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using alternating codes

D. L. Hysell

Departmenbf Physicsand Astronomy ClemsonUniversity, Clemson SouthCarolina

Abstract. An incoherentscatterexperimentusingalternatingcodedpulseshas
beenimplementedat JicamarcaTheexperiments intendedo facilitateaeronomy
researchin the topsideand protonosphereBy virtue of utilizing the full duty
cycle capabilitiesof the radartransmittey the experimenthasimproved sensitvity
over the conventionaldoublepulseexperimentand permitsmultiple parameter
estimationat protonospheri@ltitudes.Error analysis,jncluding the estimationof
thecompleteerror covariancematrix for thealternatingcodedpulsesjs discussed.
Exampledensity temperatureandcompositiondataillustratethe capabilitiesof

thenew experiment.

1. Introduction

Sinceit began operatingin 1961, the JicamarcaRadio
Obsenatory hasbeenan importantsourceof plasmaden-
sity, temperaturecomposition,and drift measurements
the equatorialzone. Jicamarca capabilitiesand observing
modeshave evolved over the yearsand are differentfrom
thoseof otherincoherentscatterradars.(SeeFarley [1991]
for a review of this evolution.) Its distinctionis due partly
to its proximity to the dip equator(11.95'S, 76.87”W, 1°N
magnetic,1°dip.) Jicamarcehasa modulay phasedarray
antennawith a mainlobethatcanbedirectedperpendicular
to the geomagnetidield. The narravnessof the incoher
ent scatterspectrumfor perpendiculabackscattepermits
very accuratemeasurementsf cross-fieldplasmadrifts, as
demonstratedecentlyby Kudekietal. [1999]. Perpendicu-
lar backscattefrom intense nonthermalfield-alignedirreg-
ularitiesin the E andF regionscanalsobeobsenedat Jica-
marcafor the studyof equatoriaplasmainstabilities.When
its main beamis steereda few degreesoff perpendicular
Jicamarcas crossed-dipol@ntennacanbe usedto measure
theFaradayrotationof incoherenscatteratechniqueavhich
affords an independentabsoluteestimateof electronden-
sity andprovidesa meansof calibratingcornventionalpower
profiles.

Jicamarcas alsouniquein its operatingfrequeng, 49.92
MHz. The sky noisetemperatureat this frequeny varies
betweenabout5000and45,000K, dependingon the side-
real time, limiting the radar sensitvity. Furthermore the
autocorrelatiortime of the incoherentscattersignal when

obsened a few tenthsof a degreeor more off perpendicu-
lar is of the orderof 1 ms, andthe autocorrelatiorfunction
(ACF) mustusuallybe measuredo lagsof ~2 msfor accu-
rate parameteestimation. This implies that the rangeres-
olution of a corventionallong-pulseexperimentcanbe no
betterthan~300km at Jicamarcdor the shortestags. Fi-
nally, coherenscatteifrom theequatoriaklectrojetreceived
throughtheantennaidelobess analmostcontinuousource
of clutter The clutter contaminatesignalsfrom long-pulse
experimentsin rangegatesup to ~450km altitude,render
ing themimpracticalfor work nearandbelow the F region
peak.

Plasmaemperatur@andcompositiormeasurementst Ji-
camarcahave mainly beencarriedout usinga double-pulse
techniquen which pairsof short(~100us) pulsesaretrans-
mitted on opposingcircular polarizationsand with varying
pulse spacings,ranging from 200 us to 2 ms. The dif-
ferent lags of the ACF are then built up one at at time
from the pulse pairs. Self clutter is nearly eliminatedby
the use of orthogonalpolarizations,and clutter from the
ground and from coherentechoesis mitigated by the ex-
periments low duty cycle. Only somelagsof the ACF in
somerangegatesarecontaminatedandtheseareautomati-
cally rejectedfrom the analysis.Many years'worth of tem-
perature,density and compositiondatacollectedwith this
techniqueare available for retrieval from the Web site at
http://landau.phys.clemson.edu

However, the sensitvity of the double-pulseexperiment
suffers from its very slow accumulationof dataand from
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its underutilizationof Jicamarca 6% maximumduty cy-

cle. Measuremendf parameterin the topsideandprotono-
spherein particularrequiremuchgreatersensitvity. A new

codedong-pulseexperimentwasthereforemplementedis-
ing thealternatingcodesintroducedby Lehtinen[1986] [see
alsoLehtinenand Haggstrom, 1987; Lehtinenand Huuslo-

nen 1996] as an alternatve to existing long-pulse,multi-

pulse, and pseudorandonpulse techniqueqFarley, 1972;
Holt et al., 1992; Sulzer 1986]. Alternatingcodesarere-

peatingsequence®f binary phasecodesthat permit high

resolutionACF measurementfsom long-pulsesxperiments.
They differ from pulse compressiorcodessuchas Barker
andcomplementargodesin thatall of thelagsof the ACF

arederived from the time spanof individual pulses. (Con-
versely spectralinformationis derived from pulseto pulse
measurements Barker and complementarycode experi-
ments,which are thereforeunsuitablefor observingover

spreadtargets.) Becausdong pulsesare used,alternating
codespermit the full exploitation of a radars duty cycle.

Furthermore,they provide multiple measurementsf the
lags of the ACF from eachtransmittedpulseandtherefore
fostervery good statistics. The Lehtinenalternatingcodes
arethemselesderived from the Walsh sign sequenceshe
basisof analternative form of fastFouriertransform.Their
orthogonahaturepermitsthe measuremerudf differentlags
of the ACF with rangeresolutiondeterminedby the baud
lengthratherthanthe entirepulselength.

The ambiguity functions of Lehtinen alternatingcodes
arelocalizedin rangeandlag for eachdistinct lag product
measuremenCancellatiorof unwantedcontributionsto the
ambiguityfunctionis achieved systematicallywith alternat-
ing codegratherthanstatistically whichis thecasefor pseu-
dorandomcodes[Sulzer 1986]. Two typesof codes,weak
andstrong,have beenfound. Both have baudlengthshatare
apowerof 2. Strongcodesarenecessarywhenof thebits of
the codeare transmittedcontinuouslyand without subcod-
ing. For strongcodesthe numberof pulsesin a complete
scanis twice the numberof bits. Codeswith lengthslonger
than 32 bits remainedunknown for sometime, but prac-
tical meansof generatingvery long strongcodesnow ex-
ist [Nygrén and Markkanen 1997; Markkanenand Nygrén,
1997]. Moreover, Sulzer[1993] developeda set of alter
nating codesthat were not restrictedto power of 2 lengths.
However, ambiguityis achiezedwith thesecodesonly with
the summingof all thelag productmeasurementsf a given
lag. Suchanapproactbecomeémpracticalif thetransmitter
power variesover thelengthof the pulse.

We will notdwell hereonthetheoryof alternatingcodes,
whicharealreadyin widespreadisein theincoherenscatter
communityandwhich areexplainedin the reference<ited
above. Rather we discussissuespertainingto their imple-
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mentationat JicamarcaWe will mainly discusserroranal-
ysis andthe estimationof statisticaluncertainties Huuslo-
nenand Lehtinen[1996] addresshis issueand provide a
recipefor estimatingthe error covariancematrix, a quantity
requiredfor parameteestimatiorby nonlineareastsquares
or generalizednversemethods. However, their methodis
an empirical one and requiresthe retentionand storageof
the lag productmatricesassociatedvith eachcodedpulse
in the alternatingcodescan. Sucha methodis not expedi-
entatJicamarcawheredatanormallyneedto betransmitted
overtheinternetfor analysisby remoteusers.Furthermore,
thetheoreticaformulais requiredfor amaximume-likelihood
formulation of the parameterestimationalgorithm which
would assignerrorson the basisof the model ACF rather
thanthe data. (Suchan algorithmis plannedbut hasnot
yetbeenimplemented.We describebelow atheoreticalp-
proachto erroranalysishasedsolelyonestimate®f the ACF
itself.

2. Data Analysis

Theexperimentsn questioremploy a16-bitstrongLehti-
nenalternatingcodewith a pulselengthof 2 msanda baud
lengthof 125 us, representing favorablecompromisebe-
tweensensitvity and rangeresolution. The interpulsepe-
riod is 40ms. Thepulsepatternprovidesfor 18.75km range
resolutionand for 15 nonzerolag measurementat integer
multiplesof 125us. Thedataaredecodedisingmatchedil-
tering,andthe autocorrelatiofunctionsarecomputedrom
themfor eachrangegate.Summingof the ACFstakesplace
over the entire 32-pulsescan. Becauseghe ambiguityfunc-
tion associateavith the completeseriesof pulsesis highly
pealedandlocalizedin rangeandlag, the ACFsfor different
rangegatesare measuredlistinctly for all but the zerolag.
For parameteestimationwe make no useof measurements
of the zerolag but insteadtreatit asonemore parameteto
fit. The zerolag power profile does,however, contribute to
a satishctory estimateof the electrondensityprofile andis
alsousefulfor erroranalysis(seebelown). Normalizationof
the power profile is carriedout usingionosondedata. Line-
of-sight plasmadrifts at the dip equatorcan be measured
muchmoreaccuratelyusingtechniquestherthanthe long
pulse,andwe will not attemptto make suchmeasurements
here.Consequentlywe will ignoretheimaginarypartof the
ACF estimateghroughoutour analysisandassumehat the
actualACFsarepurelyreal.

Having computedestimatesf the ACF for eachrange
gatein this manney we mustassignstatisticalconfidences
before proceedingon to parameterestimation. Statistical
inversetheoryin generaland nonlinearleastsquaredech-
niguesin particularcanbe carriedout only with anestimate
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of the error covariancematrix C, which hasthe elements
Crr = (Re[p(r) — p(7)Relp(r") — p(r")]), in which p(7)
refersto the measureastimateof the ACF for lag 7, where
the caretdenotesthe expectedvalue, and wherethe angle
bracletsrepresenthe ensembleaverage. (In practice,the
ensembleaverageis replacedby a time average.) With the
statisticalerrorsthatcausethe estimatego departfrom their
expectedvaluesbeingjointly normalGaussiamandomvari-
ablesin accordancavith the centrallimit theorem,we can
expresshe probability of measuringa given ACF as

P(p)=— ~5-p)'c

P m (p—0)

exp

@)

wherethe column and row vectorshave different compo-
nentsfor differentlagsof the ACFE Now, the expectedval-
uesof p arecomplicatednonlinearfunctionsof parameters
includingtemperaturegensity andcompositionwhich can
be representedby a vectorp. However, if we expandthat
functionaldependencaboutaninitial guesp_as

op

pp)+@—p)p + 2

(p) = p 9

I>>

andtruncateheseriesatthelinearterm,thenit canbeshown
that the probability in (1) is maximizedby the parameters
givenby

' CTa) T IC - b)), @)
wherelJ is thefirst derivative matrix in (2) [e.g., Bevington
1969]. The nonlinearleastsquaregechniquetheninvolves
iterating(3) to corvergence.Theuncertaintyfor theith final
parameteestimatds thengivenby thetransformation:

p-p, =

o)

o} = (J'Cc1I).". 4)
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2.1. General Error Covariance Analysis

Both the radar signal scatteredrom a given scattering
volumedetectedht the receiver andthe statisticalerrorsas-
sociatedwith our ACF estimatoraaremultivariateGaussian
randomvariablescharacterizedy their covariances.Con-
siderthegenerabroblemof the errorcovarianceof two cor-
relationmeasurementmaderepeatedlyfrom four samples
or a Gaussiarrandomprocessttimest, t + 7, t', andt’ +
7'. Labelthe ith realizationof thesefour samplesas {V;;,
Vai, Vai,Vai }. Further definean estimateof the correlation
functionto be

k
1 *
P = gy 2 Vi (5)
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whereS is the varianceof the complex signalor the signal
powerandk is the numberof statisticallyindependensam-
ples. We will neglectbiasesassociatedvith this estimatoy
assuminghat k is large enoughto renderthemnegligible.
As statedoy HuuslonenandLehtinen[1996] andascaneas-
ily beshovn by applyingtheformalismof Farley [1969],

Crr = (Re(pu — p12)Re(pss — p34))

= ﬁRe (P13p24 + P23P14) (6)
The resultis that the error covariancedoesnot dependex-
plicitly on the expectationof p(7) or p(7') but ratheron
theexpectationof the ACF evaluatedatthe otherfour possi-
ble time permutation Sinceradarexperimentsnvolve sam-
plesmadeat regularintervals, however, p(7) andj(r') fre-
quentlyreenterthe picture. The error covariancesC' ;. for
four illustrative situationsaregivenbelow:

t=1t —Re [p (" — 1) + p*(1)p*(r")],

t+r =t —Re [p(T)p*(1") + p* (T + )],

t4r=t 47 —Re [p(r —7") + p* (") p* (7)],
t=tr=1 ﬁRe [1+p*%(7)].

Theuseof commonsamplesn thecomputatiorof 5(7) and
p(7") introducesafactorof thezerolag 5(0) = 1into thefirst
threeformulas. The lastformulais an error autocwariance
andcontaingwo factorsof thezerolag, which appeamasthe
unity term.

Notethatalternatingcodeexperimentdnvolve datafrom
multiple scanseachcomposeaf multiple phasecodes.The
individual phasecodesnaygiveriseto samplesrom differ-
ent statisticalpopulationswith differentlag productexpec-
tations. Only whenall the lag productsare addedwill the
desiredexpectationsand ambiguity be achieved. The ap-
propriategeneralizatiorfor (6), takinginto accountsamples
from differentphasecodesanddifferentpopulationsijs

1 A Ak Ak
—kRe ({P13P54) + (P23P14)) » (7)

CT,T’ = D)

wherethe anglebraclketsdenotean averageover all pulses
comprisinga scanandwherek is now the numberof scans
times the numberof pulsesin a scan. In the event that
the expectationsof given lag productsfor different pulses
in a scanhave small or uncorrelateddeviations, {p1303,)

— (p13){p%,) (for example),andthe lagson the right side
of the arrov have the desiredexpectationsand ambiguity

Throughoutsection2.2 we will droptheanglebracletsand
assumehatthe propertiesof the codedpulsesaresuchthat
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Range

Figure 1. Range-timadiagramillustratinga hypotheticak4-

bit codedlong-pulseexperiment. In this examplean esti-
mateof the first (second)ag of the ACF canbe computed
from the samplegdenoted/, andV; ( V4 andV3). A signif-

icanterror covariancewill arisefrom the shareduseof the
V1 sample Dark shadedegionsrepresensignal,while light

shadedegionsrepresentlutter.

decorrelatiorholds. In fact, this is only approximatelytrue
for so-calledrandomizedalternatingcodesand untrue for
traditional alternatingcodes. The discrepang will be ad-
dressedn section2.3.

2.2. Effectsof Clutter and Noise

The precedingargumentshold genericallybut needto be
modifiedfor practicalapplicationto thealternatingcodeex-
periment. Below, we discussthe modificationsthat need
to be made,following an approachsimilar to the one out-
lined by Farley [1969]. Figurel depictsa range-timedia-
gramfor a hypotheticalalternatingcode experimentusing
a 4-bit codesequenceThe s; ... s4 referto the signsof a
binary codesequencemployedupontransmissioranddur-
ing decoding. The shadedegionsin the diagramrepresent
backscattearisingfrom therangeinterval of interest. When
the dataare properlydecodedthe nonzeroagsof the ACF
computedrom the samplesi; ... V3 will reflectproperties
of thescatteringnediumin theindicatedrangeinterval only.
The correctACF estimatorshouldthereforebe

k
1 *
Pmn = ﬁ ; Vmi nis (8)

wherethe samplevoltageshave beendecodedandwhereS
representsghe signal power arising from the rangegate of

4
interestonly. However, this S is no longerthe varianceof
the signal, which now containssky noise and also clutter
from undesiredangegates We thereforerewrite (8) as

Pmn

k
[S+ N+ Clun 1 1 U

9)

where N and C' representhe noiseand clutter power, re-
spectvely. The squarebracletsdenotethe geometricmean
of the signalplus noiseplus clutter powersassociatedvith
thesamplesn andn; sincethescatteringprocesss nonsta-
tionary, the clutterpowerwill, in fact,bedifferentfor differ-
entsamplesisedto calculatehe ACFfor agivenrangegate.
At Jicamarcasky noisedominatesioisein thereceversand
hasa strongdiurnal variation. The clutter, meanwhile will
alwaysbe muchstrongerthanthe signal, by a factorsome-
thing like the baudlength of the codelessone,andwill be
thelimiting factoron the sensitvity of the experimentup to
very high altitudesat Jicamarca.

Now the factorsin (9) to the right of the first quotient
represenain autocorrelatiorfunction measuremenormal-
ized to the varianceof the signal, preciselywhat we have
expressedjenerallyin (5). This meanghatthe expressions
derivedabovein (6) andthereaftermreapplicableto a coded
long-pulseexperimentprovided thatthey are multiplied by
pairsof factorsof [S + N + C]mn/S with the appropriate
subscripts However, theinterpretatiorof the resultsis now
somavhatdifferent,asthe noiseand clutter portionsof the
signalareuncorrelatedn all but the zerolag. Estimatesof
the ACFwill thereforebereducedby thefactor

S

Asmn —~ 10
Pomn TS TN + Cloun (10)

Pmn
where ps representshe ACF of that portion of the signal
arising from backscattefrom the desiredrangegate. It is
thisquantityin whichwe areinterested\We assuménerethat
the recever filters are perfectlymatched.If not, theneven
the strongcodewill give rise to correlatedclutter that not
only will influencethe error covariancesut couldinducea
biasin the ACF estimatesThis concerns, however, beyond
the scopeof the presenanalysis.Let usthereforesubstitute
(10)into (6), multiply by two correspondindactorsof [S +
N+C)mn/S, solvein termsof ps, andhencefortidropthes
subscript.Theresultis anerrorcovarianceestimatorsimilar
to (6) exceptin onecrucialrespectThatis, wherevera zero
lagis impliedin (6), theformulain (10) shouldnot beused.
Thesignal,noise,andclutterpowerall contributeto the zero
lag estimatorandp = 1 giventhe normalizationin use.
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We revisit belov the exampleerror covarianceestimates
given previously, now written more explicitly for an alter
natingcodeexperiment:

1
t=t" Re[p"(r' = 7)Rm + 5" ()p" (7)),

1
t+7=t o Re[p(r)p"(r') + 5" (7 +7)Rm],
1
t+7=t +7 ﬂRe[ﬁ(T —7") R + p* (') p*(1)],
t=t,r=1 iRe [RmRn + ﬁ*Z(T)] .

2k

whereR,, is theratio (S + N + C)/S for the samplem.
Thegeometricnmeannotationis gonesincethe R factorsur
vivesonly wherecommonsamplesarein use.Error covari-
ancesof ACF measurementthatinvolve commonsamples
will thereforebe muchlargerthanthosethatdo not, partic-
ularly in the low signal-to-noisecasebut alwaysasa rule.
Autocovarianceswill be larger still, all the samplesbeing
usedin commonin thatcase.

2.3. Correlated Clutter

In this sectionwe revisit the assumptiormadefollow-
ing (7) thatthe expectationof givenlag productsassociated
with differentpulsescomprisinga scanhave smallor uncor
relateddeviations. This assumptioris, in general,unjusti-
fied. Whereaghecodeshave beendesignedsuchthatclutter
is exactly canceledanddoesnot appeaiin the first moment
averages(p), clutter canandgenerallywill contrikbute sig-
nificantly to thesecondnomentterms{ss*). Consequently
the particularconstructiorof a givensetof codesaffectsthe
speedf theradarexperimentevencodeswith thesameam-
biguity functioncanhave differentspeeds.

Note, however, that our earlier resultsare unafectedin
thecasethatoneor bothof thefactorsin thesecondnmoment
termsis a constanthamely R. The only covarianceterms
thatare affectedby correlatedclutter thereforearethe ones
thatarisefrom casesvhereno samplesare sharedbetween
lags. Eventhoughthesetermsoutnumbetermswheresam-
plesare sharedthey might otherwisebe neglectedin view
of the factthat R is muchgreaterthanunity. Theseterms
mustbe consideredhowever, whenever correlatedclutteris
anissueandcan,in fact, contribute significantlyto the ex-
perimentaluncertainty

Lehtinenetal. [1997] raisetheissueof correlatedclutter
andinvestigatethe relative speedof alternatingcodes,ran-
dom codes,andrandomizedcodes. They demonstratehat
somecodingschemegperformbetterthanothersandargue
thatthe effectsof correlatedclutterareminimizedby using
randomizedlternatingcodesequencesConsiderthatmuch
of the correlatedclutterin atraditionalLehtinenalternating

Figure 2. Simulatedeffect of correlatedclutter associated
with a randomizedalternatingcode (bottom)andthe tradi-
tional alternatingcode (top). Here the normalizedsecond
momentof the ACF is plottedagainsthelag number

codesequencarisesfrom the first codewhich is madeup
entirely of baudswith the samesign. Randomizingcodes
alleviatesthis problemandgenerallyreduceghe sizeof the
secondmomenttermsto the point thatthey no longercom-
petewith thetermsof order R or R2.

A Monte Carlo computeralgorithm has beenusedto
estimatethe size of Re (5(7)p*(7')) for the 16-bit strong
code.ThealgorithminvolvesgeneratingnultivariateGaus-
sianrandomvariablesepresentinghe scatteresgsignalcom-
ponentsorrespondingo eachboxin Figurel (or ratheral6
baudversionof Figurel). Therandomvariablesaregener
atedsoasto be statisticallyindependenfrom rangeto range
andto have ACFsrepresentatie of the incoherentscatter
signalat Jicamarca.Alternatingcodesequencesvere used
to codeanddecoddhesimulatedsignal. The simulationwas
thenrunfor all the possiblepermutation®f 7 andr’'.

Figure 2 presentsthe resultsof the Monte Carlo sim-
ulation. It shavs two-dimensionalplots of the quotient

Qe =(p(1)p(1")) /{p(1)){p(")), representinghe effect of
correlatedclutter on the secondmomentof the ACFs de-
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rived from individual codedpulses. The abscissa®f the

relief plots are the integer lag numberscorrespondingo 7

and7' andrangingfrom 1 to 15. Thereare multiple ways
of measurin@ givenlag anda multiplicity of waysof form-

ing a given secondmoment;whatis plottedhereis the av-

eragecomputedrom all the waysof estimatingthe second
momentin question. The varioustermscontributing to the

averagesin fact,deviatefrom themonly slightly.

Mostof thecorrelatectlutterin thetraditionalexperiment
(top half of Figure?2) derivesfrom thefirst pulsein thescan,
which hasconstantphase,andthe 22nd pulse,which sim-
ply alternatesn sign(i.e., +-+-....). Consequentlywe find
thatthe symmetricmatrix @,,.,, is well approximatedy the
simple expressionQ,, ~ 2(N — m)(N — n)/2N, where
N isthebaudlengthof thecode.(A betterapproximatioris
givenby Q2,,, ~ [(N —m)(N —n)/N]?+1 whichdecaygo
unity for long lags.) This formula canhenceforthbe incor-
poratedn theerroranalysisof datafrom traditional16-baud
Lehtinenalternatingcodeexperiments.

An intuitive picture of the effect of correlatedclutter on
the experimentalstatisticsin the high signal-to-noisdimit
becomespparentvhenassessinghe experimentin thefre-
gueng domain(M. Sulzer personatommunication2000).
The objective of pulsecodingmay be seenaswideningthe
spectraof signalsfrom unwantedrangesn suchaway that,
whenaddedacrossa completescan,they form a flat noise
spectrunitheclutterspectrum)in effect, codingattemptgo
turntheclutterinto arandomprocessHowever, whenapar
ticularly unsuitablecodesuchasonewith constanphases
transmitted no broadeningpccurs,andthe clutter from that
pulseremainsconcentratedt low frequenciesin theinter
estingportion of the spectrum.Clutterfrom otherpulsesin
thescanmustthenfall mainly outsidetheinterestingportion
of the spectrumin orderto achieve a flat clutter spectrum
overall. This hasthe effect of reducingthe numberof inde-
pendentlutter sampledn the low-frequeng portion of the
spectrumfrom what could otherwisebe achiezedwith more
optimal phasecodesand a more uniform spectralredistri-
bution of clutter power. Fewer independentlutter samples
degradethe statisticsof theclutterspectrumanddegradethe
experimentoverallin the high signal-to-noiséimit.

For completenessale, werepeatedhe Q,,,,, simulation
for arandomizedccodeexperiment. This time, all the codes
in ascarnweremultiplied by oneof four randompatternghat
werethenrotatedfrom scanto scan.The particularrandom
patternswerethe onestalulatedandinvestigatedoy Lehti-
nenetal. [1997]. Theresultsareshovn in thebottomhalf of
Figure2. Evidently, evidenceof correlatectclutterhasall but
vanishedn this case,as@,,, hasbeenreducedessentially
to unity. The benefitsof coderandomizatioraretherefore
clear and randomizationschemesnore elaboratethan the
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oneemployed hereareunnecessaryThe radarcontrollerat
Jicamarcas currentlyundegoingan upgradethat will per
mit the transmissiorof randomizedalternatingcodes. The
upgradewill reducecovariancesn the high signal-to-noise
limit andwill alsosupressangecorrelationsassociateavith
the correlatedclutter The data presentechere, however,
were all taken using the traditional alternatingcodesand
consequentlguffer from somevhatdegradedstatistics par
ticularly in the shortlagsin the high signal-to-noiseegime.
Lehtinenet al. [1997] have shavn that the autocwariances
in this regime can be reducedby aboutone third by code
randomization.

Finally, we revisit one last time our example error co-
varianceestimatesnow including the effects of correlated
clutter:

t=1t

—Re [p*(7" = T) R + 5™ (1)p" (') Q1]
t+717= t

ﬁRe [ (T)ﬁ* (TI)QT,T' + ﬁ* (T + TI)Rm] 3

t+7'—t +7

ﬂRe [p(r —T)Rm + p
t—t' T—T'

ﬁRe [RmRn + 5 (1)Qr.r] -

( ) *(T)QT,T’]7

Herethecaretsonceagainreferto theexpectation®f agiven
lag of the ACF after summingacrossentirescans(i.e. the
anglebracletshave againbeendropped).

2.4. Summary Analysis

Whatwe have investigatedso far is the error covariance
betweenestimatesof individual lags of the ACFE Coded
long-pulseexperimentsprovide I = n — m meansof esti-
matingthe mth lag of the ACF, wheren is the baudlength
of the code. The completeerror covariancematrix mustex-
pressthe covariancesof all of the possibleestimatesof a
given lag of the ACF with all of the possibleestimatesof
another Thefinal expressiorthenbecomes

(11)

wherel and!’ arethe numberof waysof makingestimates
of thelagsT andr’, respectiely, from thecodedpulse.Each
of the summedermson theright side of (11) is formedin
the mannerof the examplesshovn above. It is particularly
importantto notethatthe errorautocavariancegoo mustbe
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calculatedaccordingo this formulaandthatthe crossterms
cannotbe ngglected.Thatis,

(12)

o~ =

l
> Can

i=1,j>1

2
<Cﬂ' ,ﬂ‘) + l_Z

<CTi 3Ti )7

o~ =

wherethe secondermin the sumrepresentshe correlation
betweererrorsin theith measuremertf the ACFatagiven
lag with errorsin the jth measurementEvidently, the er
ror autocwarianceslo not decreasasimply as1/! in coded
long-pulseexperimentsasthey do in mary other contexts,
asngglectingthe crosscorrelationgyivesriseto a significant
underestimate.

The error autocaovarianceswill generallybe muchlarger
than the off-diagonal terms, however, making the covari-
ancematrix diagonallydominant.lt shouldbe permissiblén
mary instanceso neglectthe off-diagonaltermsthroughout
the dataanalysisand parameteestimation but they should
not be negglectedwhen determiningthe error bars on the
fit parametersaccordingto (4). Huuslonenand Lehtinen
[1996] perform an analysisshaving that neglecting these
termsleadsto anunderestimatef the sizeof the errorbars
by upto afactorof ~1.5.

2.5. Signal, Noise, and Clutter Estimates

The portion of the radarsignalcorrespondindo sky and
systemnoiseis a stationaryrandomvariable,and we can
estimatethe noisepower in every rangegatefrom samples
correspondingdo high altitudesfrom which little backscat-
ter returns. We presumethat the expectationof the zero
lag aloneis affectedby noiseand estimatethe noiselevel
from it accordingly Thebackscattesignal,meanwhilejs a
nonstationaryandomprocessThesignalandclutter power
estimatesequiredby the precedinganalysismustbe repre-
sentatve of thescatteringzolumedefinedby thecodedpulse
ambiguityfunction, makingthe zerolag dataan unsuitable
basisoverall. (We can, however, derive very robustif un-
codedestimate®f the electrondensityprofile from the zero
lag datawith the caveatthat they will be somavhat inac-
curatebelow the F peakwherethe densitychangegapidly
with altitude. In thatregiontherealpartof thefirst lag of the
ACF providesa betterbasisfor the estimateof n..)

A numbemwaysof estimatingsignalpower profilespresent
themseles.Shortuncodedulsescouldbeinterspersediith
thealternatingcodedpulses andthepower profilescouldbe
derived from them. Sucha methodwill beimplementedn
thenearfuturewhenthealternatingcodeandFaradaydouble
pulseexperimentsareintegratedat JicamarcaAlternatively,
thesignalpowercouldbetreatedself-consistentlgluringpa-
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rameterestimation. The zerolag, or, equivalently, the nor-
malization,of the ACF alreadyappearsasan additionalfit
parametelin our analysis. The signal power and electron
density profiles could thereforebe expressedmplicitly in
termsof this parameteduringthefitting. In the preseniex-
perimentawve usethe first lag of the ACF asa proxy for the
signalpower at altitudesnearandbelow the F peak,where
the electrondensitychangegapidly but the compositionis
constantAbovethatwe usetheuncodedzerolag dividedby
the numberof bits in the alternatingcode. This approxima-
tion holdswherethe electrondensitychangesslowly with
altitude.

3. Experimental Results

In practice we performparameteestimationutilizing a
Levenbeg-Marquard algorithm rather than the nonlinear
leastsquaregterationtechniqueoutlinedin sectior?. Leven-
berg-Marquardtis usedto minimize the chi-squaredevia-
tion betweenmodel-and data-dened ACFs by employing
a globally stable hybrid conjugategradient/N&vton itera-
tion method. The mostexpedientapplicationof the method
involvesdiagonalizingthe inversecovariancematrix found
above. Thentheargumentof (1) canbewritten simply as

(13)

wherethetildesindicatevectorsthathave undegonea sim-
ilarity transformatiorusingthe eigervectorsof C 1, theo?
arethe inversesof the eigervaluesof C—1, andthe sumis
overthecomponent®f thevectorp — g

We presenteretwo examplesof datatakenat Jicamarca
andprocesseadccordingo the prescriptiongivenabove. In
Figure3 areshovn sampledatatakenafter sunseion Octo-
ber8, 1999. The dataweretakenusinga singletransmitter
which generated peakpower of ~1 MW andwhich drove
the antennaarrayin circular polarization. The antennait-
self was configuredin what hashistorically beencalledits
4.5°position. In this configurationthe main beamof the an-
tennais directedprecisely3.15, 2.79, and 2.44off per
pendicularto B at altitudesof 600, 900, and 1200km, re-
spectvely.

Thefirst columnshavs measured\CFsversusltitudein
theform of errorbars. The errorbarsthemselesreflectau-
tocovariancescalculatedaccordingto (12). The solid lines
drawn throughthe error barsare the bestfit models. Elec-
trojetcluttercontaminatediatabelov ~450km altitude(not
shawvn). Theincoherentintegrationtime for thesedatawas
~25min, althoughdatawererejectedaconsiderablamount
of this time becausef satellitecontamination.
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Figure 3. Alternatingcodeincoherenscatterdatafor Octoberg, 1999.
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Thesecondolumnshovsthemagnitudeof themeasured
zerolag (solid line) andof the bestfit zerolag arisingfrom
the parameteestimation(line with errorbars).Whereaghe
rangeresolutionof thefirst of thesecurvesis limited by the
pulselength,that of the seconds limited only by the baud
length. The directly measurecturve is, however, morero-
bust, the signal-to-noiseatio for the zerolag beinggreater
thanthe othersby approximatelya factorof the baudlength
of thecode.Both curveshave beenrangecorrectednormal-
izedto ionosondeneasurementsf f,f,, andplottedagainst
anabsolutescaleof electrondensity Backgroundhoisewas
estimatedrom the highestfew altitudesandsubtractedrom
the measurederolag estimateprior to scalingandnormal-
ization. NotethatT, ~ T; atthe altitudesandlocal time in
guestionand that no temperaturegatio correctionhasbeen
performed.

The remainingthree panelsdepict the electrontemper
ature, hydrogenfraction, and helium fraction, as derived
from the ACFs. We have assumedl, = T; hereand so fit
only for thesequantitiesandfor the zerolag itself. The er-
ror barswerederived following (4). Clearly, datafrom the
alternatingcodeexperimentat Jicamarcare of sufiiciently
high quality to permit multiple parametelestimationup to
protonospheri@altitudes.By comparisongivencomparable
powerlevelsandintegrationtimes,theusualFaradaydouble
pulseexperimentat Jicamarcaloesnot performwell above
about600-800km, doesnot provide usablehydrogenfits
abovetheF peak,anddoesnotyield usefulheliumestimates
atall.

It shouldbe mentionedthat temperatureneasurements
at Jicamarcarehistoricallyproblematidor reasonshatare
only now becomingclear Measurementsf T, /T; havelong
yielded valuessignificantly lessthan unity with no appar
ent geophysicajustification. The effect diminishesasthe
mainbeamof the Jicamarcantennds steeredurtherfrom
perpendiculato B [Pingree 1990]. Altitudesimmediately
above the F peakwere the mostaffected. For mary years
it wassuspectedhatlight ion concentrationsvereresponsi-
ble for theanomalouslyow electrontemperatureHowever,
this hypothesiscould not readily be verified on the basisof
corventionaldoublepulsedatabecaus®f the poorsensitv-
ity of thatexperiment.Recently SulzerandGonzale41999]
arguedthattheeffectis insteaddueto electroncoulombcol-
lisions,somethingnormally notaccountedor in thecompu-
tationof electronadmittancdunctions.Evidencesupporting
their hypothesiss mounting, but a practicalmeansof ac-
countingfor theeffectsof electroncoulombcollisionsin the
dataanalysisremainsto be formulated. We have attempted
to sidestepiheissueto someextenthereby focusingonpost-
sunsetobsenationsand enforcingthe T,=T; constraintin
our analysis. However, our admittancefunctionsneverthe-
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lessrequirecorrectionandwill beupdatednceanexpedient
algorithmis available.

A datasetsimilar to the onein Figure 3 but for Novem-
ber 11, 1999, is showvn in Figure4. This time, two of Ji-
camarcas megawatt transmittersvere combinedthrougha
hybrid network and usedto drive one circular polarization
of the antennaarraytogether The extra sensitvity this af-
forded permittedgood resultsto be obtainedto ~200 km
higher altitude than before. Here we seethat useful ACF
andparameteestimatesreavailablethroughouthetopside
andwell into the protonosphere.

4. Summary

An alternatingcode incoherentscatterexperimenthas
beenimplementedat Jicamarcdor thepurposeof aeronomy
researchn the topsideand protonosphereThe experiment
improvesupontheperformancef thestandaralouble-pulse
modeat altitudesabore ~450km by fully utilizing the data
cycle capabilitiesof the Jicamarcdransmitters An approxi-
matemethodfor performingerroranalysishasbeenoutlined
that requiresnothing more than estimatesof the ACF, the
electrondensity profile, and signal-to-noiseand clutterto-
noiseratiosfor every rangegate. Lag productmatricesfor
individual pulsesneednot beretainedo performthe analy-
Sis.

In the future, we plan to combinethe alternatingcode
anddouble-pulsexxperimentdnto a singleexperiment.The
Faradaydouble-pulsgechniqueprovidesabsoluteestimates
of the electrondensity profile andyields measurementef
theACFdownto altitudegustabovethevalley region. (Note
thatwe presentlycannotusethealternatingcodeexperiment
effectively whenever the F peakfalls belov 450 km and
power profile normalizationbecomesmpossible).Parame-
terestimatiorfrom double-pulsalatais sufficiently accurate
in altitudesnearthe F peak,wherethe signal-to-noiseatio
is high. The double-pulsexperimentmay even statistically
outperformthe alternatingcode experimenttheresincethe
formeris not clutter limited. Error analysisfor the double-
pulseexperimentis straightforward sincethe statisticaler
rorsassociateavith eachlag of the ACF areuncorrelated.

Finally, we plan to attemptto extract line-of-sightdrifts
from the information in the complex ACF measurements.
Olviousgeneralizationsf theformulaspresentedhereexist
for the complex caseaswell. Plasmadensity temperature,
compositionanddrifts could therebybe measuredimulta-
neouslyat Jicamarcdor thefirst time.
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