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Abstract  Satellite subsystem power budgets typically have strict margin alloca-
tions that limit the on-board processing capability of the spacecraft.
Subsystems are assigned a fixed, maximum power allocation and are
managed in an on/off manner according to available power and opera-
tions schedule. For a remote-sensing satellite, this limitation can result
in poorer detection performance of interesting signal events as well as
static instrument or data collection settings. Power-aware computation
techniques can be utilized to increase the capability of on-board pro-
cessing of science data and give the remote-sensing system a greater
degree of flexibility.

We investigate a power-aware, signal processing scheme used to study
signals from lightning events in the Earth’s atmosphere. Detection and
analysis of these lightning signals is complicated by the frequency dis-
persion experienced by the signal in the ionosphere as well as the inter-
fering anthropogenic signals. We outline a method using multiprocessor
architecture to run processing algorithms which have varying rates of
power consumption. A 6 order magnitude spectrum of energy usage for
these algorithms is obtained from experiment results.

Keywords: PAMA, satellite power management, power-aware remote sensing, ionospheric-
dispersion signal, FORTE



1. INTRODUCTION

Conventional solutions to satellite power management consist of main-
taining strict power budget margins during design and coarse on/off
power switc ing of subs stems during operation ower allocations are
generall static and it is commonplace to assign a ma imum power re-

uirement to eac subs stem ese met ods can increase t e time of
t e iterative design process and t ereb all associative costs of labor
over ead etc be wasteful of t e power resources or re uire careful
ground support planning of t e science-instrument observation sc edule
suc as turning certain instruments off so t at ot ers ma be turned on
given t e limited power available

n t is paper we e plore t e capabilities of a power-aware satellite-
based computing s stem for on-board signal processing to detect radio
fre uenc events caused b natural events e detection perfor-
mance of t e satellite-based remote sensing s stem can be improved on
a moment-b -moment basis t roug t e use of power-aware computing
principles  etection performance is directl related to ow well and
ow often post-detection numerical computations can be e ecuted to re-
duce false alarms greater capacit to reduce false alarms allows for
a greater probabilit of detection is capacit to reduce false alarms
comes from t e availabilit of computational resources w ic in turn
are dictated b power availabilit is paper addresses an intelli-
gent power-management tec ni ue t at can be utili ed in epartment
of nerg o / epartment of efense o as well as civil-satellite
remote-sensing applications using t e niversit of out ern California
C / nformation ciences nstitute ower ware ultiprocessor

rc itecture
it te multiprocessors power can be controlled in a gra-
dient manner in contrast to conventional tec ni ues is allows for
more e ibilit in t e power budget margins and a ig er degree of
contingenc options for t e s stems engineer n our remote-sensing
application t e multi-processor ardware consisting of programmable
processors and interconnect is used to manage t e data processing algo-
rit ms e computational processing is ad usted to conserve or drain
power according to t e amount of power available vs t e rate of trig-

gering events
ne remote-sensing application utili ing power-aware management

tec ni ues is in t e processing of signals eg lig tning in t e
art s atmosp ere similar to t e mission of t ¢ o -funded ast n-
rbit ecording of ransient vents satellite was

built b os lamos ational aborator and andia ational



aborator ig t operations ave also been s ared as a oint
venture between and e principal goal of is to
develop a compre ensive understanding of t e correlation between t e
optical as and ver ig fre uenc emissions from lig tning e sig-
nal processing tec ni ues used in anal ing signals is t e focus for
t is power-aware application
e s stem can be used in a more sop isticated approac
as part of an intelligent power-management sc eme ower resources
are utili ed and managed in a gradient manner as opposed to t e bi-
nar on/off operations or wasted as eat n a remote-sensing appli-
cation t e computational power of processing data can be ad usted to
eit er conserve or e ploit e cess power as needed is ast e advan-
tage of more on-board processing as power is available resulting in a
uic er ground-based anal sis of t e science data dditionall in a
smart data processing sc eme it would also be possible to reorient
or re-calibrate instruments based on t e incoming data w ile in-orbit
wit out t e dela s associated wit ground communications and anal -
sis  rocessing decisions are made based upon t e available power t e
ealt statusoft esatellite andt erate of interesting science events
uring intervals of low activit or off-pea  t ere can be low rates of
data collection and processing li ewise during pea  periods t ere
can be ig rates of data collection and processing us wit t ese
aspects application-oriented power management can be a valuable tool
for t e spacecraft designer allowing for greater e ibilit int e pa load
power budget margins more contingencies for andling power uctua-
tions during on-orbit operations and a better management of science
data collection and anal sis
ts ould be noted t at our approac isa management tec ni ue not a
met od to minimi e subs stem power ie power ma a eme t instead
of power e ce ¢ ver t e traditional satellite power-management
met ods t is approac is a smarter algorit mic approac to power
management e advantage is t at satellites w ic are aware of power
usage and t e overall satellite state can distribute power t roug out
subs stems to ma e t e best use of t e available power

R oT N IN IC TION

ort iswor we ave focused on power-aware processing for a remote-
sensing application similar in nature to t e mission of e
satellite was launc ed in ugust of and carries a suite of
instruments used for stud ing t e optical and signals from lig t-
ningint e art satmosp ere e results from ave led to a



onic-Dispersed RF Signal

better understanding of t e relations ip between optical and lig t-
ning events and future satellite missions can even use t is nowledge to
elp provide global lig tning and severe-storm monitoring ussel- upre
et al e processing algorit m for t e lig tning signals
as been ¢ osen for t e multi-processor-based power-aware application
stud

1 I D

lig tning event int e art s atmosp ere generates a dispersed
signal ie low fre uencies of t e signal are dela ed as it propagates
t roug t e ionosp ere isis nown as a c¢ irped signal simu-
lated ¢ irped signaliss ownb t egrap sin igure e top grap
is an illustration of t e time-domain signal and t e bottom grap is a
plot of t e dispersed signal fre uencies vs t e corresponding times



e time ta en for a given fre uenc of t e c¢ irped signal to arrive
at t e on-orbit receiver is related to t e total electron content of t e
ionosp ere along t e direction of t e signal travel t e given fre uenc
and t e signal time-of-arrival if ionosp eric dispersion did not e ist n-

emar and iple is relations ip is illustrated in t e bottom
grap of igure and can be determined from
w ere fre uenc time-of-arrival
total electron content along t e
signal pat
fre uenc

signal time-of-arrival neglecting
ionosp eric dispersion

e or total electron content C represents t e number of
electrons in a unit-area cross-section of an ionosp eric column along t e
signal pat is atmosp eric propert is related to t e propagation
of radio signals t roug t e ionosp ere w ic can distort or bend t e
signals over t e ori on C is also related to t e surface temperature
oft e art andt us could be viewed as an indicator for storm severit

e is t e time t e signal would ave arrived at t e on-orbit
receiver if t e ionosp ere did not distort t e signal ont e ot er and
t e rst term on t e rig t- and side of is t e additional time
ta enduetot efre uenc dispersion oticet atfor ig erfre uencies
t e time ta en approac est at of and for lower fre uencies t e time
dela is greater e parameter is primaril useful for geolocation
ie determining t e geograp ic origin of t e signal

. ORT R

receives signals eit er from two ort ogonal monopoles

mounted at t e satellite s base or b passive moderate-gain antennas
mounted on a  foot nadir-directed boom ere are two t pes of re-
ceivers tunableina - band w ic consist of a mi er bandpass
lter and a second mi er stage e rst mi er up-converts t e antenna
signal to a ig er fre uenc t en passes t e signal t roug t e band-
pass lter e second mi er t en converts t e band-limited signal to
baseband epending on t e t pe of receiver eit er a -bit ig -speed



digiti er or a -bit digiti er is used e digiti ers are in constant oper-
ation n analog trigger bo processes t e output from t e second-stage
mi er and determines w et er or not t e digiti ed data is to be recorded
in pa load memor e recorded data can t en be downlin ed to t e

or niversit of las a airban s groundstations ata anal sis is
carried out as part of t e ground operation at and

e analog signal is passed into separate ¢ annels t roug a set of
bandpass lters in t e trigger bo e triggering signal w ic deter-
mines t e recording of data is generated b predetermined t res old
levels in eac of t ese ¢ annels etting t ese t res old levels causes a
trade-off relations ip between t e probabilities of true signal detection
and probabilit of false alarms as illustrated in igure st et res -
old levels are increased fewer trigger signals are seen in eac ¢ annel and
t e probabilit of false alarms decreases  owever t is also decreases
t e number of detections us for better detection performance more
false alarms must be accepted nce t ese t res old levels are set t e
probabilit of detection cannot be improved but post-detection tec -
ni ues can s ift t e operating points of igure to t eleft decreasing

t e rate of false alarms for a given rate of detection erefore it is
desirable to maintain t e optimum value of detections vs false alarms
a tas normall accomplis ed b ground staff e environment is

ver d namic due to ant ropogenic signals n using a met od w ic
allows more on-board processing t e remote-sensing s stem can ad ust
more uic 1 to incoming signals t an t e ground-based approac

. I N ITR OR R T R
TI TION

e power-management activities in t is remote-sensing application
stud are t reefold

m  ncrease t e amount of on-board signal processing to reduce t e
probabilit of false alarms wit out affecting detection performance

m  dustt esignal sample rate or signal sample capabilit

s Control t e algorit m power usage b var ingt e cloc fre uenc
number of active processors and active software modules

ese activities are constrained b t e power state of t e satellite and

b t e rate of incoming events
e ob ective of t e signal processing algorit ms see ppen eim and
c afer ress et al a for furt er bac ground on
signal processing algorit ms is to reduce t e number of false alarms and



Signal Detection and False Alarm Rate Operating urve

estimate t e and parameters as described b from t e
¢ irped signals received in orbit e parameter-estimation owc art
is depicted in igure ote t at for t e trigger and digi-

ti er output signals are normall downlin ed directl to t e ground for
anal sis t ere is no on-board processing of t is data

.1 T D O
e time-domain analog signal is to be passed t roug a ard-
ware trigger bo and a digiti er e output from t e trigger bo and

t e digiti er provides two input data sets to t e signal processing algo-

rit m software n ardware t e processing software is not active until a

signal e ceeds a given number of predetermined t res old levels ie an

event is not cataloged until man of ¢ annels pass t res old
nown as a big
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e output from t e trigger bo consists of t e and  values ob-
tained from ltering t e signal t roug a set of bandpass lters s uare
law and low-pass lters ence and are t e signal ce ter fre-

uenc and ce ter fre uenc time-of-arrival respectivel as obtained
b t e lters is data set will be passed into two routines t at will
perform a least-s uares linear regression t and a least-s uares ma i-
mum li eli ood t tot e data ese two routines will determine t e
initial and estimates and ema imumli eli ood tis
used to elp reduce t e number of false-alarm outliers ot routines are
deterministic code ie +t e routines e ecute in a nown nite amount
of time

e digiti ed signal data set can
be passed t roug t e following set of Iters to perform more re ned
estimates of  and




is routine performs a ast- ourier rans-
form of t e signal and re uires t e initial estimates of
and from t e least-s uares modules

e number of matc ed lters can be
variable dependent upon t e time allowed to process t e current
event before anot er event arrives and t e available computing
power is routine will ta e more time to e ecute t aneit ert e
least-s uares or t e software trigger routines

is lter routine will follow t e adaptive least-
mean-s uares lter algorit m and use eit er a  ed or variable

step si e e e ecution time for t is routine is indeterminate

but depends upon t e wualit of t e signal and initial starting

conditions is lter s ould ield t e most accurate estimates
owever

deall inaco e to al computational satellites stem given enoug
computing power and time to process t e signal t e routines of igure
would be e ecuted se uentiall owever given a more realistic sce-
narioinw ic t ereisonl a nite amount of time beforet e ne t event
arrives and a nite amount of computing power in w ic to process t e
signal t ese activities are currentl reserved for ground-based anal ses
ower-aware management principles can be utili ed to process t e data
t roug t ese routines on-board t e spacecraft ese ideas are reali ed
t roug t e computer s stem b managing t e number of active
processors wor ing in parallel and customi ing t e interconnect to t e
desired communications pat s

. D TI @) R R R
ROC IN

ur goal is to determine as accuratel as possible an estimate for
total electron content and event time of arrival given a var ing power

budget and var ing inter-event duration s discussed previousl in
ection t ere is a suite of successivel more powerful lters t at
can be applied e ave available multiple nodes of t e parallel

processor to appl in parallel to t e signal processing tas s

1

consists of a -node multi-processor connected b a programmable
interconnect nt e - board eac nodeisa itaci - pro-
cessor wit -bit integer and oating point ardware stems software



includes t e inu operatings stem -li e communications between
processes and a power-aware software librar t at allows t e applica-
tion to uer power levels and set processor mode cloc fre uenc and
voltage

ur application designates a distinguis ed node ast e application
controller ode is responsible for

m obtaining t e trigger data and data samples
m  determining available power

m estimating t e event rate

s distributing wor tot et ree ot er nodes

or er nodes all run t e same program consisting of t e algo-
rit ms illustrated in igure ac wor er receives trigger data and
data samples over t e interconnection networ from ode n addi-
tion eac wor er receives a control vector from ode telling it w ic
of t e Iters to appl tot e data 1t oug t e wor ers run t e same
program t e wusuall ta e different pat s t roug t e program us
we refer to t e wor er nodes as operating in multiple program rat er
t an single program mode

e distinguis two t pes of operation n t e rst t pe multiple
program multiple data-stream processing eac wor er node is given
a set of lters to appl to a uni ue data stream is mode is used
w en t e event rate is ig e available power determines w ic  1-
ters a wor er node will appl n a low-power ig -event-rate scenario
t e wor er nodes will ust perform t e least means s uare t and
possibl t ema imumli eli ood t ese routines are ver  uic
see ection for uantitative results and onl re uire t e trigger bo
data rat er t an t e entire data sample stream en more power is
available t e controller ma c oose to ave one or more of t e wor er
nodes also compute a more time consuming lter on t e data suc as
software trigger matc ed lter or adaptive lter ig-
ure illustrates a scenario in w ic  ode is as ed to perform t e
complete parameter estimation suite ode runst e rst four modules
onl and ode runst e rstt ree modules onl

e second t pe of parallel processing is multiple program single
data stream mode is mode is used in a ig -power availabilit low-
event-rate scenario e controller broadcasts t e trigger and sample
data to all wor ers and via t e control vector directs eac wor er to



Power Aware Parallel Signal Processing By
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perform a different lter nt e case of anot er event occurring before
allt ewor ersare done t e controller ma ta et e most accurate result
computed to date and t en reset t e wor er nodestoanewevent nt e

e ample of igure ode performst e and routines
ode performs t e and and ode performs
and
. O R I I IT ND U

e control node must decide w at subset of t e signal lters eac
wor er node s ould perform on w at data s mentioned above t is
decision is based on power availabilit and t e amount of power re uired
b eac oft e signal lters

—-
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e amount of power available for signal processing computation is

a comple function of orbit and ouse eeping wor load picall for
solar arra /batter satellites t e solar arra s will bot rec arge t e
batteries and provide power during lig t times enint e dar
ie eclipse power is ta en from t e batteries as t e abilit
to draw from t e solar arra s or batter or a combination of bot is
is accomplis ed automaticall in t e ardware depending on t e load

ere are a few issues to consider for estimating t e amount of future
power available ese include t e following

m orbit eclipse times en t e satellite is in eclipse t e arra s are
not ¢ arging t e batteries and no power is drawn directl from
t esolar arra s ence t e batteries are t e onl source of power
ere is also a limitation on ow muc power can be drawn from
t e batteries t picall nown ast e ept of isc arge be ond

t is limit t e batteries can no longer be rec arged

et ods for estimating t e amount of time spent in eclipse con-

sist of using orbit propagator tools  or eclipse times
are predicted manuall b using t e atellite ool it program
commerciall available from nal tical rap ics nc e future

load on t e batteries and re uired rec arging rates is t en esti-
mated based on t ese predictions similar met od can be used
for b uplin ing t e e pected eclipse times ese times
can t en be loaded into t e power-control algorit m

m solar arra degradation due to radiation picall a solar arra
will produce more power at t e beginning-of-lifet an at end-of-life
is is dependent on t e solar arra properties and t e radiation
e posure for t e given orbit  egradation tends to be a long-term
effect and can t us be monitored from t e satellite ealt power-
state values

m sun incidence angle e solar arra, will produce ma power w en
t e arra is normal to t e sun vector  ttitude data relative to
t e sun is needed for t is information or t e spacecraft

bod is covered wit solar panels to provide a constant average
power generated b t e panels

m rate of future events e event rate can var from several events
a second to an event ever  fteen minutes or our science appli-
cation t e event rate is determined principall b t e satellite s
orbit and time of ear n general we e pect more t understorm



activit over land and in t e summer t an over water during colder
seasons t usleadingtoa ig erevent rate fort e former e ave
developed a simple model for t e event rate t at factors in t ese
considerations n operation we will load t e event rate as a table
to t e on-board processor

or furt er information on satellite power s stem re uirements design
and estimation see arson and ert

. U
e ave obtained power usage for four of t e signal lters b running
t e lterson a variet of microprocessors ese include t e following a
- entium  processor runningt e inu operatings stem and
compiled wit t e C compiler using optimi ation option a

itac i - processor running t e inu operating s stem and
compiled wit t e C compiler using optimi ation option a e as
nstruments C wit a cloc fre uenc of using

no operating s stem and compiled using Code Composer er wit
t eo optimi ation options and a ower C running t e

or s operating s stem  ime-to-e ecute values for eac processor
and for eac signal-processing operation were determined n addition
bot time-to-e ecute values and power usage estimates and pea
current were determined for t e ower C

ime-to-e ecute values t at are presented in t is paper are average
values test set comprised of  test events was used for t is benc -
mar ing e ercise ac test event as ardware-trigger-bo data and
digiti ed waveform data associated wit it e data of t e test set
was s nt eticall generated using a program t at simulated
a pulse event being received b a space-base receiver s stem containing
a ardware trigger bo and a waveform digiti er  everal to
e ecutions of t e complete data set were performed to ield averaged
time-to-e ecute values

ime-to-e ecute values were determined b embedding compiler-speci
timing functions into t e C-language code e timing functions in-
volved t e starting stopping and/or reading of timers or cloc -c cle
counters e met od of timing was determined b w at compiler-
speci c functions were available and familiar tot e e perimenter at-
ever t e functions used t e placement was done in a manner as to onl
ta e into account t e data manipulation onl operations and not t ose
operations associated wit allocation of memor movement of data or
ot er operations t at ma be dealt wit differentl in an application-
speci ¢ embedded-processors s stem



Timing of Signal Filters
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one of t e development s stems used to benc mar t e code were
developed to be application-speci cs stem for t e application presented
int is paper is being t e case t e values presented int e able
cannot be considered as in e ible values t at can be used to determine
design limits  owever t e values do give a good presentation of t e
relative comparison of ow t e processors perform w en tas ed wit t e

speci c application of t is paper en e amining t e table t e cloc
fre uenc oft eprocessors ould be ta en into account Cloc fre uenc
as a directed impact on power usage t us ables and ust begin

to visit some of t e trade space in t e design of an application-speci ¢
s stem

ower usage fort e ower C e ecuting t e benc mar ing code
is presented in able e et ropulsion aborator power-
aware testbed consistsof a ind iver C processor board
t at is running or s e processor operates at a constant

and current consumption is measured wit a e troni
igital osp or scilloscope Current is sampled wit t e e troni

C probe t at is wired to t e board oftware compilation is done
wit t e or s ornado programming tools w ic usest e
C compiler

e software is compiled and downloaded to t e testbed manuall
wit t e ornado target server s ell e programs are run until an



Matched Filter ac ground Measurements

average current signal snaps ot is ta en wit t e oscilloscope e
average signal is determined manuall b watc ing t e current re-
sponse during several program runs e snaps ot ista en w ent e

current response produces a fairl consistent signal and consistent mea-
sured values or reference a bac ground snaps ot ie w ent ere
is no user-program load is also ta en for eac program test  iming
information is obtained using t e tic et  function in t e software
code ince t e tic s ave a low resolution in comparison to t e pro-
gram e ecution time of  tic s/sec an average value was calculated
b summing t e tic s over a signi cant number of program runs  ep-
resentative oscilloscope measurements for t e matc ed Iter are s own
in igures and igure s ows t e bac ground measurement
and igure s ows measurement w ile t e matc ed lter routine is
running
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ot pea and average current were measured for a -volt power
suppl suppl ing t e processor  able provides t e pea current
power time-to-e ecute and energ -e pended values for t e four
signal-processing operations incet e application of t is paper is satellite-
based it is believed t at t ese values associated wit power measure-
ments would be t e ones most desirable to a designer
e test results of ables and s ow a diverse spread of mag-
nitudes from running t e four signal processing routines to
s e pected t e and routines e ecute in t e least amount of
time wit t e least amount of energ ese two routines are ideal for
obtaining a uic initial estimate of t e parameters and e
routine provides a more re ned estimate of t ese parameters but
also as an associated increase in t e timing and energ costs n terms
of t ese performance metrics t e most e pensive routine is t e it
is appro imatel orders of magnitude more costl in time t an t e
and routines  orders of magnitude more costl t an
in energ and orders of magnitude greater t an in e pended en-
erg us t ese results illustrate t e trade-off relations ip between
timing/energ costs and increasing parameter estimation accurac for
ig er-con dence estimates t ere are more associative costs
is parameter estimation trade space de nes t e operations of t e
power control node t is desirable to obtain t e best estimate possi-
ble given t e constraints on bot current and future available power
e pected rates of incoming trigger events and t e timing/energ costs
associated wit routine e ecution
f wort noting is our e clusion of t e trong processor in our
presentation of data ereason for t isist e belieft at t e processor
would not be suitable for intense oating-point operation is belief
was supported b preliminar testing sane ample a tron-
g processor re uired s to perform t e t and s to
perform t e operation It oug t e trong processor  as
man desirable features in terms of power-usage control it was clear
t at it is unsuitable for t is application

CONC U ION

nt is paper we discuss ow power-aware management tec ni ues can
be used in satellite remote-sensing applications as a smarter approac

to satellite power management remote-sensing application similar
in nature to t e o -funded satellite mission and t e signal
processing algorit m used is described sing a power-aware multi-

processor we avet e abilit of on-board post-processing of science data



to reduce t e rate of false alarms and give t e remote-sensing s stem a
greater degree of e ibilit e ave described ow t e signal process-
ing modules are mapped onto e ploiting multiple processors for
more accurate detection w en power is available w ile scaling bac to
uni-processor and lesser cloc -fre uenc mode w en power is scarce -
perimental tests on four of t e signal processing algorit ms ave ielded
a order of magnitude spectrum in energ consumption between t e
routines s differing algorit ms produce ig er-con dence parameter

estimates signi cant increases in energ costs are e perienced is
pro ect is currentl on-going and is a collaboration between and
c/

is effort is sponsored b efense dvanced esearc ro ects genc

t roug t e ir orce esearc aborator under
agreement number - - - e are indebted to fort e
use of t eir ower C testbenc to measure algorit m power usage and
t an s speci call to effre am ung of for is invaluable assis-
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