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Impact of a Distributed Architecture for Space-Based Radar

Douglas P. Wickert,* Graeme B. Shaw," and Daniel Hastingsi
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Through a process of system architecture analysis, system cost modeling, and system architecture optimization,
the feasibility is assessed of performing the surveillance function of the next generation airborne warning and
control system mission from a space-based radar platform. A distributed operations concept is considered that
reduces the size of the satellites required, increases system reliability, improves system performance, and reduces
the system cost compared to monolithic designs. The system analysis methodology relies on the specification of a
set of mission performance requirements. Competing system architectures can then be compared quantitatively
on the basis of a simple cost metric. The cost metric used reflects the cost to initial operating capability and consists
of subsystem, reliability, and constellation components. The architecture design process minimizes the cost metric
while ensuring compliance with the established performance requirements. It is shown that there is an optimal

level of distribution that minimizes the cost.

Nomenclature
A, = antenna effective area, m>
A = footprint area of radar beam, m>
Agearch = area of theater to be searched, m?
a = orbit semimajor axis, m
B = receiver noise bandwidth, Hz
COVyy = average level of coverage, number of satellites
COVmin = minimum level of coverage, number of satellites
= antennadiameter, m
dis = discountrate
G = antenna gain
k = Boltzmann constant, 1.38 x 1072* J/K
ky = ellipse factor
keoy = constellation coverage gradient
L = total system losses, dB
m = detection integrity parameter
my = minimum cluster size for detection
N = constellation size, number of satellites
n = number of integrated pulses
ng = cluster size, number of satellites
P, = average transmit power, W
P, = probability of detection
Py, = probability of false alarm
P, = burst transmit power, W
R, = mission reliability
R, = satellite reliability
Ry = reliability of baseline satellite
r = radar range, km
S/N = signal-to-noiseratio
(S/N), = single pulse equivalentsignal to noise
T = noise temperature, K
T, = mean time to detection, s
T = mean time between false alarms, s
A = dwell time of beam over target, s
Nint = integration efficiency
v = redundancy parameter
o = radar cross section, m?
Ocoy = standard deviation of coverage, number of satellites
T = radar pulse width, s
¢4, ¢p, = regressed Unmanned Spacecraft Cost Model
oy, 0, f parameters
o = development cost factor
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Introduction

HE development of small, low-cost satellites offers new hori-

zons for space applications when several satellites operate co-
operatively. The vision of what can be achieved from space is no
longer bound by what an individual satellite can accomplish. Rather
the functionality is spread over a number of cooperating satellites.
Further, these distributed systems of satellites allow the possibil-
ity of selective upgrading as new capabilities become available in
satellite technology.

The term distributed satellite system can have two different
meanings.! The first is defined as a system of many satellites that
are distributedin space to satisfy a global (nonlocal) demand. Broad
coverage requirements necessitate separation of resources. At any
time, the system supportsonly singlefoldcoverage of a targetregion.
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.
The secondis a system of satellites that gives multifold coverage of
target regions. The system, therefore, has more satellites than the
minimum necessary to satisfy coverage requirements. A subset of
satellites that are instantaneouslyin view of a common target can be
grouped as a cluster. The satellites in the cluster operate together to
satisfy the local demand. Note that the cluster may be formed by a
group of formation-flying satellites or from any subset of satellites
thatinstantaneouslyshare a common field of regard. The clustersize
and orientation may change in time, as a result of orbital dynamics.
In any case, the number of satellites in the clusteris bounded by the
level of multifold coverage. In this context, distributionrefers to the
fact that several satellites work together to satisfy a local demand.
The entire system satisfies the global demand.

The mostimportantcharacteristicof all distributed systems, com-
mon to both of the defined concepts, is that more than one satellite
is used to satisfy the global demand. This is the basic distinction
between a distributedsystem and a singular deployment. Within the
classification of a distributed system, the main difference between
the two concepts described lies in the way that the local demand is
served. Specifically, the distinction is the number of satellites used
to satisfy this local demand. The set of satellites that are used to
serve the local demand is defined as a cluster. The cluster size, de-
fined as the number of satellites making up the cluster, therefore is
a valid measure of the level of distribution. The lowest level of dis-
tribution, with a cluster size of one, correspondsto the first meaning
of distribution described. Larger cluster sizes correspond to higher
levels of distribution.

There are several characteristic features of distributed satellite
systems thatdistinguishthem favorably from singulardeployments.
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1) Decentralizationof resources means that the systems have intrin-
sically better survivability and fault tolerance. The distribution in
space of the system components also means that revisit times over
points on the Earth’s surface can be reduced. 2) Smaller, less com-
plex satellites can mean reduced development time and cost. Also
the smaller satellites permit the use of low-cost, small commercial
launch vehicles. 3) The distributed system can be made adaptable
to changes in role or technology. As the requirements or state of
the art changes, new system components can be launched to replace
the obsolete elements. 4) The reduced range to target of low-Earth-
orbiting satellites means that passive remote sensors can support
much higher spatial resolution, whereas active devices require less
power for operation.

These features make distributed architectures particularly attrac-
tive to military applicationsthatrequire high performance from low-
cost, survivable platforms. However, commercial ventures, offering
capital gain and being dominated by competition, are certain to ex-
ploit the conceptearlier and within the very near future. Although it
is unlikely that distributed systems are suitable for all applications,
there are many missions for which small sensors on many satellites
scale very well and give cost-effective solutions. Some applica-
tions are distributed implementations of traditional single-satellite
deployments, and some represent new capabilities that would be
otherwise impossible to achieve.

In this work we focus on the question of the efficacy of using
a cluster of satellites to undertake a military space mission. To be
specific, we consider the application of space-based radar (SBR)
and assess the effect (on cost and effectiveness) of distributing the
function of radar detection among the cluster of many satellites.

Overview

The current radar detection of aircraft by the U.S. Air Force is
done by the Airborne Warning and Control System (AWACS) plat-
form, which is called the E-3 Sentry.2S The E-3 is a modified Boeing
707 airframe with a 30-ft-diam radar dome positioned above the
fuselage. The E-3 provides mobile, all-weather surveillance, com-
mand, control, and communications (C?) to both battlefield com-
mand centers and pilots. The E-3 can detect and track enemy air-
craftand ships,update the location and status of friendly aircraftand
ships, supportair to ground operations, directinterceptionof hostile
aircraft, and perform the identification friend or foe (IFF) function.
The drawbacks of the current E-3 AWACS platform include the
time required to respond to a new threat associated with moving
assets to the theater, the immense support structure that must also
be deployed, technology that is beginning to become outdated, and
high year-to-year operating and maintenance costs. It is in each of
these areas that a space-based surveillance platform could improve
the capability of AWACS. A space-based platform could respond to
new threats almost instantaneously,requires relatively little support
structure, and is dominated by acquisition and deployment costs
rather than by operation and maintenance costs. The challenges to
a space-based AWACS platform are a moderate to high level of
technologicalrisk and a high cost to initial operating capability.

The AWACS mission functionsinclude surveillance, C3, and IFF.
For a space-based AWACS mission, the space segment of the sys-
tem will probably only perform the surveillance and possibly the
communication components of the AWACS functions. Command
and control can be done from a command center linked to the space
segment. It is conceivable that the command center will be situated
in the continental United States and far removed from the theater
of operations. Communications to theater can be done through the
radar satellites or separate communications satellites. We concen-
trate on design and analysis of the space-basedsurveillance segment
of the next generation AWACS mission. Particularly, we concentrate
on the search function of four possible surveillance tasks: search,
track-while-search, track, and continuous track.

Before any action can be taken againsta target, the presence of the
target must be determined. This is the purpose of the search mission
task. The search processinvolvessearchinga given area with a beam

SAvailable via the internet at http:/www.af.mil/news/factsheets/E-3-
Sentry—AWACS. html.

footprintthatis generally much smaller than the area to be searched.
Thus, to cover the entire search area, the beam must be scanned
through the area. Using an updated target position with positions
from previous search scans to form a track is the track-while-search
mission task. Because the track is not sampled at a rate sufficient
to predict the target position at the next scan, track-while-searchis
classified as search radar. Some scenarios require a higher sampled
track, such as precision intercept vectoring or handoff to another
tracking radar. In continuous track, the radar is used to illuminate
the target for some other platform, particularly for intercept by a
missile with no transmitter of its own or for intercept by an aircraft
that does not wish to reveal its position.

An SBR designed for search can satisfy most of the require-
ments associated with all four surveillance tasks (search, track-
while-search, track, and continuous track). A moderate aperture
SBR has a characteristically large beam footprint on the ground
(tens to hundreds of kilometers at uhf). The target is, therefore, un-
likely to leave the footprint in the time required for intercept, and
no track update is required.

The use of SBR has been proposed many times in the past to un-
dertake the mission of aircraftdetection. The traditional solutionhas
been to use large satellites in a constellation supporting singlefold
global coverage. Such SBRs have always proved unfeasible due to
the very high power or large aperture required to detect a return
from small aircraft.

In this study, we consider constellations of low-Earth-orbiting
spacecraft and assess the effect of distributing the search function
over a cluster of many spacecraft. This permits a smaller power-
aperture product on each satellite, at the expense of increasing the
number of satellites required. The impacts and effects of alternate
architectures are estimated quantitatively with the help of a cost
metric. The cost metric used for this study is cost to initial operating
capability (IOC) cost. A cost model has been developedto calculate
the IOC cost metric, incorporatingseveral submodels that are based
on a fairly detailed system analysis. A reliability model, a constel-
lation coverage model, and an operations model that reflects system
performance have been developed and integrated. All of the model
components are combined into a single cost function that reflects
the IOC cost metric, relative to a set of performance requirements.

The cost model has been designed so that the most significant ar-
chitectureoptions are independentvariables of the cost metric. Then
by analytic, semianalytic,and numerical solutions, the cost function
can be minimized as a function of the desired architecture variables.
This process gives the optimal system architecture, according to
the IOC cost metric, that meets given system requirements and per-
formance specifications. The optimization process gives optimum
values for several architecture variables, including orbital altitude,
cluster size, redundancy, satellite power and aperture, and the satel-
lite area search rate. These are the most important architecture vari-
ables as they define the concept, and all other system variables may
be derived from them. By fixing a set of mission performance re-
quirements, competing system architectures, including distributed
and traditional singular deployments, can then be fairly compared
on the basis of the IOC cost.

Radar Fundamentals

In this section, we considerthe componentsof a generalradarsys-
tem and introduce the metrics that are conventionallyused to mea-
sure performance. Mean time to detection and mean time between
false alarms are identified as essential performance requirements
that must be specified in the design of a search radar system.

All radar systems consists of the same basic elements: transmit-
ter, receiver, and signal processor. The antenna is often used for
both transmitting and receiving, though it need not be. If the an-
tenna is used for both functions, the radar is monostatic. A radar
with spatially separated transmitand receive antennasis multistatic.
Multistatic radars can give very good angular resolution, but at the
cost of grating lobes and added complexity due to a need for phase
coherence between antennas.

A radar emits electromagnetic (EM) radiation and extracts in-
formation from the reflected energy. The vast majority of radars
work by analyzing three features of the reflected, received signal:



WICKERT, SHAW, AND HASTINGS 705

the presence of a reflector, the EM wave’s travel time to the reflector,
and the frequency content of the signal. The presence of a reflected
signal is used to detect targets. The time delay between the trans-
mitted and received signal gives the range to the target if the speed
of the EM wave is known for the medium. Finally, the spectrum
of the received signal can be used to indicate the velocity of the
target relative to the radar by the phenomenon of Doppler shift. The
spectrum can also be used to detect moving targets in a stationary
clutter background.

Radar Range Equation

The radar range equation relates the maximum range at which
targets can be detected to the transmitter power, antenna gain and
area, signal-to-noiseratio, signal integration,system losses, thermal
noise, and target radar cross section. The signal-to-noiseratio is an
importantfactorin the detectionof validradarreturnsin the presence
of noise. The most general form of the radar range equation is

S P,GA,o

N = @n)rkTBL )

The radar cross section (RCS) of a target is the effective area that
reflects power back to the radar receiver. Typical values for the
average RCS of common targets range from 40 m? for large bomber
aircraft to only 0.5 m? for conventional winged missiles.?

Radar Range Equation for Search Radar

A search radar scans a beam across the search region, detecting
returns from potential targets in the beam footprint. Usually, many
radar pulses are returned from any particular target on each radar
scan, and integration can be used to improve detection. The equiva-
lent signal-to-noiseratio of a single pulse that would give the same
detection characteristics as the integration of n separate pulses is
given by

(S/N)1 = ninn(S/N) 2

The number of pulses that can be used for integration is bounded
by the number of pulses incident upon the target during each scan.
This is equal to the product of the pulse repetition frequency (PRF),
in hertz, and the dwell time

n=PRF-A 3)

Dwell time is defined as the time it takes a point to completely transit
the footprint area as the footprintis being scanned and is given by
the ratio of the illuminated footprintarea A; to the area search rate
(ASR), in square meters per second,

A = A;/ASR )

The footprint area illuminated by an equivalent circular aperture
with a diffraction limited beam is

A, =1(r/2)(./D) P rky ®)

The k, is a function of both orbital radius and frequency. For a fixed
target elevation, the elliptical footprint becomes more eccentric as
the radar altitude increases because of the increased apparent curva-
ture of the Earth’s surface. As frequency increases, the beamwidth
decreases, and the footprintelongationdue to Earth curvatureis less
significant. At low elevations, part of the beam extends beyond the
limb of the Earth, decreasing the k4. An average k, of 4 was deter-
mined from simulations and was used in all further calculations:*

Replacing the gain G by 47 A,/A? and substituting Egs. (2-5)
into Eq. (1), we obtain the search radar range equation

S _ PuvAeo'nintkAﬂ 1 (6)
N 1_ 43r2kTBtL ASR

where P,, = P,(t - PRF). The search radar range equation depends
on range squared instead of range to the fourth and on the power-
aperture productinstead of the power-aperture-aperture product. A
convenient form of the search radar range equation is

(S/N)lASR = Ks PuvAe (7)

where

_ o nintkAﬂ (8)
T #3r2kTBTL
Probabilities of Detection or False Alarm

The signal-to-noiseratiois a crucial performancedriver for signal

processing. The purpose of the radar signal processor is to detect
a valid radar signal return in the presence of noise while rejecting
false returns. False returns are signals that look like valid targets
but are actually due to noise, multipath, clutter, reverberation, or
other effects. An envelope detector sets a threshold envelope above
the rms noise envelope. The envelope of a signal is the complex
amplitude given by quadrature demodulation. When the received
signal envelope exceeds the threshold, a detection is recorded. If
the threshold is set too low, noise will tend to give too many false
detections;too high a thresholdresultsin missing potential targets at
moderate signal to noise levels. The probability of detecting a target
from the received signal then depends on the signal-to-noise ratio
andon the chosenthresholdenvelope (orequivalentlythe probability
of false alarm). Although there is no closed-form solution, Rice’
gives a series approximation as for the probability of detection:

1
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This relation is plotted in Fig. 1. The signal to noise used in this
calculation corresponds to a single pulse. However, Eq. (2) allows
us to use the effective signal to noise of n integrated pulses. The
calculated probability of detection then corresponds to a complete
scan of the radar over the target.

— ... ©)

Mean Time to Detection and Mean Time Between False Alarms
Although the probabilities of detection and false alarm are com-
monly used metrics for assessingthe detection performanceof radar
systems, they can often be misleading. The probability of detection
neither carries an associated time bound (integration over different
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Fig. 1 Probability of detection as a function of signal-to-noise ratio for
a range of false alarm probabilities.
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dwell times resultsin very differentdetectionprobabilities) nor spec-
ifies the area over which the search is performed. A more useful
performance metric that captures both the statistical probability of
detecting targets and the time required to perform the search is the
mean time to detection. This is defined as the average time it takes
to detect a target, in the presence of noise, over the entire the region
to be searched. Mean time to detection is easily interpreted physi-
cally, being naturally related to response time, and leads directly to
the establishment of system requirements. Similarly, the mean time
between false alarms is more useful than the probability of false
alarm.

To derive the mean time to detection for an SBR, the search
process can be modeled as two independentnegative binomial pro-
cesses. The negative binomial is a discrete probability distribution
that gives the number of trials until the ith successful trial is ob-
served in a process with p probability of success in a single trial.
The mean number of trials for i successes in a negative binomial
processis u =i/p.

The first negative binomial process is the number of radar scans
past the target until m detections are made. Generally, a detection is
not noted unless m of n pulses exceed the threshold. This is known
as an m-of-n detection scheme. Because the probability of a single
detection in any scan is P,, the probability of a target declaration
during a single scan is P;/m. In general, the m detections should
occur within a sufficiently small window so that some given corre-
lation between scanned positions can be achieved.

The second negative binomial process is the detection of tar-
gets throughoutthe search area. Consider a target randomly located
somewhere in the search area. The mean number of trials until the
target has been illuminated is

Asearch
rals — — 10
Mial A, (10)

The mean number of trials until the target has been detected is
simply the number of trials to illuminate the target divided by the
probability of a target declaration for a single trial:

”lAsearch
— —_search 11
M= an

The mean time to detect the target is the duration of a single scan,
calculated from Eq. (4), times the mean number of trials:

mAsearch
T, = — 12
‘7 P,ASR (12)

A similaranalysisleads to the definition of the mean time between
false alarms. With an m-of-n detectionscheme, m independentfalse
detections have to occur for each false alarm. The probability of
an error (false detection) in a single decision made by the signal
processoris Pg,. The time between decisionsis given by the product
of the characteristicpulse width T and the number of pulses that are
integrated between decisions. For a matched filter of bandwidth B,
Bt = 1. The mean time to false alarm is, therefore,

Tfu %mn/BPfu (13)

where n is given by Eq. (3).

Together, the mean time to detection and the mean time be-
tween false alarms specify the detection performance and integrity
of searchradar systems. As such, these two parameters are essential
elements in the set of system requirements.

Reasonable Requirements on Mean Time to Detection for SBR

Because mean time to detection s the primary performance met-
ric, it is also the primary system driver. Mean time to detection is
the performance specification that scales the entire system. Thus, it
is important to establish a good, reasonable requirement for mean
time to detection.

Targets must be detected quickly enough to allow adequate time
to respond to the threat. The mean time to detection requirement
then depends on both the threat and the threat response. The goal
of the detection and response process is to react to the threat before

the threatcan carry out its objective. For example, suppose the threat
is a flight of enemy fighter bombers with the objective of bombing
an airfield. The targets must be detected soon enough to allow time
to decide on an appropriateresponse,command the response action,
and allow the action to take effect before the fighter bombers can
make their bombing run. A typical response may be to dispatch
fighters or launch surface-to-air missiles (SAMs). If fighters must
be scrambled, the response time could be minutes. If SAMs are fired,
the response time could be on the order of the missile flight time.
The time taken in the command response phase can have wide range.
If the scenariois an air battle, the command response is simply the
target assignmentand may require only seconds. In other scenarios,
particularly when the threat is unexpected, the command response
may be much longer. Thus, determining reasonable mean time to
detection requirements depends on the scenario.

The threatdetectionand response processis well characterizedby
the observe, orient, decide, act (OODA )° loop. The OODA loopis a
major tenet of information warfare (IW) and “describes a single it-
eration of the cycle proceeding from data acquisition, throughinfor-
mation integrationand decision making, to enaction of a response
Operating inside or disrupting the enemy’s OODA loop is the pri-
mary objective of IW. Target detection is analogous to the observe
task, threat processing is the orient task, determine response is the
decide task, and the command and response is the act task of the
OODA loop.

None of the later steps in the threat detection and response can
take place until the targets are detected. Thus, decreasing mean time
to detectionis importantto start the other steps sooner. However, if it
requires only seconds to detect targets and minutes to respond to the
threat, cutting mean time to detection in half does not significantly
reduce the total threat response time while the system cost has likely
doubled.

In dialog with personnel at the U.S. Air Force Space and Missile
Center, we have established a 10-s mean time to detection as a
reasonable requirement for the purpose of sizing of the system.
This could actually represent an average mean time to detection
over a theater, which includes high-threat regions of 1 s, moderate-
threat regions of 10 s, and low-threat areas of 1-min mean time to
detection.

There is some flexibility in mean time to detection, even after the
system is deployed with a fixed capability. Mean time to detection
can be reduced in one region at the expense of an increased mean
time to detectionsomewhere else in the theater. Targets are generally
less threatening at longer ranges from friendly forces, resulting in
decreasedrisk for a missed detection. By increasing the area search
rate in these low-threat regions, the probability of detection can be
reduced to a level commensurate with the risk. This increases the
assets available for search in high-threat regions and reduces the
mean time to detection for the more threatening targets. The in-
tegrity parameter m can be adjusted to give a more optimal search
profile. False alarms are less desirable in low-threat regions. Simi-
larly, missed detectionsare more costly at high-threatregions. Thus,
m can be increased while searching low-threat areas and decreased
in high-threat areas.

Distributed Architectures for SBR

There have been several previous concepts for distribution of
radar, though most of them have been multistatic in nature. NASA,
the Air Force Office of Scientific Research, and the Defense Ad-
vanced Research Projects Agency all funded investigations of dis-
tributed array radar concepts in the early 1980s.”~° Most of these
concepts used multistatic sparse aperture synthesis from separate
platforms to achieve high resolution with limited aperture. In 1996,
the U.S. Air Force Space and Missile Center (SMC) initiated a
bistatic radar sensor study that examined using uninhabited aerial
vehicles as a adjunct receiver to an SBR transmitter.!® The primary
challenge of these and other multistatic radar concepts is the re-
quirement to maintain phase coherence between radar systems. The

‘"Whitaker, R., GLOSSARY: The Convoluted Terminology of Informa-
tion Warfare, 1997, available via the internet at http://www.informtik.umu.
sel% 7Erwhit/IW.html.
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number of required connectionsbetween satellites, and hence com-
plexity, increases geometrically with distribution. The distributed
radar operations conceptdeveloped here is not multistatic, and thus,
there is no requirement for phase coherence between systems. All
processing between distributed satellites is postdetection process-
ing. Distribution is achieved by sharing the function of aircraft de-
tection among several radars.

Distributed Radar Detection

The form of the equation for mean time to detectionand the shape
of the curves of detection probability vs signal to noise suggests
that there may be advantages in distributing the search function
among a cluster of satellites. Equation (12) relates the mean time to
detectionto the ASR and the probability of detection P, for a single
satellite. To assess the impact of distribution, consider the average
detection rate, equal to the inverse of the mean time to detection.
The combined average detection rate of a cluster of m; satellites
independently searching the same region is simply the sum of the
individual average detection rates of each satellite:

1 1
T(cluster) = : : T(Sal) (14)
d

ms  ~d

The component satellites in a cluster can, thus, afford to detect
targets at a lower rate, provided their aggregate detection rate (or
mean time to detection) satisfies requirements. For an overall mean
time to detectionrequirementof 7, each satellite in a cluster of size
m, only needs to be capable of an individual mean time to detection
of m,T,. Equivalently,

mA search

m, P;ASR =
T,

= const (15)

This equation shows that the probability of detection (for each
satellite) and ASR (for each satellite) can be traded against cluster
size. Reducing the probability of detection requirement for each
satellite permits a smaller signal-to-noise ratio that, mated with a
smaller ASR, leadsto a smaller power aperture productfromEq. (7).
The advantage of reducing the probability of detection is to move
down the curves of Fig. 1, away from the region of marginal returns
at large values of P, to the linear regime at moderate values of P,.
Similarly, the mean time between false alarms is reduced linearly
by adding satellites, so that

Tfu = & (16)
msBPfu

Note thatthe reductionsin power and aperture on each satellite are
insufficient to offset the increases in total power-aperture resources
that results from adding satellites. However, the individual antennas
and power systems are much smaller and more feasible for manu-
facture and launch. In addition, leverage can be gained in several
other areas, so that a distributed architecture can actually cost less
than singular deployments of comparable performance. The most
dominant factor here is an inherent insensitivity to failures, leading
to an improved mission reliability.

Mission Reliability and Redundancy

Mission reliability is the cumulative probability that the system
has not failed, where failure is defined as a noncompliance of mis-
sion requirements. As discussed earlier, the mission requirements
for a space-based search radar system are a mean time to detection
and a mean time between false alarms. The desired mission reliabil-
ity is often specified as a systemrequirement. Because a space-based
replacement to AWACS is a critical system for achieving and main-
taining air and space superiority, the required mission reliability R,,
will be high. For analysis and sizing, we assume an instantaneous
99% mission reliability requirement.

The achievable mission reliability is a function of the individ-
ual satellite reliabilities and the system architecture. The individual
satellite reliability (R;) is defined as the probability that a satellite
successfully performs its portion of the mission, incorporating the
effects of hardware reliability and survivability to hostile actions

(jamming, antisatellitedevices, etc.). For the simplest case of an ar-
chitecture featuring a single satellite, the mission reliability is equal
to the satellite reliability. The probability of failing the mission is
equal to the probability of failure of the single satellite.

Distribution can lead to an improved mission reliability but only
if there is redundancy in the design. A distributed architecture with
total resourcesthat exactly satisfy the requirementsis a serial system
and is subject to serial failure modes. A failure in any component
will lead to a failure of the system to meet requirements. For a serial
system, the mission reliability is the product of the componentreli-
abilities. Because the reliability of a component is always less than
unity, the overall mission reliability decreases geometrically with
the number of serial components. The distributed operations con-
cept with no redundancy then results in decreased reliability rather
than increased reliability as desired. Only by adding redundancy
can a distributed architecture take advantage of parallel reliability.
System failure of a redundantarchitecturerequires all parallel paths
to fail.

We define redundancy as the amount of spare capability that is
deployedcomparedto thatnecessary to exactly satisfy requirements.
Ifaclusterof sizen, is deployed with a redundancy of v, the number
of satellites m that must continue to operate to satisfy the detection
and false alarm requirements is given by

m, = ceiling[n,/v] (17)

The ceiling operator is used to force integrality in the number of
satellites. An equivalent interpretation of the redundancy parame-
ter is the amount of over specification in the system requirements.
It is typical of the defense acquisition process to pad system re-
quirements with a little bit of margin to ensure system performance
when there is uncertainty as to what the actual battlefield require-
ments should be. In this context, and from Eq. (15), if T, is the
original detection performance requirement, then (7, /v) is what
the contractor is tasked to provide.

The achievable mission reliability of such a configuration is the
probability that at least m satellites continue to operate:

ns n’
P(sats > m,) = ——RQ1—R)"*=R, (8
(sats > my) k;k!(nj—k)! 2 ( ) (18)

Equation (18) can be solved iteratively for the value of R that
satisfies the mission reliability requirement R,, for a given cluster
size and level of redundancy. R; is plotted as a function of clustersize
for variouslevels of redundancyin Fig. 2. The saw-toothednature of
the curvesis a result of the incremental nature of m,. The individual
satellitereliabilityfora singulardeploymentis of courseequalto R,,,.
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Fig. 2 Satellitereliability as a function of cluster size for different levels
of redundancy.
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For singularly redundant systems (v = 1), the satellite reliability
increases with cluster size, as expected. For increasing levels of
redundancy,a systemcan afford to lose more satellites and still meet
the detection requirement. Therefore, the satellite reliability can be
allowed to decrease. For a triple-redundant cluster of size n, =6,
only two satellites are needed to satisfy mission requirements. The
system can afford to lose four satellites,and so the satellitereliability
need only be 0.71.

Distributed,redundantsystems, therefore,need less reliable satel-
lites to achieve the same overall mission reliability. In general, it is
substantially cheaper to build satellites of a lower reliability. The
cost of reliability can be estimated by considering the additional
expenditurethat would be needed to improve a satellite from a stan-
dard baseline reliability R to the required value R;, as calculated
from Eq. (18). The additional cost to increase a satellite’s reliability
is expressed as a percentage of the baseline satellite cost.'! Specif-
ically, if the cost of the baseline satellite is Vj, then the cost of the
improved satellite (V) is given by

Vi = ¢ Vo (19)
where
_ (1= R)
= Ry (20)

Recall that the desired individual satellite reliability is a strong
function of required mission reliability, the cluster size, and the re-
dundancy. The cost factor ¢ is, therefore, a function of the same
parameters. The cost factor necessary to improve from a baseline
reliability of Ry = 75% is plotted in Fig. 3 vs cluster size for three
different levels of redundancy. Note that, to achieve the required
mission reliability of 99% with a single satellite, the cost factor is
high, at around 3.4. Compare this to the cost factor close to unity
exhibitedby a triply redundantcluster with n, = 3. Each of the three
satellites in the cluster must be capable of satisfying the detection
requirements alone and so need the same power and aperture as the
satellite in the singular deployment. Because there are three times
more resources on-orbit, one would initially expect the cost to be
three times as much. However, as a result of the lower reliability
required of each satellite, their individual cost is a third of that for
the satellite in the n; = 1 case. As a result, there is no cost penalty
for deploying the additional redundancy. Any further cost savings
that can be realized from faster movement down the manufacturing
learning curve then implies that the overall system cost of the redun-
dant, distributed architecturesis less than for singular deployments
offering the same performance.

Reliability cost factor, ¢ r

Cluster size, n ¢

Fig. 3 Reliability cost factor as a function of the cluster size for differ-
ent levels of redundancy.

Constellation Design and Viewing Characteristics

Constellation size is a significant driver of the system cost; a
decrease in the number of satellites required to meet coverage re-
quirements is certainly desirable. The primary goal of constellation
design is to optimize the design for given coverage requirements.
The chosen constellation should consist of the minimum number of
satellites capable of performing the mission, while offering the best
coverage possible. In addition, coverage should be concentrated in
areasthatare likely to be of interestand minimal in regions that are of
little interest. Other constellation design considerations are eclipse
time, trapped radiation (Van Allen belts), orbit perturbations and
subsequentorbit maintenance, orbital debris, and atmosphericdrag.

Suitable constellations for the SBR system must be capable of
supporting continuous, global coverage of all latitudes between
+75°. The distributed operations concept requires that the chosen
constellation gives multifold coverage, equal to the desired cluster
size. There is also a constraintimposed on the geometry of the cov-
erage. The elevation angle between the target local horizon and the
satellite direction must be between allowable limits. Below a mini-
mum elevation, the transmitted signal is subjectto atmosphericduct-
ing and fading. Above the maximum elevation, the target Doppler
shift is too low and the clutter return is too high to reasonably
discriminate the target from the clutter. For all constellationdesigns
considered, a minimum elevation of 5 deg and maximum elevation
of 50 deg is used.

These coverage constraints result in a zenith hole from the per-
spective of the target. The satellite must be within two concentric
cones defined by the constraint elevation central angles. A satellite
thatis overheadbut within the zenith hole formed by the central cone
cannot cover the target. From the satellite perspective,the constraint
is in the form of a nadir hole.

A great deal of work has been carried out to determine optimal
constellations for a distributed SBR system. Because the focus of
this paperis not constellationdesign, only the important results will
be presented here. For a more detailed description of the process
used, the reader is referred to Ref. 4.

Satellite Coverage and Constellation Size

A heuristicapproach was used to develop a set of single-coverage
constellationswith circular orbits with periods of 1.65,1.75,2, 3, 4,
and 6 h. Each constellation was designed to give continuous, global
access between £75° latitude, while satisfying the zenith hole con-
straint. Short coverage gaps on the order of a few minutes exist for
some constellations at some latitudes, but this is not a significant
problem. For a distributedarchitecture with a cluster size of i, these
shortcoverage gaps simply mean thatonly (n; —1) satellitesare visi-
ble for the duration of the gap. The impact of these short-livedevents
is minimal. This set of zenith hole constellations are summarized,
along with their coverage statisticsin Table 1. The min-mean cover-
age is the average number of satellites in view at the latitude with the
worst coverage statistics. The minimum coverage is the minimum
number of satellites in view for any latitude at any time. Note that
the average coverage exceeds unity in every case; the constellations
were constructed to satisfy minimum coverage requirements.

These heuristicallyderived constellations,therefore, provide con-
tinuoussinglefoldviewing overall latitudes of interest. However, the
distributed operations conceptrequires continuous multifold cover-
age equal to the cluster size. Simulations have shown that average
coverage scales linearly with constellation size (Fig. 4). A constel-
lation of 2N satellites will have an average coverage twice that of
a constellation of N satellites. It is tempting, therefore, to simply
multiply the zenith hole constellations by the desired cluster size.
However, cluster size is defined by the minimum coverage, and this
does not scale linearly with constellation size. As the constellation
size increases, the coverage becomes more uniform and the mini-
mum coverage for a given latitude approaches the average coverage,
in accordance with the central limit theorem. A reasonable conjec-
ture is that minimum coverage actually represents the average cov-
erage less 2 or 3 standard deviations. Two standard deviations will
explain over 95% of the observationsif the underlying distribution
is Gaussian. Another aspect of the central limit theorem is that av-
eraging processes approximate normal distributions for sufficiently
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Table 1 Zenith hole constellations

Coverage statistics A B C D E F
Period, h 1.65 1.75 2 3 4 6
Radius, DU 1.11 1.155 1.263 1.655 2.005 2.627
Altitude, km 700 1000 1700 4200 6400 10400
Total satellites 40 33 24 12 9 7
Planes 8,4 6,3 6 6 3 7
Satellites per plane 4,2 4,3 4 2 3 1
Plane inc., deg 65,20 67,30 55 45 45 35
Mean coverage 2.47 2.45 1.77 1.68 1.61 1.51
Coverage standard deviation 0.8935 0.4827 0.2255 0.2805 0.2504 0.2232
Min-mean coverage 1.485 1.741 1.393 1.274 1.380 1.232
Min-mean coverage standard deviation 0.0772 0.0481 0.1109 0.0854 0.0779 0.0250
Latitude of min-mean coverage, ° +75 +75 +75 +75 +50 +75
Minimum coverage 0.84 1.21 0.95 1.15 1.06 1.15
Latitude of minimum coverage, © +40 +5 +5 +45 +25 +70
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Fig. 4 Constellation size N vs average coverage; constellations of ar-
bitrary size were simulated and the average coverage determined from
the results.

large samples. Because the coverage statistics are averaged over a
diurnal period of 24 h, a Gaussian distribution should approximate
the coverage distribution as a function of latitude reasonably well.
Thus, the conjectured relationship between average and minimum
coverage, as a function of cluster size is

Zacov

I

This conjecture, verified by simulationresults, allows us to calculate
the number of satellites N neededin a constellation, for a given clus-
ter size n; and radius a. We proceed by recalling that constellation
size scales linearly with average coverage:

COVin (ns) = COVyy (ns) - (21)

N(a,ny) = keoy (a)covy, (1) (22)

The slope kv is independentof coverage and can be determined for
each altitude from the single-coveragezenith hole constellations of
Table 1. Substituting for cov,, fromEq. (21) and noting that cov,y, is
equalto the clustersize, we obtaina relationshipfor the constellation
size in terms of the cluster size and altitude:

N(a,n) = kc.w(a)(ns + Zjn_> (23)

To be conservative, this calculation is performed using statistics
corresponding to the worst-case latitude. This relation is plotted in
Fig. 5 using the zenith hole parameters of Table 1.

Constellation size, N

Orbit semimajor axis (DU's)

Fig. 5 Constellation size as a function of orbital radius, for several
cluster sizes; data points are for the zenith hole constellations.

Range to Target

A similar analysis methodology was used to determine the maxi-
mum slantrange to targets from the satellitesin a givenconstellation.
Once againemployingthe central limit theorem, the maximum slant
range is taken to be two standard deviations from the average value.
Averagerange and the standard deviations were determined assum-
ing an even distribution of targets throughout the coverage region
of a single satellite. Extending to n, satellites with the help of the
central limit theorem, the 2-0 maximum slant range to the target
can be calculated and is plotted vs orbital radius in Fig. 6.

Impact of Distribution

Distribution improves constellation coverage by decreasing the
variability of coverage over time for a given latitude. In a similar
manner, distribution decreases the variability of target slant range,
which results in a more efficient design with less excess capability.
The distributed radar system also has the advantage of an increased
number of perspectivesof the target area, which results in improved
target detection and clutter rejection capability. Different perspec-
tives of the same target also improves the spatial resolution of its
derived location.

System Optimization for the AWACS Mission

The goal of the system optimization procedure is to determine
values for important system architecture variables to optimally sat-
isfy the AWACS mission requirements. Optimality is defined as the
lowest cost alternative that satisfies the mission requirements. Be-
fore describing the optimization procedure, therefore, we define the
missionrequirementsand the costmetric used to measure optimality.
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Fig. 6 The 20 maximum slant range to target as a function of orbital
radius.

AWACS Mission Requirements

The mission requirementsspecify the minimum acceptablelevels
of performance for a system designed to carry out the AWACS mis-
sion. As described earlier, the performance of an SBR system can
be measured using the mean time to detection and the mean time
between false alarms. Acceptable values of these two parameters
must be specified as performancerequirements, along with the RCS
of typical military targets that must be detected and the size of the
area to be searched. The nonzero probability of component failures
or hostile actions intended to hinder operations leads to a mission
reliability requirement. The system must be able to satisfy perfor-
mance requirements at the end of life, with a specified probability
greater than or equal to R, even in the presence of failures or en-
emy action. Of course, this means that at the beginning of life, or in
the absence of failures, the system will satisfy the performance re-
quirementswith a probability higherthan R,, . The complete mission
requirement set is, therefore, 1) mean time to detection 7, = 10 s,
2) mean time between false alarms Ty, = 2.75 h, 3) RCS of targets
o = 1 m?, 4) search area A, = 10'> m?, and 5) mission relia-
bility R,, = 0.99 over a 10-year lifetime. All systems considered
viable alternativesmust be capable of satisfying these requirements.

I0C Cost Metric

The cost metric used to measure optimality is the cost to IOC.
I0C costsinclude all developmentand acquisitioncostsup to and in-
cludingthe initial deploymentcosts. Thus, operationscosts, support
costs, ground facility costs, etc., are not included in the metric. Al-
though operating costs are important for life-cycle system analysis,
the baseline missions considered are assumed to have very similar
operating costs. Operations costs in the metric would decrease the
effect that different system parameters have on the overall cost and
disguise the effects of system architecture. Of course, if different
architectureshave different operationalrequirements and cost, they
must be considered during the comparison and modeling. For the
SBR mission, cost of operations are assumed constant across the
range of architectures.

The IOC cost is the cost to develop, acquire, and deploy the
constellation of satellites. It is convenientto model the cost of each
satellite as a function of the most significant subsystemcost drivers,
whicharein turn functionsof the systemarchitectureand operations.
The metricis then the productof the cost persatellite and the number
of satellites in the constellation N:

IOC cost = ¢y costgy,
= ¢N (COStpower + COStﬂperlure + COStpys + COStlaunch) (24)

where ¢y is a cost multiplier representing the constellationsize N,
modified to account for learning curve effects,

¢N :N(a7nj)l+ﬁn(lfdis)/ﬁn(2) (25)

The discount factor dis used in this calculation is chosen to re-
flect cost savings from mass production. Large learning curves have
not yet been proven in the satellite industry but have been realized
in several other industries including automobiles and computers.
Until recently, satellites have been built in small numbers and with
little standardization between satellites for different missions. The
commercial satellite industry, most notably Hughes and Lockheed
Martin, are changing this historical trend. Several current concepts
should help to validate the learning curve model in the next couple
years, notably, the large telecommunications constellations, includ-
ing Iridium and Teledesic. Lockheed Martin is reportedly realizing
15% learning curves in the production of Iridium buses.

The four components of satellite cost are power, aperture, bus,
and launch. These are the significant drivers in development, pro-
duction, and deployment for the SBR system. Power and aperture
costs are very strong functions of architecture. Launch is also a sig-
nificant function of architecture through constellationsize (number
of launches) and altitude (size of the booster). Bus costs are included
to capture the cost of all remaining subsystems.

Each subsystem cost is calculated using the theoretical first unit
cost (TFU) of the U.S. Air Force Unmanned Spacecraft Cost Model
(USCM)."?~!* TFU costs are recurring costs and quantify the pro-
duction phase of the life cycle. Accounting for additional relia-
bility expenditure, we calculate the subsystem production cost as
(¢r TFU), where ¢ is describedby Egs. (19) and (20). Subsystems
developed for satellites placed in orbits within the Van Allen radia-
tion belts are modeled to have higher recurring costs to account for
the extra mass needed for radiation hardening. Research, develop-
ment, test, and evaluation costs are modeled as a constant multiplier
of the TFU. A rule of thumb is that development costs typically
run 2-3 times the TFU. Each of the subsystem costs is, therefore,
calculated as

COStsubsyslem = (¢R + ¢d) : TFUsubsyslem (26)

where ¢, is a development cost multiplier with a (conservative)
nominal value of 4.

The costmetricis also a functionof several additional parameters,
e.g., aperture area density, power density, battery capacity, solar
array efficiency, transmit/receive (T/R) module mass, etc. Nominal
values were selected to reflect current technology, technology that
is expected in the near future, and technology that may be possible
in several decades.

Architecture Optimization Procedure

The optimization procedure determines the values of the most
important architecture parameters to minimize the IOC cost. Some
systemparameters (m, PRF, A, B, L) canbe simply assignedreason-
able values, either because of technological limitations or because
they do not have a significant impact on the overall architecture.
These are referred to as the assigned variables. After specifying the
system requirements, the remaining undetermined system variables
are 1) cluster size ny, 2) redundancy v, 3) orbital semimajor axis a,
4) power per satellite P,,, 5) aperture per satellite A, and 6) ASR.
All other parameters can be expressedin terms of these basic quanti-
ties. The architecture optimization procedure, therefore, determines
the values of these basic parameters that minimizes the IOC cost.
Power, aperture, and ASR can be optimized analytically for given
values of cluster size, redundancy, and altitude. The optimal n;, v,
and a are then determined by searchingthrough the parameter space
for the minimum cost option.

Power and aperture impact the system cost through the payload
cost of each satellite:

COStpuyluad = COStpower + COStﬂperture
= (¢r + ¢4) (TFUoper + TFU periure) 27

The USCM actually models TFU costs as power laws, regressed
from historical data. The payload cost can, thus, be written

COStyyiond = (Pr + @) (P2 ALY + ¢p P2T + ) (28)

The power and aperture should be chosen to minimize this cost.
However, the values of P,, and A, cannot be chosen freely. For
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the search radar mission, the power-aperture product is constrained
to satisfy the radar range Eq. (7). We can use this constraint, with
the derivative of the payload cost equation, to optimally allocate
expenditure (and resources) between power and aperture, in terms
of the other variables of the radar range equation. If the payload cost
scaled equally with power and aperture, a hyperbolicconstraintsuch
as Eq. (7) would lead to a solution that shared expenditure equally
between P,, and A,. The actual TFU scalings resultin the following
power and aperture optimality equations:

b O[A¢A 1/Qap +ap) ASR(S/N)l ap/QRap+an) (29)
" 200pp K,
1/Qap +aa) 2ap/Qap +aa)
2 ASR(S/N
A = [20xdr ASR(S/N): (30)
apda K,

These conditions represent the optimal allocation of power and
aperture for a given value of their product (or equivalently for given
values of ASR and signal to noise). We can further optimize by
requiring that the power-aperture product be minimized, while still
satisfying the detection requirements.

Consider Egs. (9), (15), (16), and (30), representing the mean
time to detection and false alarm requirements, the relationship be-
tween detection probability and signal to noise, and the optimality
condition on aperture. By solving this system of equations, we can
obtain an expression for ASR in terms of only (S/N), that is inde-
pendent of the radar range equation. Substituting into Eq. (7) then
gives the power-aperture productas a function of the single variable
(S/N),. Setting the derivative to zero and solving gives the value of
(S/N), for the minimum power-aperture product that still satisfies
mission requirements. The system is fully determined, and optimal
values for ASR, P,,, and A, can be calculated. This optimization
procedure can be carried out for different values of n;, v, and a and
the minimum cost architecture can be found.

Optimization Results

The results of the system optimization presented in this section
were obtained using the following values for the assigned sys-
tem parameters: 1) wavelength A = 10 cm, 2) receiver bandwidth
B =1 MHz, 3) system losses L = 6 dB, 4) PRF = 10 kHz, and 5)
integrity parameter m = 1. No attempt was made to optimize the
system with respect to these parameters, and their values were cho-
sen based on other system drivers, current technology limitations or
the availability of unclassified data. The choice of wavelength for a
real systemis complicated by target RCS values and spectrum avail-
ability, but for the purposes of initial sizing, a wavelength of 10 cm
is consideredreasonable. The values of B and PRF are similar to the
values used in other SBR studies.'® Although the absolute value of
the IOC metric is affected by these parameters, the important trends
are largely invariant of the values. A production learning discount
factor of 15% was assumed to be reasonable, given the size of the
constellations considered.

Figure 7 shows the IOC cost vs orbital altitude for various cluster
sizes, with dual redundancy. As expected, orbital altitude has a large
impact on the IOC cost of an SBR system. At high altitudes, the
power and aperture is driven to very large values as a result of the
rangesquaredscalingofthe radarrange equation. At lower altitudes,
the cost savings arising from a reduction in power and aperture,
coupled with an increased leverage from production learning, more
than makes up for the correspondingincrease in constellation size.
This trend is shown clearly in Fig. 7. The minimum cost altitude
occurs for all cluster sizes at an orbital radius of 1.11 distance units
[DU; one Earth radius (6378 km)]. At altitudes lower than this, the
enormous number of satellites and the propulsion systems required
to overcome atmospheric drag dominate the cost. The maxima in
the curves occurs at an altitude in the Van Allen radiation belts and
is a result of the extra mass and development expenditure needed
for radiation hardening.

Figure 8 shows the IOC cost as a function of cluster size and re-
dundancy,for the minimum cost orbitalradius of 1.11 DU. There are
several important trends displayedin Fig. 8. 1) Without redundancy
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Fig. 7 IOC cost vs orbital radius for three different cluster sizes, with
dual redundancy.
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Fig. 8 IOC cost vs cluster size and redundancy, for an orbit with radius
1.11 DU.

(v = 1), the cost increases geometrically with n; as a result of the
increased reliability required of the satellites. 2) The IOC cost has
a minimum at a cluster size greater than unity. This is true for all
learning curve discount factors less than unity. 3) Small clusters
(ny, <3) benefit predominantly from increased redundancy. The
cost reductions in power and aperture from sharing functionality
among a small number of satellites is not as significant to IOC cost
as the savings from lower reliability expenditure. Consequently, the
minimum cost architecture for small clusters has v = n; (full re-
dundancy). 4) Large clusters (n, > 4) benefit predominantly from
the power and aperture reductions arising from distributed func-
tionality. The savings resulting from a considerably smaller power
and aperture are greater than those from low satellite reliability re-
quirements. High levels of redundancyin large clusters leads to cost
penaltiesbecause the constellationsize is large, but the satellitesstill
need big payloads to perform the mission. Although high levels of
redundancy lead to lower satellite reliability requirements, there is
little or no cost benefit from increasing beyond triple redundancy
(Fig. 3). As aresult, the minimum cost architecturefor large clusters
has only partial redundancy,v < n;.

Distribution in the forms of sharing the search task among the
cluster and deploying spare capability are the most significant con-
tributions to system optimality. Optimal distributionis a function of
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orbital altitude and learning curve discount. The balance between
the number of satellites sharing the task and the number of spare
satellites is important. Except for the case of no redundancy, some
distributionis always advantageous. The factors that drive cost as a
functionof distributionare 1) reliability cost decreases with increas-
ing redundancy, 2) decreased power-aperture product per satellites
with increased task sharing, 3) number of satellites and launch costs
increase with distribution,4) increasedcoverageand increased prob-
ability for favorable target viewing angles with increased distribu-
tion, 5) design efficiency increases with distributiondue to decrease
in target range variability, and 6) marginal decrease in production
learning curves with increasing distribution.

Some of the advantages due to distribution are obvious, e.g., in-
creased reliability and decreased power-aperture product per satel-
lite. There are also several subtle advantages that nonetheless con-
tribute to the reduction in system cost. Variability of range to target
decreases with increased distribution, which results in a more ef-
ficient design. Coverage efficiency improves in a similar manner.
For the same minimum coverage, constellations with higher levels
of distribution require slightly smaller constellations than implied
by linearscaling. Distributionalso increases the target perspectives,
which improves performance in clutter.

From these results, candidate architectures can be chosen that
can optimally perform the AWACS search radar function. For il-
lustration purposes, we select two alternate architectures: SSL 1,
featuring a small cluster size, and SSL 2, which has a larger cluster
size. The details of these systems are given in Table 2. Both archi-
tectures satisfy the mission requirements equally well. SSL 1 is the
lowest-cost alternative but with an rf power requirement of 12 kW
may be just beyond the reach of current technology. SSL 2 comes
with a higher price tag but has more moderate power and aperture
needs (P,, = 8 kW and A, = 62 m?). Both systems benefit from
requiring a low satellite reliability of 78 %, while still satisfying the
mission reliability of 99%. Although this satellite reliability seems
very low compared to conventionalsatellite designs, recall that this
value is functionally defined, representing the probability of satel-
lite operation under all conditions, including any enemy’s hostile
actions. The low reliability of the satellites in SSL 1 and SSL 2
corresponds to the lower level of defensive capabilities that must be
equipped on the satellites to satisfy mission objectives.

Table2 Optimal system architecture summary for SSL 1 and SSL 2

Parameters SSL 1 SSL2
IOC cost, $ x 10° 6.0 6.3
Cluster size ng 3 5
Constellation size N 107 176
Redundancy v 3 3
Satellite reliability Ry 0.78 0.78
Altitude, km 700 700
Semimajor axis a, DU 1.11 1.11
Power P, , kW 12 8
Aperture A, m? 92 61
(S/N);,dB 14 13.9
ASR, km?/s 1.2 x 10° 0.6 x 10°
Probability of detection Py, 0.84 0.84
Probability of false alarm Py, 1x1078 1.35 x 1078
Number of integrated pulses n 100 270
Dry mass, kg 3700 2500
Wet mass, kg 4700 3200

Comparative Analysis

One of the powerful uses of the system cost model is the quantita-
tive comparisonon the same basis of differentconcepts. The optimal
systems SSL 1 and SSL 2 are compared with four other SBR con-
cepts that have roughly similar missions in Table 3. SMC 1 and
SMC 2 are the proposals from the Space and Missile Center (SMC)
Space Sensor Study for the 1995 Corona conference ! Iridiumis the
66-satellite constellation that will provide global cellular telephone
service and is included only for cost model validation. Iridium con-
tracted Motorola to procure and deploy the entire constellation for
approximately $3.5 x 10°. The SBR cost model predicts $2 x 10°
10C cost for an Iridium-type system. Although accuracy in the ab-
solute cost predicted by the model was never desired, the model
gives reasonable results. Nevertheless, the IOC cost model should
only be used to compare systems on a relative basis.

SSL 1 and SSL 2 are significantly (5-10 times) cheaper than
the SMC concepts. This is in part due to the relaxed mean time to
detection requirement. The SMC concepts were sized based on a
search area equal to six AWACS horizon circles, updated uniformly
every 10s. They alsoassumed a minimum-maximum grazingangles
of 10/60 deg (as opposed to the 5/50 deg used in the SSL designs).
As aresult,the SMC systems are over capable compared to the SSL
concepts. To fairly compare concepts, the SMC architectures were
resized for the same mean time to detection and grazing angles as
used in the SSL designs. While maintaining the same altitudes as
the original SMC designs, the resized SMC architectures were also
optimized for power, aperture, and ASR in the same way as the SSL
systems. After this resizing and optimization,the SMC concepts are
between 50% and 100% more expensive than the SSL distributed
designs for the same level of performance. This shows the potential
benefits gained from moving to a distributed architecture.

Conclusions

The initial question that was asked was whether it was advan-
tageous to distribute the function of aircraft detection from space
acrossa number of spacecraftso that the each target area would have
multifold coverage. This question was addressed through a detailed
process that optimized the system design using the cost to initial
operating capability as a fundamental metric.

The answer to this questionis that some level of distributionabove
the minimum required for global coverage is always advantageous
in minimizing cost. Distribution allows the task of searching to be
shared among several satellites viewing the same area, reducing the
resources required of each satellite. In addition, distribution allows
spare capability to be deployed. The optimal amount of distribution
isastrongfunctionof the redundancy.If noredundancyis employed,
all of the satellites must work in series to detect a target within the
required time. This forces the satellite reliability to very high val-
ues, driving up the system cost. If some redundancy is deployed,
then the optimal amount of distribution for each region to be cov-
ered is between three and five. This means that each region is being
searched simultaneously by three or five satellites. The minimum
exists because of a tradeoffbetween competing trends; larger cluster
sizes reduce the power and aperture expenditure for each satellite,
whereas smaller clustersrequire fewer satellites. For very large clus-
ters, the number of satellites in the constellation and the cost associ-
ated with their constructionand launch dominates the IOC cost. For
very small clusters, the power and aperture on each satellite must
be very large, driving the system cost away from the optimum.

Table 3 SBR concepts system and performance comparison

Constellation 10C cost,
System Alt, km P.h P, kW A, m? Ty, s ASR, km?/s size $ x 10°
SMC 1 2,600 2.35 25 2,275 4.1 2.6 x 10° 26 61
SMC 2 10,000 6 30 12,300 3.6 2.9 x 10° 9 34
SMC 1 resized 2,600 2.35 30 227 10 1.2 x 10° 17 9.2
SMC 2 resized 10,000 6 80 590 10 1.2 x 10° 8 12.1
SSL 1 700 1.65 12 92 10 1.2 x 10° 107 6.0
SSL 2 700 1.65 8 61 10 0.6 x 10° 176 6.3
Iridium® 775 1.675 0.9 6 Contract price $3.5 x 10° 66 2

2Shown for comparison of the cost model output.
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The optimum level of redundancy is strongly dependent on the
cluster size. Large clusters benefit mostly from a reduction in
the power and apertureresources on each satellite. Employing more
than dual redundancy to large clusters diminishes this effect while
adding more satellites, resultingin a cost penalty. Conversely, small
clusters cannot gain enough leverage from sharing the search func-
tion between only a few satellites. As a result, they benefit mostly
from adding redundancy, because the cost of each satellite is greatly
reduced.
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