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AI3STRACT

New technique-sbar tite- radiosounclingof geaspace-plasmasare-described.Advan-
ce-o] digital praccssing,includingspreat]-spectrumandFourierte-e-hinques,hasbeensuc-
cessfully o]e-playcclduringdic lastdee-ade.Similar techniqueshave-re-centlybe-enappliet]
La space-bomesounclingof tite- magnetespitere.It is shown LitaL radieseundingusing
Doppler-sorteo]imaging can me-asure-tite structure-aud dynamicsof geospace-plas-
mas.

Key words:Radio SaundingGeaspace-Plasmas,Dopple-r-SartedImaging.

1. INTRODUCTION

Radiosaundingis awell-esLablishedLechnique- LitaL was tú-stdeployedun
tite 1920’sfar ionosphericsaundingbrom tite grauno](Breit ant] Tuve, 1926).
In rece-nt>‘ears,advanceddigital soundersweredevelapedfor ground-based
observatiansthat providedetailedinformationabauttite structureano] dyna-
micsof tite battomside-ionospitere(Reinisch,1996).Tite-semodernsounders
me-asuremore titan just tite time of fligitt ano] amplitude-of tite echaes,they
alsa determinete arrival angle,wavepolarization,ant] Doppler frequency.
Radiosount]ing re-lies o» total reflectionof rao]io wavesfrom plasmastructu-
restitat itave plasmafrequenciesf~equalto tite radio frequenciesf.It is, tite-
refare,not possibleaix te grauno]to receiveechaesreflectedfrom tite topside
ianospitereor tite magnetospiteresince- tite ianospitericF2 layerpreventsalí
transmitteo]waveswit brequencies1< faF2 (te maximumionospitericpías-
ma frequency)fram prapagatingbe-yandtite iteighL of tite- F2 layerpeak.‘me
electrande-nsitydistributionaboyetite F2 peakwas me-asure-o]by topsideio-
naspiteriesoundersaix satellitesaboyetite F2layerpeakas firstdescribe-o]by
Franklinano]Maclean(1969).‘mese tapsidesouno]e-rsre-carde-o]te- amplitudes
ano]e-cito de-lay timesof ionasphericecitoesas afunctianof frequene>’in tite
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same- way as it was done by tite ground-baset]saundersof tite time. Data
from tite highly succe-ssfulAlauette/ISIStopsidesounde-rs(Jacksone-t al.,
1980; Jackson,1986)werete basis for nearly 1,000scientific publications
(Bensonet al., 1998; Pulinets,1989).Very rece-ntly,radio saundingtechniques
far magnetosphericsouno]ingweredevelopedusingfrequenciesfrom 3 kHz to
3 MHz (Reiniscitet al., 2000),correspondingto electrondensities = l0~ to
10’! nr3.

2. PRINCIPLESOF RADIO SOUNDING

Rematesensingof spaceplasmaswith radio waveswas originally develo-
peo] for ground-baset]ionosphericobservatioixsusingdiffe-renttecitniques:par-
tial reflection(2-6 MHz), total reflectionor radio sounding(0.1 —30 MHz), ca-
iterentscatter(10-100MHz), ano] incoitere-ntscatter(50-900MHz) (Hunsucker,
1992).Eiectromagneticwavescanpropagatetitrougit a magne-toionicme-dium
as long as n2 > O witeren is tite indexof refraction.Reflectionoccurswitere n =

o ant] the plasmadensitygradient is parallel ta the- wave normal (Budden,
1985).SalvingMaxwell’s equationlar n = O gives tite follawing titree reflec-
tian conditions: -

X = 1 ordinary(O) wave¡nade
X = 1 — Y extraordinary9<) wave- ¡nade

X = 1 + Y Z-wave¡nade (1)

X—(Í±YY—LU—~— Nc2 cfi
0

2~fJ’f’JN 4x nw0 2,rm

N, e, ant] m aretite numberdensity,citarge,ant] massof tite electron,g~ is tite
free spacepermittivity, ano] fi0 is the earth’smagneticfie-Id. Tite O ant] Z
¡nadesitave left-hand,ant] tite X moderigitt-itano] polarizatianwith re-spectto
tite magneticficto] direction.Exceptat itigit latitudes,tite Z modeis rarelyob-
servedant] tite twa prevailingmodes,O ano]X, canbe identifico] by tite- sense
of rotation of the E ficíd vector. lanosondestypicalty scantitrougit frequencies
from —0.5 to 30 MHz transmittingnarrowpulsesin tite vertical t]irectionant]
measuringtite e-cito de-lay time. The datacan bedisplayedin form of an iono-
gram sitawing tite echo de-lay as function of the soundingfreque-ncy.The
echode-layt4 is usuallye-xpresset]in termsof tite virtual iteight h’ = 0.5 e-
whereeis tite free spacespee-dof Iigitt. Tite quie-tdaytimeionogramin Figu-
re 1 was recardedatMilístone Hill, Massachusetts(42(N) ano] sitowsecitoes
from tite E, Fí ano] F2 laye-rs.This ionogramis e-asyto interpretsince-tite ia-
nospite-resitowedno irregularitiesano] alí tite ecitoeswere retumedfrom di-
rcctly overite-ad.
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Figure 1. Quietdaytirne-ianogramat Mill stoneHill. The O asidX echotracesareidenlifiedby red and
gre-en color.Ihe autascaledñ’19 tracesare- shownasthinblack lipes closeto theleading edgeof Use
echatrnces.Sorneof te autoscalediasiagrarncharacte-risdcsaredisplayedon thele-fI. ‘The autanrnticalJy

calculatedelectrondensityprofile is showniii theianogramasanfÑ(f) plot.

3. THE WAVE POLARIZATION

Electromagnetiewaveprapagationin amagnetoionicmediumis anisotro-
pic, ano] only waveswitit te characteristicwavepolarizationsare salutionsof
Maxwell’s equations(Stix, 1962; Budden,1985).Tite twa characteristiepola-
rizatiansaregenerallyrigitt- ano] left-itandelliptical, ano] tite twa citaracteristic
wavesprapagatewit differentpitaseant]graupvelocities.Tite modesitave dii’-
ferentplasmacutafffrequenciesas discusset]aboye,correspondingto different
re-flection le-ve-ls ant] echodelays.Sincetite plasmais gene-rail>’not homoge-
ne-aus,tite citaracteristicpolarizatiansslowly citange-alongtite ray patit. Sig-
nificantmodeconversiandaesnot accurunlesssteepgradientsare- encauntered.
Witen receivingechoesaix tite grauno],tite citaracteristicpolarizatiansare de-
termineo]at die altitude wite-re- tite- signalexits te ionaspitere(Budden,1985).
Portopsit]earmagnetosphericspace-basedsount]ing,tite characteristicpalari-
zatiansabte receivedecito signaisaredefmedby tite localplasmafrequency
fNS ant] tite magneticile-It] at tite spacecraftlocation. Except for ne-arly
transve-rsepropagatianwit respectta tite geomagne-ticile-Id direction, te

hF2

toE19;~h%1I(h>.proffie

1 2 3 4 5 6 7 8
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elliptical polarizatiansarealmostcircular,i.e., tite- ratio paf tite minaraxis ayer
tite majaraxis of tite-polarizatione-llipse is=0.9. Madernsoundersniake-useof
that fact ant] transmit rigitt-or left-handpolarizedwavestus putting ne-arly
100%of tite radiatedenergyunto te- desiredwavemode-.Ib tite receive-anten-
nasare- alsocircular polarized,it is easyto distinguishtite O ant] tite X mode
ecitoesby transmitting/re-ce-ivingsuccessivelywitit O ant] X antennapolariza-
tion. A simple- rigitt- ar left-handpolarizedantennacan be built with twa line-
arortogonalantennasby feedingtwa equalcurrentswitit pitase-dibference-A4,
into te twa antennasbar transmission,or by adt]ing tite twa signal with a
pitasede-lay of —¡14, for re-ception.In mostapplicatians,¡14, = 900 (Reinischa
al., 1997), ano] tite- transmitte-dsignal at apoint r, 0, 4, be-comes(Re-inischet al.,
1999)

E(t, r, 0, 4,) = (E*, E>5, E~) ei(o1Ér) (2a)
wítit

E = E0 [(1 sin
2 Ocas24,) Y «sin2O cas4, sin 4,sin 4,)]

E = E~ [—sin2Ocas4, sin 4, ±i(I — sin24, sin 4,sin2 4,)] (2b)
t=E

0 [—sinecose cas4, Y i(sin Ocasesin4,)]

‘me twa artitogonalantennas(dipoles,ritombie-s,or deltas)areassumedto
une- up witit tite x ant] y axes,ant] tite currentsinto tite antenixasare 1 (t) = ti
¡(e). Tite plus-or-minussign determinestite senseof rotation; bar tl~ uppe-r
sígns,Erotatesfrom thex to tite- y axis. In ionosphericsoundingtite characte-
ristie wavesaregenerallycalleo]X ant] O waves,plasmawavestuo]iespre-fertite
designationsR-X ant] E-O waves,me-aningright ant] left itand polarizedwitl¡
respectto tite- directian of tite magneticfie-Id or its compone-ntin tite- directionof
propagation.SincetheE vectorof anR wave (L wave)rotatesin tite same-di-
rectionasagyratingelectron(positive- ion), Rawe-rano]Suchy(1967)suggested
tite designationse-waveano] i-wave.Tite-setwa wavesaresitown in Figure-2
borO <900ant] w< 900. Tite- wavepalarizatianis circular bar 0=00 ano] 1800,

linearbar O = 900 ant] elliptical for ah otiter dire-ctians.

4. CONCEPTSOF MODERN PLASMA SOUNDE1IS

Modemsaunde-rsme-asure-ah parame-tersof tite- wave-sreflecte-o]from muí-
tiple plasmastructure-s:tite e-cito de-lay time, tite complexspectrum(amplitude
ano]pitase)of tite e-cito signais,tite-ir an~ivalangle,ant] tite-ir wave-polarizatian.
Lix contrastto conventionalradarsystems,soundersape-rateayera large fre--
quencyrangerequiringwide-bandantennasystems.Tite long wave-lengthsin-
volvedin te saundingof ge-aspaceplasmasmakeit impracticaltae-onstructna-
rraw-beamtransmil antennas.Tite be-amwidth of typical transmitantennasused
farradio sauno]ingis usuahí>’ large,—qr/2 radianbargrouno]-basedionospheric
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z

y

Figure2. Transmissioninta directionz’ fromnorthagonalantennasalangUse x asidy ares.The sensesof
rotaríanfor Use i aside wavesareshawnfor ip’< 90~.

saunding,ano]4xsteradianlar space-basedsounding.Titis me-mis (bat a large
regionof plasma-filledspaceis illuminated.De-pe-ndingon te plasmastructu-
re, ecitoescan retumfrom man>’clirections.Titis cre-atescomplicatedianagram
images(unlike Figure- 1) with overlappingverticalano]ablíqueO ano]X echo-
es.To con-ectlyidentil>’ ano] interprettite-seechoeslii temisof plasniadensit>’
ano]ecitalocationit is ne-ce-ssary,titerefare,to measuretite wavepalarization
ano]te arrivalangleof tite ecitoes.Measuringtite Doppler sitifts of theindivi-
dualecitoesallowste deductionof te velacityvectorof tite movingplasma,
niaking it obtenpossibleto derive-tite- plasmadrift from Dappler-interferometric
soundings.Indeed,Doppleranalysis,i.e.,Fouriertransformatian,of te re-cei-
vede-cita signaisis te only way ta identify tite multiple signaisarriving si-
multaneouslyat te receiverfram difIere-ntdirections.‘me spaced-antennaun-
terferametertechnique,usualí>’deplo>’edbararrival anglemeasurenienison tite
grauno],cangive- tite arrival angleonly wite-n a single planewave is arriving.
Tite arrivalanglecantitensimplybe- calculatedfram tite signalpitasesmeasu-
red aix (breeor more-spacedantennas.Tite- sameconditionappliesbar tite single
paintspacecrafttechnique.Tite canditionof asingleplanewaveis narmalí>’not
satisfiedsince-echaesfrom differentdirectianswill superimpase.Porpulseo]

e-wave

z

so

x
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signals,anly ecitoesfrom targetswitit avirtual distance-betweenR’ ano]R’ + c
• PW/2 will superimposewherePW tite- pulsewidtit. Tite- virtual targetdistan-
ce,i.e., dic radarrangeR’, is equal ta tite virtual iteigitt Ji’ for ground-basedver-
tical ionospitericsaunding.Measuringthe- pitasesof tite- compositesignaldoes
not allow one- to determinetite- e-cita arrival angles.Bibí ant] Reiniscit (1918)
avercametusdifficulty by ilrst Fourieranalyzingtite echosignals,titussepa-
rating any time--coincide-ntecitoesby making useof the dire-ction-de-pe-nt]ent
Doppler shifts. Mast ground-basedmadernsaunderinstallatiansitave faur,
somese-ven,receive-antennasant] te-ir spacingis typically in te- arderof a wa-
ve-lengtit or le-ss. Tite Doppler sitift d. of e-cito 1 is givenby (Reiniscit e-t al.,
1987)

1
(3)

ir

witerek - - is tite- wavevectorof echaj,ano] k. tite correspondingunit

vector; y is te- ve-locity of tite re-flectingplasma.As longas tite plasmavelocity
y !=O, ecitaesfrom differentdirectionsitave generallydifferentDoppler fre-
quenciesde-pendungon tite anglebetwe-enk. ant] y, ant] diereforee-acitre-flection
pomt, or saureej, hasits own compone-nt114 tite Fourierspectrum.Applying lo-
terferometryto eacit speetralcompone-ntdj of tite- signal can de-terminethe
arrival anglesfor tite t]ifferent echaes,For space-bornesingle- satelliteabser-
vatianswiterethe antennaspacingrequiredfar inte-rfe-rometryis not available,
at]ifferent te-citnique-usingtitree- ortitogonalantennasis appliedto fiod tite an-
gle- of arrival as discussedbe-low.

5. ADVANCED SOUNDERSFORGROUND-BASED
IONOSI>HERICOBSERVATIONS

Re-ce-ntprogress¡udigital tecitnologyitasmade-it possibleta imple-me-nttite
measuringcapabilitiesfor tite differe-nt paramete-rsdiscusse-daboye-inta ms-
trumentsof smali size,low radiatedpower,ano] moderatecosts.Automatiesca-
ling of tite ionogramsin real time ant] autamatedcalculationof tite ele-aran
t]ensityprofile is nowadayswit]ely available.The- University of Massachusetts
Lowell de-ve-lope-o]«Digisandes»are- likely tite be-stexampleof anadvancedjo-
nosonde,witit some70 Digisondeseurrentlyoperatingworldwide.We will tite-
re-fore describetite- Digisonde-Partable-Saunder(DPS)as anexampleof amo-
t]ern saunder.Otiter digital sounderswitit scie-ntific capabilities titat are
curre-ntly in use include tite- CADI (McDougalet al., 1995) tite AIS (Orubb.
1979), tite Dynasande(Wright ano] Pitteway,1979). ano] tite- PARUS(Resol-
kav, 1991). ‘me- citirp saunder(Barry, 1971).witich linearlycitangesfrequency
with time, itas not fauno] wide- scie-ntificapplications.
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‘me systemdiagramfor tite- DPS (Re-mise-it,1996)un Figure3 indicatestite
twa ortitagonaltransmitantennasano] tite baurpolarizedreceive-antennas(Fi-
gure4). Eacitreceiveantennacansistsof twa crossedíoaps,ano] tite twa an-

tennasignalsareaddedor subtractedin a9Q0 itybrid. By citangingthepelan-
zatianof tite transmittingant] receivingantennasfrom pulsetopulse,tite sys-
tem is ableta automaticallyidentiby tite ordinaryano]extraardinarywavepo-
larizatians,as illustrated in Figure 1. Table 1 illustratestite perfarmance
citaracteristicsof a made-rnionosont]e,using tite DPS as aix example-.As
sitown,tite transmitterpoweris only afew itundredwatts as campare-o]to tite
—10 kW usediii earliersaunders,includingtite Digisonde-256(Re-mise-itetal.,
1989). ‘mis be-camepassible-witen Haines(1994) introduce-o]tite spreadspec-
trumtecitixiquesta ionospitericsoundíng.By spreadingtite- transmitteo]energy
ayereigitt 66-mspitase-codeo]pulses,farmingte533 nis transmitterpulse-,ano]

Figure3. DPSBlock diagram.
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Figure4. Exasuple of a modemjanosonde,theDPS (4a>, with (hecrossed-Iooprece-Ncante-ana(4W
asiddic configurationof dicfoar-antennare-ceÑearray(4c).
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usingcomplimentarycodeo]pairsmakestite 300W transmissianequivale-ntto
a5 kW uncodedpulse.Usingcomplimentarypitase-cot]¡ug in two conse-cutive
pulsesleadsto e-leanpulsecompre-ssionwith range-leakagesthatare- —40 dB be-
low tite signal pe-ak(Haines,1994). Coite-re-ntspectralintegration,i.e-.,Fourier
transfarmation,ayertypically 64 pulse- pairs producesa digital processing
gain of 18 dE, increasingtite equivale-nttransmitpowerby another18 dE to
—300 kW.

‘me Fourier transformationdecampasestite receivedsignalinto tite com-
ponentsignaisarriving from te- diversere-flectionpounts(saurces).Tite loca-
tion of eacitsaurcecanten becalculatedfram tite spe-e-tralpitasesobtaine-dfor
te faurantennasignals.‘me re-sulting«skymaps»re-ve-al tite structure-of tite- re--
flecting plasma.‘me sequenceof skymapsin Figure5 was recardedne-artite
Apple-tananomalyin Citile (Saleset al., 1996).Tite me-asure-o]Doppler fre--
quencyof eacitsaurceis proportionalta te- source’sline-of-sigitt (LOS) velo-
city, ano] onecante-refore-calculatete velocityvectorof tite movingirregu-
larities from te ensemble-of LOS ve-locities.Titis techniqueis routine-ly usedto
me-asureionaspitericdrifts atitigh latitudes(Reiniscitet al., 1987; Cannone-t al.,
1991; Scali e-tal., 1995; Smit e-tal., 1998).

To maketite complicatedionosande-datauser-friendíjer,considerablee-f-
farts weremadeto automaticallyevaluatetitein iii tenns of dieverticaleleetron
densityprofiles ant] ionospitericcitaracteristics.Tite Digisondesuse- tite AR-
TIST software-package-for tite anime- scalingant] profile calculatian(Rei-
niscit ant] Huang, 1983). Real time- data, incluo]ing ionagrams,profiles, ano]

Físicade la Tierra
2000,12,105-126 112



Rodo W.Reinisch RadioSout!ingofGeospacePlasmas

ianaspitericcitaracteristiescanbe fauno] aix tite web (http://ulcar.uml.edu/sta-
tionlsth for manyDigisondestations.OIPfiles, like- tite exampleun Figure 1,
give aquick-Iookof te- data.

Figure4b.
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T4

+34.64m

Figure4c.

6. ADVANCED SPACE-BORNESOUNDERS

‘me- advancedte-citnique-sdescribedin «AdvancedSoundersfor Oround-Ba-
sedlanospiterieObservations»mr graund-basedsounde-rshaverecentlybe-en
implementedinta spaceinstrunientatian.In March 2000,NASA’s IMAGE
sate-llite- (Burch, 2000) was launcitedinto a polarelliptical arbit carrying the
first advancedplasmasaunderinta space-,the Radio PlasmaImager (RPI)
(Re-mise-itet al., 2000).Designe-o]far sount]ingun tite magnetospite-re,RPI ope--
ratesat fre-quenciesbe-tween3 kHz ano] 3 MHz cave-ringplasmadensitiesfrom
I0~ to 10” ml RPI itasthre-eorthogonalantennas:twa500-ni longdipale-an-

(azimuth)

4+30m

-1• .32m

4-30m

ANji
(O, O)m

ANT3
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Tahle1. Performancespecif¡caLionsof amade-mlanosondesysLem,tite- DPS

DPS-1 GeneralSpecifications(far ah operatingmodesano]configurations)

RECEJVER
Frequency Range
Bandwidth
Input Impedance
Noise Figure
Rece-iver Se-nsitivity

Spurious Ere-e Dynamic
Range
31d Order Intercept
2”~ Oro]er Iníercept
Output

1.0-40MHz (ah madesof aperation)
17 kHz @ 6 dE(for 10kmpulseresolution)
50 0
11 dE (al receiverantennapre-amplifier)
—126dBm into main chassis.Sensitivityis greateral
preamplifier(amnauntdependingangainsetting)
>80dB instanlancoes

>120dEtotal operatingrangeincluding gaincontrol
>26dEm (unaffecte-dby —100dB inband/outof bandratia)
>30 dBm
12-bit quadraluresamples(16-bit afíerpulsecampression)

RE Transrnitler
Freque-ncy Sweep
Ianagram Sweep Time-

Erequency Synlhesis
Pulse Repetition Rate-
Pulse Widíh
Peak Pulse Power
Outpul Impedance-
Transmiller Type

Lightning Protection

1-40MHz, Start, stopandstepsizeseltableto 1 kHz
StandardVIS ionogram200se-e (vaneswilh prograinnuble
settings)
Fully digital (t’requencyswitching time< 1 jis)
50, 100 and200pps

33 to 533 jis for VIS wavefarm,275 ms for OIS
30<) W ar 150W(sasnein anyoperatingmade)
50 0
Dual RE MOSFETAmplifiers (secondA¡npfar polarized
lransmissianarservesas«hat»spare-)
MetalOxideVanistorasidin-line gasdischargede-vices

UserInterface
Unaltendedaperatian
Remateaccess& control

1 (by Internetar mode-m)
TimeSetting
Built-in Selfle-st (BIT)

Se-lfCalibratian

Controlledby 7 progranis,6 sehedules& 1 sehe-duletable
Input/Outputaccessto sehedules,me-asurementdala,Qn
diagnasíicdata,andaperatingsoftware
míe-grate-o]GPSreceiverkeepstime- la +1.25ms
Fulídiagnastieslo isalalefailuresto replaceable-unitsrna
aulamaticallyandprovide-rematelyacce-ssibledata
Builí-in internalcal automaticallyupdatesphase/amplitude
adjusímenttables.Re-matelyacce-ssiblere-sulís.

Signal Processing
Processari
RangeBiní
Heighl Range
He-ightResalutian

AmphitudeResalution
WavePalarization

Two Industrialx586’sandTexasInsírumenísTM5320C40
Opto512
0-2560km (0km use-o]far self-calibration)

10 km (reciprocalof receiverbandwidth)
250m usingHigh RangeResolutianmeasure-mení

3/8 dE
O, X or linear(switchingNS ano]EW): Automatically

synchronize-dtransmitterano] re-ceiveranlennapolarizalian
daublesrehiabiliíy of O/X identification
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Sequenceof HF Skymaps.Agua Verde 1 Oct. 1994
SampllugFrequency3.0MHz

EW- 4E

LOS vetoclty
200m/s 1:17UT Zenltli Incrementa

are9 degreeimita

t#tt E

í:37UT

tE

2:07 UT

W#=E

1:47 fil

W4E

2:17 fil

w E

1:57 111?

2:27 UT

-s E

2:47 UT

E

2:57 U]?

Figure-5. 10-aunseque-nccof skyrnapsat AguaVerde,Chile, on 1 October1994.Thetick rnarksmdi-
cate9~ incrernenisla zenithangle.Each.skynuapre-presentsa20 sobservation.Theapproachingsources

with pasitiveDopplershifl areshownin blue,there-cedingsourcesin brown.

1:O7UT

W E

Y>

1:27 fil

w E

3:O7UT
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termasin tite spinplaneano]a 20-m dipalealongtite 5pm axis. Ecitaesfram die
magnetopause,plasmaspitereano]cuspcan berece-ivedwit tite titree ortitaga-
nal antennas,allowingtite determinationof tite-ir angle-af-arrivalas described
be-low. ‘me long wire antennasareusedfor transmissian;tuning of te transmit
antennasprovidesoptimumpowertransfe-rfrom te 10 W transmitterto te an-
termas.‘me instrume-ntcan ape-rateuntitree activesoundingmodes:(1) remate
saundingtaprobemagnetaspbericbaundaries,(2) local (relaxation)sounding
to prabetite- local plasmafreque-ncyano] scalarmagnetie-fiel], ant] (3) witistler
stimulationsaunding.lix addition, te-re is a passive-mode to re-coro] natural
emissians,ano] ta determinetite local electrandensity, tite scalarmagnetic
ile-Id, ano] temperature-b>’ usingatermalnoisespectrascapyte-citnique(Meyer-
Vemetano]Percite,1989).Unlike te-passiveplasmawave instrumentsaix oter
satellites,e.g., WIND (Bougeretet al., 1995) ano] POLAR (Ournett et al.,
1995),RPI usestite activeDopplerradartecitnique-sbar tite- rematesensingob
plasmastructures.

Tite itigití>’ eccentricIMAGE orbit (Figure6) positionstite spacecraftbar
manyboursnearits apogee-ata geacentricdistanceof 8 R5. In tite magnetosp-
iteric cavity,N is generallyle-sstan 106m-

3,witicit meanstitat tite local pías-
mafrequencyJ~is le-ss titan9 kHz. Electromagneticwaveswit freque-nciesf>

will prapagateawaybramte spacecraftalmastas in breespace.Depeno]ing

T =2 Yeers

Figure 6. The IMAGE orbit.

7 Aftftude Apogee
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on thege-ome-tryof tite magnetospite-ricbaundarieswith respectto tite space--
craft locatian,RPI can«se-e»se-yeralplasmastructuressimultane-ouslyaut to
rangesof se-yeralR=Tite selentifieabjectivesfor tite REí obse-rvationsinelude
tite- detee-tianof plasmainflux unto tite- magne-tospite-re-during magneticsubs-
torms ano]storms,ano] tite- assessme-ntof te- response-of tite- magnetopause-and
plasmasphe-re-ta variationsof tite solarwind (Fusiliere-t al, 2000). Figure- 7
sitows tite RPI systemo]iagram.Tite 10 W RF amplif¡e-rs,te-CPU switcite-d an-
te-nna-matcitingcircuits(couple-rs),ant] te re-ceiverpreamplifiersare-mounted
attite foot of e-acitof tite- X ano]Y long-wire-ante-nnas.tite twa pre-amplifie-rsfor
teZ antennasaremaunted¡u a cammonbax attite Zantennaleed.Tite VME
citassisfar tite RPI ele-ctronicscontainstwatransmitte-rexcite-rs,titree- receivers,
tite- syntitesizer,digitizer, ant] tite- digital control ano]powe-r circuits.Tite- powe-r
amplifierano] cauplerfar ane-antennae-le-me-ntis sitawnin Figures8a ano] b. lo
minimizeinterfe-rencein otiter unstmme-ntsaix tite space-eraft,tite radiatedpowe-r
is limited to 10 W by contrallingtite outputvaltageof tite- DC/DCconverterin
te- REL citassis.Fartite lower fre-quencies,tite- lawradiationre-sistance-ano]itigit
capacitivere-actance-of tite «sitart»dipole- antennamake- it virtually impossible
to radiate10W, e-speciallysine-e-tite antennafe-edvoltage- waslimited ta3000
y ~. Be-cause-of tite- voltagelimit, tite- radiatedpowe-rre-ducesfrom 10 W forf>
2&) kHz to —1mW at 12 kHz. The-selow power leve-ls re-quire-rece-iverswitit
high se-nsitivityant] large- dynarnicrangeast]iscusse-t]un tite- feasibility paperby
Calve-ae-t al. (1995).Pulsecampre-ssianant] spectralintegrationtecitixiques,si-
milar to titase-use-o] in te DES,providedigital processinggainsof nominally 20
dB. Diffe-rent wave-farms,as summarizedin Table II are- usedta at]apt tite
saundinglo tite- diversecanditiansin tite- magne-taspitere-.Tite-ir processing
gainsare- ustedin Table- III.

lo «image-»te- differe-ntplasmaregionsin tite magnetospitere-requirestite
me-asure-me-ntof tite- arrival angie-sof tite diffe-re-nt ecitoes.Tite arrival angles
canbe obtaine-dfrom tite- inpitaseant] quadraturesamplesof tite signalsfrom
titre-e- ortitogonalantennas(Re-iniscit e-t al., 1999).A single-point me-asure-me-nt
of tite- arrival angle-witit titíee artitogonalante-ixixasan tite graunt]is mare-t]if-
ficult ta carry out be-causeof tite- grount] effects, but it can in principIe- be
done (Afraimawiehet al., 1999; Marganano] Evans,1951). Tite normal of
tite polarizationplane-x’ — y’ (Figure 2) is given by tite- vectorpraductof twa
vectorsin tite- polarizatianplane-. Re-iniscite-tal. (1999)sugge-ste-dtite- useof tite-
inphaseandquadraturehe-Idvectors E x E titat areme-asuredon tite- titree art-
itogonal antennasat mt = O ant] nr = É/2 (¿?alvert,1999).Fromtite amplitude
ant] pitasemeasurementson tite- titree- re-ce-ive-antennas,one- can alsocalculate-
tite wave-polarizatianof tite- arrivingsignal if tite- orientationof tite- ge-omagne--
tic fiel] attite locationof tite- spacecraftis known(Re-inischet al., 1999).

At tite- time- of titis writing, sorne-pre-liminaryRPI datahave-be-enobtained
with tite- antennasonly partially de-played.Tite- plasmagramin Figure9, sito-
wing e-cito amplitudesas functionof virtual range-in eartit radii R~ versusfre--
quencylix kHz, was re-carde-o]witen IMAGE was lix tite polar capat about5 RE
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lable II. RPI wayefonns

Mnemanie Description

SHORT Simpleree-Langularpulseof 3.2 mspulsewidtbwbich
definesRPI’srangeresolutianas 4801cm(reciprocalof
tite 300Hz receiverbano]wio]tb)

COMP4(nr 8, nr 16) 4, 8 nr 16 e-blp e-ornplirnentar>’pitasecodedpulseswitb
citip lengtitsof 3.2ms.

CHIRP FM chirppulseprovideshigit-gainpulse-compre-ssion
with singlepulse-.Canbe-re-peatedbarspecLralinte-gration.

¡‘LS 125 (ar500) 125ar500ms long pulsetimÉ provio]esaserve-yof
Dopplersitifts attite- expense-of rangere-solution.

SF5 Síagge-re-dpulse-seque-ncc,whichconsistsof 212pse-udo
randomlyspace-t]3.2mspulsesaLcadifre-que-ncyto
provideamaximumnumberof echoeswititin tite- limite-o]
coite-re-nccLime- of tite medium.

laMeIII. Proeessinggainsfor differentwave-forrns

Waveform Pulse Spectral Process Max. Velocity Range
Compression Inregration Gain 1dB] km/sec@ 30 kHz CoveragefRs]

SHORT No Ye-s 9 5 0.1-10
C0MP16’ Yes Yes 21 5 1.2-10
CHIRP Yes No2 18 750’ 2.4-8
PLS125 No Yes 20 750’ 1.5-10
SPS No Yes 21 75O~ 0.1-19

assuming8 pulsere-petitionsat 2Hzrate
2 DoppleTintegrationcanalsobeobíainedby repeatingchirp pulseNtimes
‘ 300 Hz rece-iverbandwidthsetsvelacity limil

altitude‘me twae-cito tracesse-enbetween60 ano] 160kHz come-from te- day-
sideano] nightsideplasmaspitere.Wite-n operating¡u tite re-ce-ive-onlynade,
RPI acts as a spe-ctrome-termeasuringte fiel] strengthof e-lectromagnetic
e-missionsano] titermal naise (Me-yer-Verne-tano] Perche-,1989). Figure- 10
sitows tite o]ynamicspectrogramwitit noiseamplitudeplatteo]as funetionof fre--
que-ncyano]time of dayfor May. Tite- sequenceof 10-minutenaisemeasure--
me-ntswasunte-nacedwitit e-cito saundingme-asurementsob te type- sitown un
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Figure 7. RPI block diagram. RPI data and controls are handled by fue COmInon instrument data pro-
cessor (CillP) (Gibson et al., 2000).

Figure 9. The local plasma frequency f NoS" shown as a noise enhancement, varies
from below 10kHz in fue magnetospheric cavity to -200 kHz near perigee
(1000 km altitude). Electromagnetic emissions are received forf> ffl~; type III
radio bursts are seen at the upper frequencies between 11 and 14 uT. These
high-resolution spectrograms will offer important inputs for space weather
studies.
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Figure 8. RPI power amplifier and coupler
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(a)

(b)

Figure 9. Early RPI plasmagrarn with simultaneous echo traces from fue dayside and nightside plas-
masphere. IMAGE was at an altitude oí 3.8 RE.
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7. SUMMARY

Made-mge-aspaceplasmasoundersare-exLre-melyversatiletaolslar gratino]-
base-o]ano] space--borneobservations.‘me-ir potentialfar tite exploratianof tite
plasmauniverseis justbeginningtaevolve-.‘me impartantbreaktitroughwas te
de-ve-lopmentof Doppler-sorteo]imaging with antennastat are- usually small
campare-o]to te wavelengtitof tite- saunderfrequencies.Titis make-sit possibleta
me-asuretite- sLructure-ant]dynamicsof ge-ospace-plasmas.Useof cabe-re-ntspre--
at]-spectrumwaveformsant] digital pracessingte-citniquesitas reduce-o]tite re--
quirementsbar tite transmitterpowerby se-yeralarde-rsof magnitude-campare-o]ta
older systems,reducingRFpallution as well syste-nicosts.Tite ne-xt important
taskis to apply tite- advancedsount]ingtecitniquestatopside-ionaspitericsaun-
ding ftom sate-llitesat nominalaltitudesof 1000 ta 2000km Lo maptite plasma
regíanbetwee-ntite peakob (be-F2 layerano]te plasmaspitere,witicit is anly pa-
arly knawn.Autamatictecitixiquesfar tite- scalingof tapsideionagramsano] tite
calculationof tite- topsideprailes,previauslyde-ve-lope-o] by Huang ano] Re-i-
niscit(1982),caulo]supply realtime infarmatianin supportof spacewe-atite-rap-
plicationsoncea Lapside-saunderwitit Dopplerimagingcapability is lii arbit.

Figure10. Dynamicspe-ctrograrnshowingthem,alnoisesignals asidelectromagnetieeznissionsin the-
fre-quencyrangefram3 - 280kHzfor 09 May 2000.
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