by the system is limited by the
market (demographics,capture, and exhaustion) and by the system
capabilities. For information networks, the quantity, quality, and
availabilityof the informationarrivingat the sinks are fair measures
of the system’s capabilitiesand representthequalityof servicedeliv-
ered to the users. Four quality-of-serviceparameters can be de� ned
to measure system capabilities:

1) Isolation characterizes the system’s ability to isolate and iden-
tify the informationsignals from differentsourceswithin the � eld of
regard. The isolation capabilitiesof a system determine the level of
cross-source interference that is admitted. Multiple access schemes
for communication systems are methods of signal isolation. Anal-
ogously, the resolution of an imaging system allows spatially sepa-
rated sources to be isolated.

2) Information rate measures the rate at which the system trans-
fers information between the sources and the sinks. This is most
familiarly associatedwith the data rate for communication systems.
The revisit rate is the correspondingparameter for imaging systems.
Information must be sampled at a rate that matches the dynamics
of the source or end user. For example, a high-speed cruise missile
must be trackedwith a high sampling rate. Similarly, a GPS receiver
on a high-dynamicaircraft must receive information from the satel-
lites at a rate that is suf� cient to allow navigation solutions to be
updated very quickly.

3) Integrity characterizes the probability of making an error in
the interpretationof an informationsymbol based on noisy observa-
tions.For communications,the integrityis measured by the bit error
rate. The integrityof a surveillanceradar system is a combinationof
the probability of a missed detection and the probability of a false
alarm because each constitutes an error.

4) Availability is the instantaneous probability that information
symbols are being transferred through the network between known
and identi� ed (isolated) origin–destination (O–D) pairs at a given
rate and integrity.Availabilityis a measure of the mean and variance
of the other capabilityparameters,but is not a statement about com-
ponent reliabilities. At any instant, the network is de� ned only by
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its operational components, and so all networks are assumed to be
instantaneously failure-free. Should a component fail, the network
changes by the removal of that component. Generally, the capabili-
ties of the new network will be different from those of the previous
network.

Basically, the rate and integrity correspond to the quantity and
quality of the information exchanged between a single O–D pair,
the isolation measures the ability to serve multiple O–D pairs with-
out interference,and the availabilitymeasures how well the system
does all this, at any particular instant. These quality-of-servicepa-
rameters measure the capabilitiesof satellite systems over all likely
operating conditions. The actual operating point is set to match the
demands of the market that the system is to serve. This demand is
represented by a set of functional requirements, speci� c to an in-
dividual information transfer. The requirements specify minimum
acceptable values for each of the quality of service variables.

Because the availability implicitly includes a reference to the
other characteristics, the requirements simply enforce that, for a
speci� ed level of isolation, rate, and integrity, the availability of
serviceexceedssome minimumacceptablevalue.Architecturesthat
support capabilities exceeding the requirements of the market are
viable candidates for the mission.

The degree to which a system is able to satisfy the demands of
a market is a critical consideration for system analysis. In fact, the
probability of satisfying the system requirements that correspond
to the market is the correct measure of system performance. This
is sensitive to component reliabilities because failures can degrade
the system such that the new capabilities violate requirements. Ar-
chitectures that can tolerate component failures without signi� cant
degradationsin the capabilitiesare good candidates for the mission.

Satellite System Classi� cations
The information network representationof satellite systems and

the de� nition of the four capability parameters supports a gener-
alized classi� cation of satellite systems, distributed or singularly
deployed. Categorizing the different architectures and identifying
those issues and problems characteristic of each class allows im-
mediate architectural decisions to be made for any given mission.
Classi� cations are, therefore, necessary that allow system identi� -
cation and highlight the most important system characteristics.

Distribution
Earlier, it was pointed out that the level of distribution exhibited

by a systemis de� ned by the cluster size. Althoughthe cluster size is
the primary form of system categorization for distributed systems,
additional classi� cations beyond this are necessary. Specifying a
cluster size of 10, for example, says nothing about the way that
the satellites coordinate to satisfy the local demand. The � rst type
of classi� cation is, therefore, based on the level of coordination
exhibited by the system elements, and is related to the network
architecture.The following two sections refer to Fig. 2.

Collaborative
Each separate satellite operates independentlyand is able to iso-

late signals satisfactorily.Although an individualsatellite addresses
a given source (or sink), other satellites (or sensors) may be needed
for connectivityacross the network.The cluster size can be as low as
unity,butmay bemore if multiplesatellitesareneededto satisfyrate,
integrity, or availability requirements for the size of the market that
is addressed. The de� ning characteristic is that the network archi-
tecture consists of uncoupled parallel paths from the set of sources
to the set of sinks. Most communication satellite systems are col-
laborative, because each satellite can support local point-to-point
communications,although in some cases they rely on the constella-
tion for connectivityacross the network. Examples of collaborative
remote sensingsystemsare the commercialdistributedimagingsys-
tems such as SPOT or ORBVIEW.1 These systems feature constel-
lations of several satellites, each capable of recording images with
good resolution.The size of the constellationdetermines the cover-
age and revisit time of the system.Traditionalsingulardeployments
are by de� nition collaborative.

Fig. 2 Classes of distribution for satellite systems.

Symbiotic
The separate satellites cannot operate alone, exhibiting a symbi-

otic relationshipwith the others in the system.No single satellitecan
suf� ciently isolate the signals or transfer informationsymbols from
the sources to sinks. Only by the coordinated operation of several
elements can the system perform the design function. The cluster
size of symbiotic systems must be greater than unity. The de� ning
characteristic is that the network architecture features junctions of
paths from separate satellites where the information symbols are
assembled before delivery to the sinks. An example of a symbiotic
system is the proposed separated spacecraft interferometer (SSI).2

Here, the signals from two small apertures are combined and inter-
fered to obtain very high resolution images. GPS is also symbiotic
because the signals from several satellites are used to assemble a
navigation solution within the user receiver.

Architectural Homogeneity
The second level of classi� cation speci� es the level of homo-

geneity exhibited by the system architecture.

Local Cluster
Some proposed systems involve a local grouping of satellites that

are in close proximity. The clusters can be made up of formation-
� ying satellites or can even involve the physical tethering of satel-
lites. If there is only a single cluster in the system, such as with the
SSI, the architecture is simply termed as a local cluster.

Constellations
These are systems that feature a large number of similar satellites

in inertial orbits, each with their own unique set of orbital param-
eters. Walker Delta patterns or Molniya orbits support these types
of constellations. Systems such as GPS and Iridium are character-
ized as being constellations. Cluster sizes greater than unity can
be formed if the constellation supports multiple coverage of target
regions.

Clustellations
A system may involve more than one local cluster. Each cluster

orbitsas a group,andseveralclusterscanbeplacedin separateorbits.
An architecture that utilizes several local clusters is classi� ed as a
clustellationbecause it features a constellationof clusters.

Augmentations
An augmentedsystem has a hybridarchitecturefeaturingprimary

and adjunct dissimilar components that performdifferent subsets of
the mission.The systemis designedsuch that the combinedcapabil-
ities of the different components satis� es the overall mission objec-
tive. An example of an augmented system would be the combined
use of different platforms or sensors to perform active and passive
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Table 1 Satellite system classi� cations

Class Local cluster Constellation Clustellation Augmentation

Collaborative EchoStar LEO Comsats SPOT, Skybridge SBIRS high
OrbImage, etc. and low

Symbiotic SSI GPS TechSat21 Sat+UAV
bistatic radar

surveillance.Within this analysis framework, the space-based infra
red systems, SBIRS Low and SBIRS High, are collectively classi-
� ed as augmented. Another example of an augmented system is the
proposed concept of using both uncreated aerial vehicles and space
assets for tactical reconnaissanceof a battle� eld.

Operational
A third level of classi� cation groups systems according to their

operational characteristics. This type of classi� cation is the most
abstract. The list shown here is by no means exhaustive and covers
only some examples of the operational classi� cations.

Active or Passive
Remote sensingmay beactiveor passive,with markeddifferences

in capability and cost. This is primarily due to the additional power
requirements needed to overcome the two-way attenuation losses
associated with active systems.

Track, Search, or Imaging
Tracking targets using staring sensors involves different scaling

parameters than searching for targets with scanning sensors. The
detailed imaging of a static scene differs from either tracking or
searching.These differencesare all related to the extent over which
the ground must be illuminated or viewed.

Distributed or Concentrated Market
The market addressedmay involvemultiple sourcesor sinks, dis-

tributedover a wide area, or could involvesmall numbersof sources
or sinks concentrated in speci� c locations. Conventional commu-
nication satellites (Intelsat) serve concentrated sources and sinks.
Weather satellites are examples of systems that address distributed
sources, and concentrated sinks, whereas DirecTV broadcast satel-
lites serve concentrated sources and distributed sinks. The mobile
communication systems (Iridium, Globalstar, ICO) are character-
ized by a distributedmarket of both sourcesand sinks. As with track
vs search, the difference between a concentrated and distributed
market lies in the amount of ground that must be illuminated or
viewed.

Table 1 gives some examples of existing or proposed systems for
each class that has been introduced. All satellite systems for mis-
sions in communications, sensing, or navigation can be similarly
classi� ed using these different categories. If any trends in the ca-
pabilities, performance, and cost can be found within and between
classes, quick decisionscan be made in choosingan architecturefor
a particular mission.

Characteristics and Advantages
of Distributed Architectures

Stated very simply, for a distributed architecture to make sense,
it must offer either reduced lifetime cost or improved capabilities
comparedto traditionalsingulardeployments.A systemarchitecture
that offers improvements in any of the four generalized capability
parameters should be given serious considerationduring the system
design.

The system lifetime cost accounts for the total resource expendi-
ture required to build, launch, and operate the satellite system over
the expected lifetime. This includes the baselinecost of developing,
constructing,launching,andoperatingthecomponentsof the system
and also the expected costs of failure. These additional costs arise
from the � nite probability of failures occurring that could compro-
mise the mission. Should such failures occur, economic resources
must be expendedto compensatefor the failure.One examplewould
be the cost to build and launch a replacement, whereas another is

the lost revenue associated with a reduced capability. The options
to lower the expected cost of failure are to reduce the impact of any
failures that do occur, or to lower the component failure rates such
that these failures are less likely.

As a result, all of the reasons supporting the use of distribution
relate in some way to improving the capability characteristicsor to
reducing the baseline or failure compensation costs. The following
sections detail these relationships, highlight the general trends ob-
served within and between the different classes of systems, and hint
toward the type of applications for which distributed architectures
are best suited.

Signal Isolation Improvements
In general, different signals can be isolated by exploiting differ-

ences in their frequency content, by sampling at times that match
the source characteristics,or by isolatingspatially separatedsources
usinga high-resolutiondetector.By de� nition,each satellitein a col-
laborative system independentlysatis� es the isolation requirements
of the mission. Distribution, therefore, makes no difference to the
isolation capabilities of a collaborative system.

Isolation capabilitiescan be improved with a symbiotic architec-
ture. The reason is straightforward;by separatingresourcesspatially
over a large area, the geometry of the signal collection is different
for each detector. Combining the received signals can assist isola-
tion of the different sources due to � eld of view changes, different
times of � ight, or different frequencies or phases of the received
signals. Larger spatial separation of the apertures means that the
phase difference between signals arriving at different detectors is
increased, further separating the sources. This is best demonstrated
with an example.

Example: Isolation Improvements and Spacecraft Arrays
The advent of economical, fast integrated-circuittechnology has

recentlysurpassedthe previouslyrestrictivedata processingrequire-
mentsof forminglargesparseandsyntheticaperturesin space.Many
people have now started to claim that their use offers potential ben-
e� ts by reducing the mass and cost of remote sensing systems for
high-resolutionimaging.

The angular resolution of any aperture scales with the overall
aperture dimension, expressed in wavelengths k . That is, h ¼ k / D.

An array is an aperture excitedonly at discretepoints or localized
areas. The array consists of small radiators or collectors called ele-
ments. An array with regularly spaced elements is called a periodic
array. To avoid grating lobes in the far-� eld radiation pattern, the
elemental spacing of a periodic array should be less than one-half
of the wavelength.

The concept of the spacecraft array involves forming a large
thinned aperture from a set of satellites, each acting as a single
radiator element. Because the spacing between satellites is very
much greater than the characteristicwavelengths, grating lobes can
be avoided only by positioning the satellites to avoid periodicities.
This can bedoneby a randomplacementof satellitesor by arranging
them such that their relative separations are prime.3

The resolution of sparse arrays can be very much larger than an
equivalent � lled aperture. This arises from the enlarged overall ar-
ray dimension resulting from splitting and separating the aperture
into elements. Consider the case of an imaging system capable of
1-m resolution at a wavelength of 0.5 l m (green-visible). A geo-
stationary satellite would require diffraction-limited optics 18 m
across. Similar resolution for lower frequencies (X band, etc.) re-
quires even greater aperture sizes. This is clearly impractical for
� lled aperture systems. A � lled aperture must be supportedover its
entire extent, leading to heavy structures. Even if mass can be kept
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low through the use of advanced materials, impressive deployment
techniques would be required to stow such an antenna within the
launch shroud.

A sparseaperturecan be made very large indeed, the only require-
ment being that the signal at each aperturebe known,with measured
and preservedphase. Widely separatedelements connectedthrough
light tethers or booms could easily extend over length scales of
10–100 m (Ref. 4). For even larger baselines, a sparse array of sep-
arated spacecraft allows resolutions in the submilliarcsec range.

Rate and Integrity Improvements
For many applications, the requirements for a high information

rate or high integritydrives the designer toward very large apertures
and high-power payloads. The probability of correctly detecting
information symbols in the presence of noise is a function of the
energy in each informationsymbol. Collectingor transmittingsym-
bols at a high rate with a low probabilityof error, therefore, requires
high-power signals. This in turn leads to high-power transmittersor
large apertures to collect more power or to concentrate the power
radiated.

Distributedsystemscan offer large improvementsin both rate and
integritycomparedto singulardeploymentsby reducingthe impacts
of noise and interference.The interfering noise can arise from sev-
eral sources, including 1) thermal noise from resistive heating of
electrical components in the receiver, 2) noisy radiation sources
in the � eld of view (FOV) of the instrument, 3) jamming from un-
friendly systems,4) interactionwith the transmissionmedium (rain,
bulk scatterers), and 5) background clutter.

The ergodicpropertyof thermal noisemeans that integratingover
multiple detectorsgives the same processinggain as integrating the
signal plus noise from a single detector over time. The advantage
is that there is no penalty in rate. Also, the interference from noisy
radiatingbodies in the FOV of one satellitemay not be an issue for a
second satellitedue to the differingviewingangleof the scene. Jam-
ming interferencemay also be satellitespeci� c; an enemy can easily
disrupt a single satellite but would struggle to jam an entire group
of satellites that may be spatially separated. In general, the level
of improvement in rate and integrity that is offered by distributed
architecturesvaries across the different system classes.

Rate and Integrity Improvements for Collaborative Systems
For a given level of integrity, a collaborative system can achieve

higher rates by summing the capabilities of several satellites that
individually operate at modest rates. This is equivalent to division
of the top-level task into smaller, more manageable tasks that can
be allocated among the elemental components of the architecture.
The responsibilities of each satellite in the collaborative system
reduce linearly with the number of satellites in the cluster. Each
satellite can allocatemore of its resources to each source, satisfying
higher rate requirements. Increasing the number of satellites in the
cluster yields linear increases in the achievable rate of information
� ow from each source. The limit is reached when each satellite is
dedicated to a single user. The maximum rate for that user would
then be the maximum supportable rate of the satellite.

Equivalently, at a given rate, the level of integrity increases with
the number of satellites in a collaborative cluster. The energy per
symbol Es increases with the number of satellites, as a result of
the increased dwell time allowed by the task division. If each satel-
lite coherently integrates the received signal, linear increases in the
dwell time result in linear increases in the energy per symbol to
noise density ratio (Es / N0 ). The integrity will then improve almost
exponentiallybecause the error probabilitycan be approximatedas
an exponential function of Es / N0 .

In actuality,the integrityimprovementswill not bequite this good
because this result assumes the detection is limited only by station-
ary white noise. Linear integration gains are achieved only with
coherent integration of a signal plus random noise. This is the case
if the dominant interference source is thermal receiver noise. Un-
fortunately, any correlated interferenceexperiences the same linear
gains during the integrationprocess. This is a critical consideration
for active systems where clutter returns from the ground are not
at all suppressed by time integration. For this reason, collaborative

distributioncannot improve the clutter-limitedperformanceof radar
or lidar systems over that achievable with singular deployments.

Rate and Integrity Improvements for Symbiotic Systems
Unlike collaborative systems, a symbiotic architecture does not,

in general, give a simple linear improvement in rate capabilities
with increases in the numbers of satellites. In fact, the relationships
betweenthe numberof satellitesand the achievablerateand integrity
are different for passive systems and active systems.

Consider � rst passive symbiotic clusters that form sparse receiver
arrays. The signal power to noise power ratio (SNR) behavior of
sparse arrays is identical to a � lled aperture of the same physical
collectingarea. To show this, consider a cluster of ns satellites, each
with aperture area A. Assume the array is illuminated by a distant
source. Each satellite measures the radiation � eld, and the signals
from the different satellites are then combined to deliver a single
waveform to a detector. In the most general case, the input signal
power varies across the array. When unit impedance is assumed
throughout, the average signal power is

E[Si ] = E
1
ns

ns

s2
i j (1)

where the subscript i refers to the input side of the array and si j

is proportional to the envelope of the rf signal voltage for the j th
satellite. Unless the array is so large that the signal strength varies
across the array due to path length differences, the signal strength
across the array will be constant. In this case, si j = sik = si , and the
signal power per satellite is Si = s2

i . Under the assumption that all
signals are cophased by a bank of phase shifters, the output signal
voltage after integration is nssi and the output signal power of the
array S0 =n2

s Si because all of the signals add in phase.
If the dominantnoise source is thermal noise, then the noise input

at eachof the satelliteapertureswill be independent,with zeromean.
The average input noise power will be

E[Ni ] = E
1
ns

ns

n2
i j (2)

The noise does not add in phase because it is uncorrelated, and so
the output noise voltage after combining is given by

n0 =
ns

ni j (3)

and its square is the output noise power

N0 =
ns

ni j

2

(4)

=
ns

n2
i j +

ns

j

ns

k

ni j n ik (5)

Because the noise sources are independentwith zero mean, the sec-
ond term is zero, leaving the average noise power to be E[N0] =
ns E[Ni ]. The output SNR is, therefore, equal to

SNR = S0 / E[N0] = ns Si / E[Ni ] = ns (SNR)1 (6)

where (SNR)1 is the signal to noise power ratio for a single satellite
of the cluster. The improvement in SNR compared to a single satel-
lite is, therefore, ns , the number of satellites in the array. The same
SNR is achievable with a � lled aperture of area ns A receiving the
same signal and with the same average thermal noise temperature.
This of course makes sense because the same amount of energy is
collected over the same collection area in both cases.

Even largerbene� ts in SNR can be obtainedwith active symbiotic
systems. Recall that active systems are de� ned to be systems that
have to provide the power for the signal to make the round-trip jour-
ney to the information source. The active system may have several
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transmitting satellites that illuminate the source. If the transmitters
radiate coherently, the power incident on the information source is
increased quadratically because the signal amplitudes add. Alter-
natively, if the transmitters radiate independently, the power at the
source sums linearly. The incident power is then re� ected back to
be collected by the cluster of satellites, with the receive character-
istics described.The resulting SNR improvement for the symbiotic
system compared to a single satellite is given by

(SNR)sym = n2
t nr (SNR)1 (7)

Note that nr can be greater than ns ; if each of the ns satellites trans-
mit incoherent but uniquely identi� able signals and each satellite
receives all ns transmissions, a total of nr =n2

s different signals
can be coherently integrated.This is the operating principle behind
Techsat21, the U.S. Air Force’s (USAF) most recently proposed
space-based radar concept.

The integrity is a function of Es / N0 , given by multiplying the
SNR by a dwell time corresponding to the duration over which the
signal is integrated. For a tracking mission, the symbiotic cluster
must cycle through all of the targets one at a time, so there is no
difference in the dwell time compared to the single satellite case.
For a search mission, however, there is a penalty paid for coherence.
The beamwidthscaleswith the overall syntheticaperturedimension
as opposed to the physical aperture size of each satellite.For a given
area coverage rate, the symbiotic cluster must scan its smaller beam
more quickly:

tsym = (Ds / Dc)t1 (8)

For coherenceonlyon receive,multiplereceivebeamscanbe formed
simultaneously to � ll the satellite FOV. The dwell time then scales
the same as that of a single satellite.

The resulting Es / N0 relationships for both the search and track
missions are summarized in Table 2. To simplify the results, it has
been assumed that the symbiotic cluster has ns satellites and can
operate in three different modes, a passive mode in which all ns

satellites are used to form a coherent receive array, an active mode
in which each satellite independentlytransmits (incoherent) and all
the satellites coherently receive all of the signals (nr = n2

s ), and a
coherent transmit and receive mode (nt =nr = ns ).

Interestingly, collaborative and symbiotic clusters both achieve
linear improvements for passive missions but for quite different
reasons. The collaborative system gains bene� t from task division,
increasing the allowable dwell time, whereas the symbiotic cluster
achieves the same linear improvement by increasing the SNR.

Notice that the symbiotic system with coherence on transmit
and receive is not well suited to the search mission unless many
satellites can be deployed over a reasonably short extent, such that
n3

s > (Dc / Ds). The largestand most realizablebene� t from distribu-
tion for the search mission can be gained with several independent
transmitters and coherent integration of all of the received signals.
This is the reason supporting the development of the Techsat21
space-based radar program.

Of course, in the presence of a heavy clutter background, the de-
tection is not noise-limitedand the results change somewhat. How-
ever, this is where symbiotic clusters can really help. As a direct
result of the smaller beamwidths that are characteristicof symbiotic
systems, the clutter rejectionof the system is greatly improved com-
pared to single satellitesor collaborativesystems.Consequently,the
improvements in the Es / N0 seen in Table 2 are conservative esti-
mates of the bene� ts offered by symbiotic clusters.

Table 2 Factor of improvement in the energy per symbol
to noise density ratio for distributed clusters

compared to singular deployments

Symbiotic

Collaborative
Active Active

coherent coherent transmit/
Mission Passive Active Passive receive receive

Search ns ns ns n2
s (Ds / Dc )n3

s
Track ns ns ns n2

s n3
s

The tempting conclusionto draw from this is that symbiotic clus-
ters are bene� cial for missions requiring high rates and integrity.
Unfortunately, there is a crucial factor that has been omitted so far.
The data processing requirements placed on symbiotic systems are
extremely restrictiveand are on the frontier of what can be achieved
with today’s technology. This issue will be discussed in a later
section.

Availability Improvements
If carefully designed, a distributed architecture can often lead to

improved capabilitiesby increasing the availabilityof system oper-
ations. Losses of availability can arise due to increased numbers of
users accessing the limited resources of the system, signal attenua-
tion from blockage or weather, or from statistical � uctuations due
to noise and clutter. More commonly, a loss of availabilitycan also
be attributed to poor viewing geometriesor poor coveragestatistics.
For example, reconnaissance satellites may have to image scenes
over two or more continents, relaying the data to multiple downlink
stations across the world. There will be times during the orbits of
these satellites when they are not passing over important targets.
The system is unavailable at these times because images of the tar-
gets cannot be recorded.The revisit time of the satelliteseffectively
speci� es the maximum availability that is built into the system. Of
course, very high availabilities can only be achieved by constella-
tions giving continuouscoverage over the target regions.

Note that the availability of a system is related to the variance
of the supportable isolation, rate, and integrity and, as such, is sen-
sitive to worst-case scenarios. Distributed architectures can lead to
increased availability through better coverage of the demand, or
reducing the variability of the capabilities.

Improved Visibility and Coverage Geometry
There are some instances when distribution and multifold cov-

erage improve the availability by reducing the variability of the
system capabilities. By making the behavior of the system more
predictable, the probability of operating within acceptable bounds
is increased. The capabilities of the system are particularly sensi-
tive to coverage variations, and it is here that distribution can lead
to improvements. The multifold coverage that is characteristic of
distributedarchitecturessupports consistentcapability in two ways.

1) The � rst way is by reducing the variance of the visibility,
de� ned as the number of satellites in view from a ground station.
Generally, the visibility is a function of both space and time. The
number of satellites in view from a location changes in time and
is usually different at other locations. The capabilities of a satellite
system are frequently dependent on the visibility. Large variations
in visibility can, therefore, cause large � uctuations in the isolation,
rate, or integrity. The designer faces the choice of sizing the system
for the worse-case coverage, or accepting losses of availability at
times when the visibility is below average.Increasingthe numberof
satellitesin theconstellationnotonly increasesthevisibility,but also
reduces the variance. According to the central limit theorem, as the
number of satellites is increased, the minimum visibility converges
toward the average value. This assists the designer, improving the
availability of systems based on average coverage characteristics.

2) The second way in which the multifold coveragesupports con-
sistent capability is by reducing the impact of the variability in the
capabilities of individual satellites in collaborative systems. The
geometry of the coverage over target regions can have a large im-
pact on the sensitivityof the system. Frequently, the isolation, rate,
or integrity that can be supported by a single satellite can be spa-
tially and time varying, depending on the viewing angle, the trans-
mission path, and the detector characteristics. Favorable coverage
geometries minimize the impact of these variations, ensuring that
the combined operation of the collaborative con� guration achieves
consistent levels of capability.

These two concepts are most easily understood with the help of
a simple example.

Example: Visibility and Geometry (Distributed Space-Based Radar5)
Consider a collaborative space-based radar system consisting of

a cluster of satellites in common view of a theater of interest. The
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systemsatis� es requirementson the rate (targetupdate) and integrity
(probability of detection or false alarm) by summing the capabili-
ties of several small radars that independentlysearch the same target
area. The cumulative rate is, therefore, directly proportional to the
numberof satellitesin viewof the targetarea,as indicatedin Table 2.
Variations in the visibility translate directly into variations in the
achievable rate or integrity. This can result in a loss of availability
if the visibility drops below that necessary to support the require-
ments. The availabilitycan be improved if the system is designed to
use an even greater number of smaller satellites to satisfy the detec-
tion requirement. As the number of satellites increases, the spatial
and temporal variations in the visibility are reduced. The minimum
visibilityapproachesthe averagevalue, and the achievabledetection
rate changes over a much smaller range.

Furthermore, larger con� gurations of satellites result in more fa-
vorablecoveragegeometries.The multifoldcoverageleads to a wide
distribution of viewing angles surrounding the target. This is par-
ticularly important for slow-moving targets. The radar return from
slow-moving targets is dif� cult to distinguishfrom the ground clut-
ter. Normally the different velocities of the target and the ground
relative to the radar give rise to differentDoppler shifts that separate
the target and clutter in frequency, allowing detection. The return
from slow-moving targets is often buried in the clutter because of
the low relative velocities. A viewing angle parallel to the target’s
velocity maximizes the Doppler shift between the target and the
ground in the frequency spectrum, increasing the signal isolation
and improving the probabilityof detection.Because the target’s ve-
locity vector is unknown a priori, receivers must be placed at all
possible viewing angles to ensure detection.With receivers located
at all anglesaroundthe target, the distributedspace-basedradar con-
cept increases the probability of detecting slow-moving targets by
being less sensitive to the orientation of target velocity vector. This
effectively increases the availability by reducing the probability of
failing the detection requirement.

Reducing the Baseline Cost
Initial deploymentcosts for a given satellite constellationinclude

costs associated with development, production, and launch of the
system’s original complement of satellites.Additional expenditures
beyond the initial deployment costs are necessary to maintain the
constellationover a given time period. These costs include the pro-
duction, storage, and launch costs associated with the on-orbit or
on-ground spares and also all of the operations costs. The base-
line system cost is the sum of the initial deployment costs and the
maintenance costs. Baseline costs are typically very high. For dis-
tributed satellite systems to be considered viable, they must be at
least competitive in cost as compared to traditional systems.

Conventionally, system cost estimates can be made using basic
parametric models such as the USAF unmanned spacecraft cost
model (USCM), or the small satellite cost model (SSCM).6 These
models consist of a set of cost estimating relationships (CERs) for
each subsystem. The total cost of the system is the sum of the sub-
system costs. The CERs allow cost to be estimated as a function
of the important characteristics, such as power and aperture. Fre-
quently, they are expressedas a power law, regressedfromhistorical
data.

Care must be taken in applying the SSCM to distributed systems.
Although each satellite in a distributed system may be small, the
SSCM was derivedassuming single-stringdesigns and modest pro-
gram budgets. This is clearly unsuitable for a distributed system of
perhaps 1000 satellites, with a total system cost of several billion
dollars. Unfortunately, the use of USCM generally leads to high
costs for distributed systems. This is due to two factors:

1) In partitioningthe mission and allocatingtasks among separate
components,the total hardware resourcesrequiredon orbit are often
increased. Among other things, this is a result of having to add
redundancy to overcome serial reliability problems. Consider the
case of single satellite satisfying a demand with reliability of 0.9
over themissionlifetime.To achievethe sameoverallreliabilitywith
two collaborativesatellites of half the size, an additional redundant
satellite is also necessary. In this example, the total resources on
orbit for the distributed system is 50% more than for the single

deployment.Because the CERs base cost on characteristicresource,
the result of this increase of total hardware is an increase in cost.

2) Typically, the USCM power laws in the CERs are nonlinear,
with an exponent less than unity. There is a higher marginal price
per kilogram of mass, or per square meter of aperture for smaller
systems. As a result, it is more expensive to divide a large system
(especially aperture or power) into smaller components.

It would appear then that distributed satellite systems are char-
acteristicallymore expensive than singular deployments.However,
there are additional factors that can sway the balance in favor of
distribution.

First of all, there is a question as to the validity of using the
USCM for estimating the cost of modern distributed satellite sys-
tems.The basicproblemhere is that the model is basedon regression
from historicaldata of past military satellite programs.As such, the
CERs of the USCM may not re� ect modern trends or practices.
The programs from which the model was derived were not subject
to the same budget constraints as modern systems. Stated simply,
past military satellite programs were expensive because they were
allowed to be. An additional point is that conventionalcost models,
being based on historical data, re� ect an industry that was crippled
by a conservatismand a reliance on risk avoidance. The high base-
line cost of space systems was perhaps the largest reason for the
conservatism. The enormous initial expenditure,added to the char-
acteristicallyhigh risk, led to a relianceon tried and tested practices
and established technologies.Unfortunately this doctrine was self-
supporting,being usuallymore costly than modern alternativesand,
thus, serving only to refuel the conservatism.

There are, however, some indications that things are changing.
The advent of small satellite technology has heralded a new era
of satellite engineering that minimizes costs by risk management
rather than risk avoidance.7,8 A willingness to accept some risk can
lower the cost of satellite programs, enabling more missions to be
� own and allowing new technologyand innovativetechniques to be
implemented.6,8,9 The use of commercial off-the-shelf technology
can lead to substantial cost savings in development and operations
(legacy systems often require specially trained operators). By ac-
cepting high risk and implementing strategies to manage failures,
small satellites have been successfully designed, built and operated
at a fraction of the cost of traditional systems.10 Should distributed
satellite systems really proliferate the market, they will achieve low
costs by lowering the requirementson individualsatellite reliability,
taking advantage of the redundancy built into the architecture.

The changes in the space industry have not been restricted to
the small satellite arena. The commercial satellite industry is just
now beginning to realize the bene� ts of modernized design prac-
tices, moving away from the concept of the handcrafted satellite
and insteadadoptingtheproduction-lineapproachto satellitedesign
and construction.Standardizedbus designswith modular interfaces
to many different payloads reduce the development time and sim-
plify assembly and test. Whereas the CERs of the USCM assume a
single-string design, favorable economies of scale can result from
bulk manufacture.The productionof a larger number of small units
allows quicker movement down the learning curve. This is made
possible by economies of scale in manufacture and by modifying
the way that satellites are built and assembled. Such practices are
poorly represented by existing cost models.

The cost of launching a satellite system can make up a signi� cant
portion of the baseline costs. This is especially true of distributed
satellite systems featuring many small satellites. Typically, launch
costs do not scale linearly with mass. The price per kilogram is
higher for lower-mass payloads.Unless bulk-ratecontractualagree-
ments can be made with launch providers, learning curve discounts
do not apply to launch costs. This would suggest that the launch
costs of distributed systems is greatly increased compared to tradi-
tional singular deployments. However, although each satellite in a
distributed system may be small, when considered as a whole, the
entire system can be huge. Economies of scale support the larger
launch vehicles, and so, subject to volume and orbit constraints,
it is cheaper to deploy the initial constellation using large launch
vehicles. An entire orbital plane of satellites could be deployed on
a single launch, giving the added bene� t of distinct performance
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plateaus. The initial launch costs of distributed systems, therefore,
scales more like that of large satellites and should be priced based
on the total constellationmass rather than on the individualsatellite
mass.

Collaborativedistributed systems also offer the possibilityof be-
ing able to ramp up the investment gradually, to match the devel-
opment of the market. Only those satellites needed to satisfy the
early market are initially deployed. If and when additional demand
develops,the constellationcan be augmented.The cost of construct-
ing and launching these additional satellites is incurred later in the
system lifetime. Because of the time value of money, the delayed
expenditurecan result in signi� cant cost savings.

Each of these factors help to offset the apparently high costs
suggestedby conventionalparametriccostmodeling.Consequently,
the baseline cost associated with a distributed satellite system may
actuallybe smaller than for a comparablelarge-satellitedesign.This
is not always true because of extreme sensitivity to the application.

If the proposed microsatellite systems become a reality, the cur-
rent costing paradigm will change completely. Cost models that
scale with unit cost, modi� ed only by a learning curve, are not re-
ally applicable to microfabricationor batch processing techniques.
The microfabricationof solid-state components involves huge pro-
duction runs, and so the cost is reasonably insensitive to the actual
number produced,being dominated by startup costs. An interesting
caveat to be considered here is the increased component reliability
resulting from mass manufacture. As a result of the manufacturing
process, mass-manufacturedproducts have a very low variability in
production standards and, therefore, have a characteristically high
reliability.

Reducing the Failure Compensation Cost
In addition to the baselinecosts, expenditureis necessaryto com-

pensatefor any failures that causea violationof requirementsduring
the lifetime of the system. Expected failure compensationcosts can
be minimized by lowering the probability of failures, by reducing
the impact of failures so that compensatory action is not needed,
or by reducing the cost of that action. Clearly the expected failure
compensation costs are closely related to the overall reliability of
the system. System reliability can be improved by deploying re-
dundancy, or by improving the quality of the components. Both of
these options add to the cost of the system. Generally, a larger ini-
tial expenditure in improving the system reliability leads to smaller
compensation costs.

Note that distribution can improve reliability only if there is re-
dundancy in the design. A distributed architecture with total re-
sources that can only just satisfy the demand is a serial system and
is subject to serial failure modes. Under these conditionsa failure in
any componentwill lead to a failure of the system. The system reli-
ability would be the product of the reliabilities of the components,
which would decreasegeometricallywith the number of serial com-
ponents. Only by adding redundancy can a distributed architecture
take advantage of parallel reliability. System failure of a redundant
architecture occurs only if all parallel paths fail.

In general, most architectures will require some redundancy to
satisfymissionreliabilityrequirementsthroughouttheexpectedlife-
time. Frequently the cost associatedwith this redundancy is less for
a distributed architecture than it is for traditional systems. This re-
liability cost accounts for the production, storage, and launch of
on-orbit or on-ground spares necessary to maintain operations.For
a distributedsystemthese sparesoften representonly small fractions
of the initial deployment.

For collaborative systems, the system degradation is linear with
the number of satellite failures.When the number of satellitesdrops
below that needed to satisfy the size of the market, either replace-
ments must be launched, or the system will incur opportunity costs
corresponding to the part of market that is not served. Deployed
redundancy simply provides initial capability over and above that
necessary to satisfy the market. In the absence of any other com-
pensatory action, the system capabilitieswill continuouslydegrade
toward the minimum acceptable levels. If enough redundancyis de-
ployed, this point will not be reached within the system’s designed
lifetime.

Redundancy in symbiotic systems has a different role. Individual
satellite failures do not have a linear relationship with the degra-
dation of the overall system. In fact, a small number of satellite
failures may have no noticeable impact on the system capabilities.
If, however, the number of satellites in the cluster falls below some
safe limit, the cluster will simply not operate at all. For example,
the users of GPS can obtain navigation solutions provided at least
four satellites are in view. Usually, many more than this minimum
number are visible from any ground location, but should failures
occur such that this is not the case, a navigation solution cannot be
obtained at all. This can happen in some ground locations if as few
as two satellites fail from the existing constellationof 24 satellites.
The consequences of failure, in terms of the opportunity cost, are,
therefore, very much greater for symbiotic systems.

For certain satellite missions, a distributedarchitecture may also
lower lifetimecosts by reducingthe costof any failurecompensation
that is necessary.A recentdesignstudyat the MassachusettsInstitute
of Technology (MIT)11 showed that distributed systems appear to
yield the greatest cost savings under two conditions:

1) The � rst condition is met if the components being distributed
make up a large fractionof the system cost. It is prudent to distribute
the highest cost components among many satellites. Do not carry
all of your eggs in one basket.

2)The secondconditionis met if thecomponentsbeingdistributed
drive the replacement schedule of the spacecraft.

These savings manifest themselves in a number of ways. First of
all, for the distributedarchitecture, the replacements represent only
a small fraction of the initial deployment, whereas in a traditional
design, the entire space segment must be replaced after a failure.
Also, the replacements,on average,occur later, thus realizing larger
savings from discounting to constant year dollars. The potential
savingsover traditionalsingulardeploymentsaredemonstratedvery
well in the following example, taken from the MIT design study.

Example: Replacement Costs (Polar Orbiting Weather Satellites11 )
Instruments aboard polar orbiting weather satellites, such as the

proposedNationalPolarOrbitingEarthSensingSatellite(NPOESS)
system, are classi� ed as either primary or secondary. Because the
primary instruments provide critical environmental data records,
failure of a primary instrument necessitates replacement. A sec-
ondary instrument is one whose failure may be tolerated without
replacement. If an orbital plane’s complement of sensors are all lo-
cated on a single satellite, failure of any primary sensor will require
redeployment of all of the plane’s sensors. By distributing the pri-
mary instruments intelligently across a cluster of several smaller
spacecraft, it may be possible to reduce the cost of the system over
its lifetime becausethe plane’s entire complement of sensors are not
redeployed after every failure.

Consider the following three con� gurations illustrated in Fig. 3.
The blocks labeled as A, B, and C represent three primary instru-
ments required in a given orbital plane.

The totalcosts overa 10-yearmissionlife were calculatedfor each
of the three cluster con� gurations.As shown in Fig. 4, the costs over
the 10-year period are broken down into three categories; namely
initial deployment,required spares, and expected replacements.Ini-
tial deployment includes the development, production, and launch

Fig. 3 Satellite and sensor con� gurations.
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Fig. 4 Total system costs over the 10-year mission life of a polar orbit-
ing weather satellite system.

costs for eachorbitalplane’s originalcomplementof spacecraft.The
number of required bus, payload, and launch vehicle spares were
derived from a Monte Carlo simulation of the mission, assuming
reasonable component reliabilities.

Figure 4 shows that the initial deployment cost is least expensive
for the {1sat/1set} con� guration. Adding a redundant sensor to the
single-satellite con� guration greatly increases initial deployment
cost in terms of larger bus size, additional instruments, and more
expensive launch vehicles. The {3sat/1set} con� guration, although
being launched on a less expensivevehicle, is slightly more expen-
sive than the {1sat/1set} con� guration due to the duplication of bus
subsystemsand some sensors on each of the three smaller satellites.

Distributing the primary instruments among three satellites sig-
ni� cantlyincreasesthe reliabilityof each individualsatellite.Higher
satellite reliability and lower replacement launch costs result in the
{3sat/1set} con� guration having the lowest expected replacement
cost.Onceagain, the slight increasein reliabilitygainedfromadding
redundant primary instruments for the {1sat/2set} con� guration is
outweighed by the higher bus, payload, and, launch costs.

To summarize, distributionwithin a satellite mission may reduce
the replacement costs over the lifetime of a mission. A modular
system bene� ts not only because a smaller replacement component
has to be constructed but also because there are huge savings in the
deploymentof the replacement.These savingsare the greatestwhen
the component(s) being distributed make up a large fraction of the
system cost and drive the replacement schedule.

Issues and Problems
There are some factors that are critical to the design of a dis-

tributed architecture that were irrelevant to the design of traditional
systems. Depending on the application, these issues may be minor
hurdles, or could be so prohibitive that the adoption of a distributed
architecture is unsuitable or impossible.

Modularity vs Complexity
An important issue to be addressed is the level to which a sys-

tem should be distributed. How much can the system be divided
into smaller components and still offer the bene� ts discussed ear-
lier? The central issue here is the trade between the advantages of
modularizationand the cost of complexity.

Modularization
In distributingthe functionalityof a system among separate satel-

lites, the system is essentially being transformed into a modular
information processing network. The satellites, subsystems, and
ground stations make up individual modules of the system, each
with well-de� ned interfaces (inputs and outputs) and a � nite set of
actions. Such systems are analogous to the distributed inter- and
intranet computing networks and, as such, are subject to similar
mathematics.

One bene� cial aspectof modularizationcomes from an improved
fault tolerance. System reliability is by nature hierarchical in that

the correct functioningof the total system dependson the reliability
of each of the subsystems and modules of which the system is com-
posed. Early reliability studies in distributed computing12 showed
that the overall system reliability was increased both by applying
protective redundancy at as low a level in the system hierarchy as
was economicallyand technicallyfeasibleandby the functionalsep-
aration of subsystems into modules with well-de� ned interfaces at
which malfunctionscan be readily detected and contained.Clearly,
subdividing the system into low-level redundantmodules leads to a
multiplicationof hardware resourcesand associatedcosts.However,
the impact of improved reliability and lower replacementcosts over
the lifetime of the system can outweigh these extra initial costs.

These arguments suggest that a system should be separated into
modules that are as small as possible. However, there are some dis-
tinct disadvantages of low-level modularization that must be con-
sidered.The most important of these are the costs and low reliability
associated with very complex systems.

Complexity
The complexity of a system is well understood to drive the de-

velopment costs and can signi� cantly impact system reliability. In
many cases, complexity leads to poor reliability as a direct result
of the increased dif� culty of system analyses; failure modes were
missed or unappreciated during the design process. For a system
with a high degree of modularity, these problems can offset all of
the bene� ts discussed earlier.

Although each satellite in a distributed system might be less
complex, being smaller and having lower functionality, the over-
all complexityof the system is greatly increased.The actual level of
complexity exhibited by a system is dif� cult to quantify. Generally,
however, it is accepted that the complexity is directly related to the
number of active interfaces between the components of the system.
Although the actual number of interfaces in any system is architec-
ture speci� c, it is certainly true that a distributed system of many
satellites has more interfaces than a single satellite design.Network
connectivity constraints mean that the number of interfaces can in-
crease geometrically with the number of satellites in a symbiotic
architecture.This is an upper bound; collaborative systems exhibit
linear increases in interfaces with satellites. The complexity of a
distributed system is, therefore, very sensitive to the number and
connectivity of the separate modules.

The impact of this additional complexity is dif� cult to evalu-
ate, especially without a formal de� nition of how complexity is
measured. Recent studies at MIT13,14 would, however, suggest that
complexitycan cause signi� cant increasesin developmentand qual-
i� cation time, increases in cost, and losses of system availability.
For these reasons, the level of modularization must be carefully
chosen. Only with thorough system analysis and ef� cient program
management can the impacts of complexity be minimized.

Clusters and Constellation Management15;16

Earlier it was argued that by combining the capabilities of many
individualelements, systems of small or microsatellitescan be used
for high-rate or resolution applications.For these applications, the
relative positions and dynamics of the satellites in the cluster are a
critical factor in the design.

Equations of Motion for Local Clusters
Recall that in local clusters a group of satellites � y in formation,

and their relativepositionsare controlledwithinspeci� ed tolerances.
The relative motion of the satellites can be predicted by linearized
perturbations of the equations of motion about a reference orbit.
The linearization is valid if the cluster diameter is small compared
to the radius of the reference orbit. For circular reference orbits, the
linearized set of equations are known as the Hill’s equations17:

ẍ ¡ 2 Çy ¡ 3n2x = ax , ÿ + 2 Çx = ay , z̈ + n2z = az (9)

The acceleration terms on the right-hand side represent all noncen-
tral force effects (drag, thrust, gravity perturbations,etc.). The right-
handed local coordinateframe has x pointingup and y aligned with
the velocity direction of the reference orbit. These equations can
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be used to estimate the propulsive requirementsplaced on satellites
constrained to orbit in clusters. The different cluster con� gurations
are characterized by different degrees of freedom in x , y, and z in
Eq. (9).

There are, in fact, many ways to create local clusters.Two will be
considered here. The � rst is to � y the satellites in rigid formation,
maintaining their relative positions and orientation. This involves
constant values of x , y, and z for each satellite because the po-
sition is � xed relative to the reference orbit. The second option,
which proves to be usually more realizable, is to allow the cluster
con� guration to rotate, maintaining only the relative intersatellite
separations. This option has x , y, and z that are constrained to fol-
low circular trajectories around the reference orbit. The propulsion
requirements for each of these options are described hereafter.

Rigid Clusters
Because the reference orbit is assumed to be a circular Keplarian

orbit, rigid clustersmust featuresome satellitesin non-Keplarianor-
bits. These non-Keplarianorbits are characterizedby either a focus
that is not located at the Earth’s center of mass, or orbital veloci-
ties that do not provide the proper centrifugal acceleration to offset
gravity at that altitude. The Earth’s gravity will act to move these
satellites into Keplerian orbits, giving rise to tidal accelerationsex-
erted on the satellites that are a function of the cluster baseline and
orbit altitude. To maintain relative position within the cluster, these
accelerationsmust be counteractedby thrusting.

The required amount of thrusting to maintain the cluster for a
singleorbit canbe estimatedfromEq. (9), by settingall time-varying
terms to zero and integrating over a single orbital period (=2 p / n).
The result is that

D V (per orbit) = 2 p n 9x2 + z2 (10)

If the cluster radius is Rc =
p

(x2 + y2 + z2), this result suggests
that the D V requirements for rigid clusters scale to � rst order as
10nRc ms ¡ 1 per orbit. At low-Earth-orbit (LEO) altitudes, n ¼
0.001 rad/s, and so D V ¼ 0.01Rc ms ¡ 1 per orbit.

For a particular propulsion speci� c impulse Isp and propellant
mass fraction f p , the lifetime as a function of the D V per orbit is16

Lifetime (years) = ¡
years
orbit

orbit
D V

Ispg (1 ¡ f p) (11)

For reasonable propellant mass fractions of around 10%, even pro-
pulsionsystemswith high speci� c impulse (2600 s) cannotmaintain
a 100-m cluster in LEO for more than six months. This makes the
implementation of rigid clusters extremely unlikely.

Circular (Dynamic) Clusters
An alternative to holding the clusters rigidly is to allow the satel-

lites to rotate in circles around each other, in a plane de� ned by a
normal aligned in the viewing direction, such that their relative sep-
arations are preserved. In this case, x, y, and z are only constrained
to lie on a circle. The period of rotation of the circle is the same as
the orbital period, so that the satellites have the same natural fre-
quency as the referenceorbit. In the plane of the cluster, the general
motions of the satellites are described by

x 0 = 0, y 0 = Rc cos(nt + a ), z 0 = Rc sin(nt + a ) (12)

where a is a phase angle. These equations can be transformed into
the Hill17 frame by standard rotational transformation through an-
gles u and w corresponding to the azimuthal and elevation angles
of the line of sight to the nadir (negative x ) direction. This gives the
constraints on x , y, and z for satellites in the Hill frame. Sedwick
et al.16 integrate Eq. (9) with these constraints for all values of u
and w over a single orbit, and conclude that, at worst, the D V per
orbit scales as 3n Rc . From the same arguments as were made for
rigid clusters, this leads to lifetimes of at most 18 months for LEO
clusters of 100-m diam.

However, there are some angles (side lookingat 30 deg off nadir),
at which there is no D V required to maintain the circular con� g-
uration. These represent free-orbit solutions to the problem. If this

off-axisviewingangle can be tolerated,the propulsionrequirements
are reducedto only thatneeded to overcomeperturbations.Over rea-
sonableclustersizes, theseperturbationsexertnegligibledifferential
forces to distort the cluster and only act to perturb the cluster as a
rigid body.

The results presented in this section would suggest that maintain-
ing clusters is prohibitivelydif� cult if the cluster is requiredto move
only as a rigid body. This is unfortunately the requirement placed
on optical interferometers, which need differential paths to be pre-
served very accurately such that the same wavefront is measured at
the differentaperturesin real time. However, if a sparsearray is to be
formedat radio frequencies,there is a possibilityfor the signals from
different satellites to be combined during postprocessingafter digi-
tization. Time delay can be easily introducedduring the interfering
process, and the distanceof any given satellite from the source is no
longer an issue. This relaxes a degree of freedom in Eq. (9) because
the satellitesare no longerbound to move in a plane.No resultshave
yet been presented, but it is suggested that great propellant savings
will be realized from allowing this behavior.16

Spacecraft Arrays and Coherence
There are many technicaldif� culties involvedwith the designand

constructionof symbiotic clustellationsthat form spacecraftarrays,
mainly due to the requirement for signal coherencebetween widely
separated apertures.This is especially true for systems intended for
Earth observation. Interferometric techniquesare not well suited to
Earth observation from orbit because the Earth forms an extended
source, unlike the astronomical sources that lie embedded in a cold
cosmic background.This forcesa need for very high SNRs and high
sampling densities,18 leading to designs featuringa large number of
satellites.For high-resolutionimagingapplications,requiringeither
long integration times or high SNRs, the situation is made worse
by forward motion of LEO satellites limiting the time over the tar-
get. This forces more simultaneous measurements to be made to
reach the required SNR and, therefore, requires even greater num-
bers of elements. Furthermore, although there may be no grating
lobes to consider, the thinned and random array will exhibit large
average sidelobe levels. For randomly distributed arrays, the ratio
of the power in the main lobe to the average sidelobe power is ap-
proximately equal to the number of elements in the array.19 For
many detection applications, the maximum sidelobe power should
be much lower (more than 10 dB lower) than the main beam power.
Using this measuregivesboundson the orderof 10 for the minimum
number of satellites that must be used to form the sparse array.

The formation of sparse apertures using a large number of satel-
lites is complicated by data processing, presenting a barrier to the
adoption of sparse array technology. The most generic problems,
common to both activeandpassiveclusters, involveusing spacecraft
arraysas receivers.The signals fromeach elementof a receivermust
be combined coherently. The data processing requirement scales
quadratically with the number of elements, and the equipment be-
comes very costly as the aperture size grows. The actual exchange
of signals between receivers and combiners also poses a dif� cult
challenge. For an optical interferometer the exchange is done sim-
ply by routing the analogue signals from the pair of collectors to
a common combiner, constraining the optical paths to be equal in
each case. It is dif� cult to adopt the same strategy for arrays with
many elements. Because the satellites are remote from each other,
there is no easy way of simultaneously combining the signals from
all of the different elements in an analogue form. For these arrays,
the combining is easier done during postprocessingafter digitizing
the signals while preserving the phase.

This effectively limits the applicability of spacecraft arrays for
passive sensing. A passive receiving spacecraft array must record
information over a reasonably long period of time to integrate the
SNR. This then necessitates enormous storage capacity onboard
each satellite, because all of the phase information must be pre-
served. Sampling the carrier wave at the Nyquist limit with 8-bit
quantizationwould result in storageratesof 96Gbits/s for an X-band
detector. Even with high-speed buffers, the required storage capac-
ity after only a few seconds of integration time is prohibitive. Of
course, the receiver can � lter and mix the input signal down to a
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lower intermediate frequency before the A/D conversion, greatly
reducing the load on the data processing. This results in no loss
of information provided the information bandwidth is known to be
small compared to the carrier frequency. In general, the bandwidth
of the information collected may be as high as the receiver band-
width. Sometimes, however, the nature of the target is such that
the information content is known to be bandlimited over a reason-
able range (kilohertz to megahertz). In these cases, digitization and
storage can still be problematic, but at least manageable. An active
symbioticsystem may bene� t here becausethe characteristicsof the
transmittedsignal are known, and the informationcontent is limited
only to the changes observed in the received signal.

There are also technical challengesassociatedwith spacecraftar-
rays as active transmitters for tracking applications.These systems
track targets with a narrow beam, optimizing the signal to noise
from the target while nulling the clutter and noise. Correct phasing
of the array at the desired angle and range to illuminate the target
must be performed in real time. Returns from the target are used by
a feedback controller to vary the phase at each element to steer the
beam. To do this, eacharrayelementmust have accurate information
about the relative positions of all other array elements. Continuous
communicationbetween satellites is needed. Furthermore, the time
constant for the detection (including signal reception, combining,
processing, and phasing of the transmissions) must match the dy-
namics of the target. For small local clusters, the slow dynamics of
the arraymay allow this to be carried out if the processingcapability
exists. For more dynamic clusters this would be a very tricky task.

Summary
A generalized framework has been developed for classifying

space system architectures and their characteristics. This frame-
work is applicable for any mission in communications, sensing, or
navigation.The generalizationis possiblebecause, for each of these
applications,the overall mission objective is to transfer information
between remote locationsand to do so effectivelyand economically.
Summarizing, 1) satellite systems are information transfer systems;
2) information transfer systems serve O–D markets; 3) satellites
and ground stations are nodes in a network; and 4) the capabilities
of the system are characterizedby the isolation, rate, integrity, and
availability parameters.

Distributed architectures are enabling for small satellite designs
because they expand their useful range of applications to include
high rate and resolution sensing and communications. The capa-
bilities of many small satellites are combined to satisfy mission
requirements.

A distributedarchitecturemakes sense if it can offer reducedcost
or improved capabilities. Distribution can offer improvements in
isolation, rate, integrity, and availability.The improvements are not
all-encompassing,and in many cases are applicationspeci� c. Nev-
ertheless, it appears that adopting a distributed architecture can re-
sult in substantialgains compared to traditionaldeployments.Some
of the more important advantages that distribution may offer are 1)
improvedisolationcorrespondingto the large baselinesthat are pos-
sible with widely separated antennas on separate spacecraft within
a cluster; 2) higher net rate of information transfer, achieved by
combining the capacities of several satellites to satisfy the local and
global demand; 3) improved availability through a reduced vari-
ance in the coverage of target regions (this reduces the need to
overdesignand providesmore opportunitiesfor a favorableviewing
geometry); 4) staged deploymenton an as-neededor as-affordedba-
sis; 5) progressivetechnologyinsertionand modularupgradeability,
reducing the impact of technology-freezedates; 6) improved relia-
bility through redundancy and path diversity; and 7) lower failure
compensationcosts due to the separationof important system com-
ponents among many satellites (only those components that break
need replacement).

There are some problems, speci� c to distributedsystems of small
satellites, that must be solved before the potential of distributed

architecturescan be fully exploited.The most notable of these prob-
lems are 1) an increase of system complexity, leading to long de-
velopment time and high costs; 2) dif� culty of maintaining signal
coherence among the apertures of separated spacecraft arrays, es-
pecially when the target is highly dynamic; and 3) the need for au-
tonomous operations (if autonomy is not implemented, operations
costs will dominate, and for symbiotic systems human intervention
may not be suf� ciently timely).

The resolutionof these issues, and the proliferationof microtech-
nology, could lead toward a drastic change in the satellite industry.
It seems clear that distribution offers a viable and attractive alter-
native for some missions. More analysis is warranted to completely
answer the question of where and when distribution is best applied,
but the potential prospects of large cost savings and improvements
in performance are dif� cult to ignore. It is, therefore, likely that in-
creasing numbers of distributed satellite systems will be developed
in both the commercial and military sectors.
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