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Incoherent scatter experiments at Jicamarca
using alternating codes

D. L. Hysell

Departmentof PhysicsandAstronomy, ClemsonUniversity, Clemson,SouthCarolina

Abstract. An incoherentscatterexperimentusingalternatingcodedpulseshas
beenimplementedatJicamarca.Theexperimentis intendedto facilitateaeronomy
researchin the topsideandprotonosphere.By virtue of utilizing the full duty
cycle capabilitiesof theradartransmitter, theexperimenthasimprovedsensitivity
over the conventionaldoublepulseexperimentandpermitsmultiple parameter
estimationat protonosphericaltitudes.Error analysis,includingtheestimationof
thecompleteerrorcovariancematrix for thealternatingcodedpulses,is discussed.
Exampledensity, temperature,andcompositiondataillustratethecapabilitiesof
thenew experiment.

1. Introduction

Sinceit began operatingin 1961, the JicamarcaRadio
Observatory hasbeenan importantsourceof plasmaden-
sity, temperature,composition,and drift measurementsin
the equatorialzone. Jicamarca’s capabilitiesandobserving
modeshave evolved over the yearsandare different from
thoseof otherincoherentscatterradars.(SeeFarley [1991]
for a review of this evolution.) Its distinctionis duepartly
to its proximity to thedip equator(11.95

�
S, 76.87

�
W, 1

�
N

magnetic,1
�
dip.) Jicamarcahasa modular, phasedarray

antennawith a mainlobethatcanbedirectedperpendicular
to the geomagneticfield. The narrownessof the incoher-
ent scatterspectrumfor perpendicularbackscatterpermits
very accuratemeasurementsof cross-fieldplasmadrifts, as
demonstratedrecentlyby Kudekiet al. [1999]. Perpendicu-
lar backscatterfrom intense,nonthermal,field-alignedirreg-
ularitiesin theE andF regionscanalsobeobservedat Jica-
marcafor thestudyof equatorialplasmainstabilities.When
its main beamis steereda few degreesoff perpendicular,
Jicamarca’s crossed-dipoleantennacanbe usedto measure
theFaradayrotationof incoherentscatter, a techniquewhich
affords an independent,absoluteestimateof electronden-
sity andprovidesa meansof calibratingconventionalpower
profiles.

Jicamarcais alsouniquein its operatingfrequency, 49.92
MHz. The sky noisetemperatureat this frequency varies
betweenabout5000and45,000K, dependingon the side-
real time, limiting the radarsensitivity. Furthermore,the
autocorrelationtime of the incoherentscattersignal when

observed a few tenthsof a degreeor moreoff perpendicu-
lar is of theorderof 1 ms,andtheautocorrelationfunction
(ACF) mustusuallybemeasuredto lagsof � 2 msfor accu-
rateparameterestimation. This implies that the rangeres-
olution of a conventionallong-pulseexperimentcanbe no
betterthan � 300km at Jicamarcafor theshortestlags. Fi-
nally, coherentscatterfrom theequatorialelectrojetreceived
throughtheantennasidelobesis analmostcontinuoussource
of clutter. Thecluttercontaminatessignalsfrom long-pulse
experimentsin rangegatesup to � 450km altitude,render-
ing themimpracticalfor work nearandbelow the F region
peak.

PlasmatemperatureandcompositionmeasurementsatJi-
camarcahave mainly beencarriedout usinga double-pulse
techniquein whichpairsof short( � 100 � s)pulsesaretrans-
mitted on opposingcircular polarizationsandwith varying
pulse spacings,ranging from 200 � s to 2 ms. The dif-
ferent lags of the ACF are then built up one at at time
from the pulsepairs. Self clutter is nearly eliminatedby
the use of orthogonalpolarizations,and clutter from the
groundand from coherentechoesis mitigatedby the ex-
periment’s low duty cycle. Only somelagsof the ACF in
somerangegatesarecontaminated,andtheseareautomati-
cally rejectedfrom theanalysis.Many years’worth of tem-
perature,density, andcompositiondatacollectedwith this
techniqueare available for retrieval from the Web site at
http://landau.phys.clemson.edu.

However, the sensitivity of the double-pulseexperiment
suffers from its very slow accumulationof dataand from
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its underutilizationof Jicamarca’s 6% maximumduty cy-
cle. Measurementof parametersin thetopsideandprotono-
spherein particularrequiremuchgreatersensitivity. A new
codedlong-pulseexperimentwasthereforeimplementedus-
ing thealternatingcodesintroducedby Lehtinen[1986] [see
alsoLehtinenandHäggström, 1987;LehtinenandHuusko-
nen, 1996] as an alternative to existing long-pulse,multi-
pulse,and pseudorandompulse techniques[Farley, 1972;
Holt et al., 1992;Sulzer, 1986]. Alternatingcodesare re-
peatingsequencesof binary phasecodesthat permit high
resolutionACFmeasurementsfrom long-pulseexperiments.
They differ from pulsecompressioncodessuchas Barker
andcomplementarycodesin thatall of the lagsof theACF
arederived from the time spanof individual pulses.(Con-
versely, spectralinformationis derived from pulseto pulse
measurementsin Barker and complementarycodeexperi-
ments,which are thereforeunsuitablefor observingover-
spreadtargets.) Becauselong pulsesare used,alternating
codespermit the full exploitation of a radar’s duty cycle.
Furthermore,they provide multiple measurementsof the
lagsof the ACF from eachtransmittedpulseandtherefore
fostervery goodstatistics. The Lehtinenalternatingcodes
arethemselvesderived from the Walshsign sequences,the
basisof analternative form of fastFourier transform.Their
orthogonalnaturepermitsthemeasurementof differentlags
of the ACF with rangeresolutiondeterminedby the baud
lengthratherthantheentirepulselength.

The ambiguity functions of Lehtinenalternatingcodes
are localizedin rangeandlag for eachdistinct lag product
measurement.Cancellationof unwantedcontributionsto the
ambiguityfunctionis achievedsystematicallywith alternat-
ing codesratherthanstatistically, which is thecasefor pseu-
dorandomcodes[Sulzer, 1986]. Two typesof codes,weak
andstrong,havebeenfound.Bothhavebaudlengthsthatare
apowerof 2. Strongcodesarenecessarywhenof thebitsof
the codearetransmittedcontinuouslyandwithout subcod-
ing. For strongcodesthe numberof pulsesin a complete
scanis twice thenumberof bits. Codeswith lengthslonger
than 32 bits remainedunknown for sometime, but prac-
tical meansof generatingvery long strongcodesnow ex-
ist [NygŕenandMarkkanen, 1997;MarkkanenandNygŕen,
1997]. Moreover, Sulzer[1993] developeda set of alter-
natingcodesthatwerenot restrictedto power of 2 lengths.
However, ambiguityis achievedwith thesecodesonly with
thesummingof all thelag productmeasurementsof a given
lag. Suchanapproachbecomesimpracticalif thetransmitter
powervariesover thelengthof thepulse.

Wewill notdwell hereonthetheoryof alternatingcodes,
whicharealreadyin widespreadusein theincoherentscatter
communityandwhich areexplainedin the referencescited
above. Rather, we discussissuespertainingto their imple-

mentationat Jicamarca.We will mainly discusserroranal-
ysisandtheestimationof statisticaluncertainties.Huusko-
nen and Lehtinen[1996] addressthis issueand provide a
recipefor estimatingtheerrorcovariancematrix,a quantity
requiredfor parameterestimationby nonlinearleastsquares
or generalizedinversemethods. However, their methodis
an empiricaloneand requiresthe retentionandstorageof
the lag productmatricesassociatedwith eachcodedpulse
in the alternatingcodescan. Sucha methodis not expedi-
entatJicamarca,wheredatanormallyneedto betransmitted
over theinternetfor analysisby remoteusers.Furthermore,
thetheoreticalformulais requiredfor amaximum-likelihood
formulation of the parameterestimationalgorithm which
would assignerrorson the basisof the model ACF rather
than the data. (Suchan algorithm is plannedbut hasnot
yetbeenimplemented.)We describebelow a theoreticalap-
proachto erroranalysisbasedsolelyonestimatesof theACF
itself.

2. Data Analysis

Theexperimentsin questionemploy a16-bitstrongLehti-
nenalternatingcodewith a pulselengthof 2 msanda baud
lengthof 125 � s, representinga favorablecompromisebe-
tweensensitivity and rangeresolution. The interpulsepe-
riod is 40ms.Thepulsepatternprovidesfor 18.75km range
resolutionand for 15 nonzerolag measurementsat integer
multiplesof 125 � s. Thedataaredecodedusingmatchedfil-
tering,andtheautocorrelationfunctionsarecomputedfrom
themfor eachrangegate.Summingof theACFstakesplace
over theentire32-pulsescan.Becausetheambiguityfunc-
tion associatedwith the completeseriesof pulsesis highly
peakedandlocalizedin rangeandlag,theACFsfor different
rangegatesaremeasureddistinctly for all but the zerolag.
For parameterestimationwe make no useof measurements
of thezerolag but insteadtreatit asonemoreparameterto
fit. Thezerolag power profile does,however, contributeto
a satisfactoryestimateof the electrondensityprofile andis
alsousefulfor erroranalysis(seebelow). Normalizationof
thepower profile is carriedout usingionosondedata.Line-
of-sight plasmadrifts at the dip equatorcan be measured
muchmoreaccuratelyusingtechniquesotherthanthe long
pulse,andwe will not attemptto make suchmeasurements
here.Consequently, wewill ignoretheimaginarypartof the
ACF estimatesthroughoutour analysisandassumethat the
actualACFsarepurelyreal.

Having computedestimatesof the ACF for eachrange
gatein this manner, we mustassignstatisticalconfidences
beforeproceedingon to parameterestimation. Statistical
inversetheory in generalandnonlinearleastsquarestech-
niquesin particularcanbecarriedout only with anestimate
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of the error covariancematrix � , which hasthe elements�����	��

������� ������������������ �!�"��� �����$#%�&�'������$#%�(��)
, in which

�������
refersto themeasuredestimateof theACF for lag

�
, where

the caretdenotesthe expectedvalue,and wherethe angle
brackets representthe ensembleaverage. (In practice,the
ensembleaverageis replacedby a time average.)With the
statisticalerrorsthatcausetheestimatesto departfrom their
expectedvaluesbeingjointly normalGaussianrandomvari-
ablesin accordancewith the centrallimit theorem,we can
expresstheprobabilityof measuringa givenACFas

* ��� ��+ ,�.-0/1�32 415 � 5(64 �87:9<; �=,-?> � �@�� ACB �EDGF > � �H�� AJI
(1)

where the column and row vectorshave different compo-
nentsfor differentlagsof the ACF. Now, the expectedval-
uesof

��
arecomplicatednonlinearfunctionsof parameters

includingtemperature,density, andcomposition,which can
be representedby a vector K . However, if we expandthat
functionaldependenceaboutaninitial guessK � as

�� � K �L+ �� � K � �1M@� K � K � �3N ��
N K M@OPO3O

(2)

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

K � K � + >�Q B �RDSF Q A DGF Q B �EDGF � � �H�� � K � � �.T (3)

whereQ is thefirst derivativematrix in (2) [e.g.,Bevington,
1969]. The nonlinearleastsquarestechniquetheninvolves
iterating(3) to convergence.Theuncertaintyfor the U th final
parameterestimateis thengivenby thetransformation:VGWX + > Q B �RDSF Q A DGFXYXHZ (4)

2.1. General Error Covariance Analysis

Both the radarsignal scatteredfrom a given scattering
volumedetectedat the receiver andthestatisticalerrorsas-
sociatedwith our ACF estimatorsaremultivariateGaussian
randomvariablescharacterizedby their covariances.Con-
siderthegeneralproblemof theerrorcovarianceof two cor-
relationmeasurementsmaderepeatedlyfrom four samples
or a Gaussianrandomprocessat times [ , [ M\�

, [ # , and [ # +�$#
. Label the U th realizationof thesefour samplesas ]0^ F X ,^ W X , ^`_ X , ^�a Xcb . Further, defineanestimateof thecorrelation

functionto be

� F W + ,d�egfh XYi F ^ F X ^kjW X T (5)

where
d

is thevarianceof thecomplex signalor the signal
powerand

e
is thenumberof statisticallyindependentsam-

ples. We will neglectbiasesassociatedwith this estimator,
assumingthat

e
is large enoughto renderthemnegligible.

As statedby HuuskonenandLehtinen[1996]andascaneas-
ily beshown by applyingtheformalismof Farley [1969],����l �	�m
 ���"�n��� F W ���� F W �c�"�o��� _pa �q�� _pa �p)+ ,-3e �"�r�P�� F _ �� jW a Ms�� W _ �� jF a � (6)

The result is that the error covariancedoesnot dependex-
plicitly on the expectationof

�������
or

�����$#%�
but ratheron

theexpectationof theACFevaluatedat theotherfour possi-
ble time permutation.Sinceradarexperimentsinvolvesam-
plesmadeat regular intervals,however,

��������
and

������$#%�
fre-

quentlyreenterthepicture. Theerrorcovariances
����l � �

for
four illustrativesituationsaregivenbelow:

[ + [ # ,-3e �"�?�p�� j ��� # �t���1Ms�� j �����:�� j ��� # �(�nT
[ Mu�E+ [ # ,-3e �"�?�p��������:�� j ��� # �SMs�� j ���vMw� # �(�oT

[ Mw�x+ [ # Mu� # ,-3e �"�?�p������y�z� # �1M{�� j ��� # �:�� j �����(��T
[ + [ # T|�x+H� # ,-3e �"�~} , Ms�� j W ����� � Z

Theuseof commonsamplesin thecomputationof
��������

and������$#!�
introducesafactorof thezerolag

������n�
= 1 into thefirst

threeformulas. The last formula is anerrorautocovariance
andcontainstwo factorsof thezerolag,whichappearasthe
unity term.

Notethatalternatingcodeexperimentsinvolvedatafrom
multiplescans,eachcomposedof multiplephasecodes.The
individualphasecodesmaygiveriseto samplesfrom differ-
ent statisticalpopulationswith differentlag productexpec-
tations. Only whenall the lag productsareaddedwill the
desiredexpectationsand ambiguity be achieved. The ap-
propriategeneralizationfor (6), takinginto accountsamples
from differentphasecodesanddifferentpopulations,is� ��l �	� + ,-ne ���r�|�P�� F _ �� jW a )1M��P�� W _ �� jF a )|�GT

(7)

wherethe anglebracketsdenotean averageover all pulses
comprisinga scanandwhere

e
is now thenumberof scans

times the numberof pulsesin a scan. In the event that
the expectationsof given lag productsfor different pulses
in a scanhave small or uncorrelateddeviations,

�P�� F _ �� jW a )� �P�� F _ )8�P�� jW a ) (for example),andthe lagson the right side
of the arrow have the desiredexpectationsand ambiguity.
Throughoutsection2.2 we will droptheanglebracketsand
assumethat thepropertiesof thecodedpulsesaresuchthat
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Figure 1. Range-timediagramillustratinga hypothetical4-
bit codedlong-pulseexperiment. In this examplean esti-
mateof the first (second)lag of the ACF canbe computed
from thesamplesdenoted̂$� and ^ F ( ^ F and ^ _ ). A signif-
icant error covariancewill arisefrom the shareduseof the^ F sample.Darkshadedregionsrepresentsignal,while light
shadedregionsrepresentclutter.

decorrelationholds. In fact, this is only approximatelytrue
for so-calledrandomizedalternatingcodesand untruefor
traditional alternatingcodes. The discrepancy will be ad-
dressedin section2.3.

2.2. Effects of Clutter and Noise

Theprecedingargumentshold genericallybut needto be
modifiedfor practicalapplicationto thealternatingcodeex-
periment. Below, we discussthe modificationsthat need
to be made,following an approachsimilar to the oneout-
lined by Farley [1969]. Figure1 depictsa range-timedia-
gram for a hypotheticalalternatingcodeexperimentusing
a 4-bit codesequence.The � F ZYZ�Z � a refer to the signsof a
binarycodesequenceemployedupontransmissionanddur-
ing decoding.Theshadedregionsin thediagramrepresent
backscatterarisingfrom therangeinterval of interest.When
thedataareproperlydecoded,thenonzerolagsof theACF
computedfrom thesampleŝ F ZYZ�Z ^$a will reflectproperties
of thescatteringmediumin theindicatedrangeintervalonly.
ThecorrectACFestimatorshouldthereforebe

����� + ,d�e fh XYi F ^ � X ^kj� X T (8)

wherethesamplevoltageshave beendecodedandwhere
d

representsthe signalpower arising from the rangegateof

interestonly. However, this
d

is no longer the varianceof
the signal, which now containssky noiseand also clutter
from undesiredrangegates.We thereforerewrite (8) as�o���

+ � d=M~�{M����%���d ,� d=M���M����%��� ,e fh XYi F ^ � X ^ j� X T
(9)

where
�

and
�

representthe noiseandclutter power, re-
spectively. Thesquarebracketsdenotethegeometricmean
of the signalplus noiseplus clutter powersassociatedwith
thesamples� and � ; sincethescatteringprocessis nonsta-
tionary, theclutterpowerwill, in fact,bedifferentfor differ-
entsamplesusedto calculatetheACFfor agivenrangegate.
At Jicamarca,sky noisedominatesnoisein thereceiversand
hasa strongdiurnalvariation. Theclutter, meanwhile,will
alwaysbemuchstrongerthanthesignal,by a factorsome-
thing like the baudlengthof the codelessone,andwill be
thelimiting factoron thesensitivity of theexperimentup to
veryhighaltitudesatJicamarca.

Now the factorsin (9) to the right of the first quotient
representanautocorrelationfunctionmeasurementnormal-
ized to the varianceof the signal, preciselywhat we have
expressedgenerallyin (5). This meansthat theexpressions
derivedabovein (6) andthereafterareapplicableto a coded
long-pulseexperimentprovided that they aremultiplied by
pairsof factorsof

� dtMH��M@��� ����� d
with the appropriate

subscripts.However, theinterpretationof theresultsis now
somewhatdifferent,asthe noiseandclutter portionsof the
signalareuncorrelatedin all but the zerolag. Estimatesof
theACFwill thereforebereducedby thefactor

�� ��� + ��:� ��� d� d=Mw�{M~���!��� T
(10)

where
�� �

representsthe ACF of that portion of the signal
arising from backscatterfrom the desiredrangegate. It is
thisquantityin whichweareinterested.Weassumeherethat
the receiver filters areperfectlymatched.If not, theneven
the strongcodewill give rise to correlatedclutter that not
only will influencetheerrorcovariancesbut could inducea
biasin theACFestimates.Thisconcernis, however, beyond
thescopeof thepresentanalysis.Let usthereforesubstitute
(10) into (6), multiply by two correspondingfactorsof

� d=M�~My���!��� � d
, solvein termsof

� �
, andhenceforthdropthe �

subscript.Theresultis anerrorcovarianceestimatorsimilar
to (6) exceptin onecrucialrespect.Thatis, wherevera zero
lag is implied in (6), theformulain (10) shouldnot beused.
Thesignal,noise,andclutterpowerall contributeto thezero
lagestimator, and

��
= 1 giventhenormalizationin use.
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We revisit below theexampleerrorcovarianceestimates
given previously, now written moreexplicitly for an alter-
natingcodeexperiment:

[ + [ # ,-ne ���`�c�� j ��� # �t���c� � Ms�� j �����:�� j ��� # �(�nT
[ Mw�x+ [ # ,-3e �����|��������:�� j ��� # �SM{�� j ����Mu� # �c� � �nT

[ Mu��+ [ # Mw� # ,-3e �����|������R�t� # �c� � Ms�� j ��� # �:�� j �����(��T
[ + [ # Tp�E+@� # ,-3e ��� } ��������Ms�� j W ����� � Z

where
� �

is the ratio
��duM���M���� � d

for the sample� .
Thegeometricmeannotationis gonesincethe

�
factorsur-

vivesonly wherecommonsamplesarein use.Error covari-
ancesof ACF measurementsthat involve commonsamples
will thereforebemuchlarger thanthosethatdo 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 assumptionmadefollow-
ing (7) thattheexpectationsof givenlagproductsassociated
with differentpulsescomprisingascanhavesmallor uncor-
relateddeviations. This assumptionis, in general,unjusti-
fied. Whereasthecodeshavebeendesignedsuchthatclutter
is exactly canceledanddoesnot appearin thefirst moment
averages

�P���)
, clutter canandgenerallywill contribute sig-

nificantly to thesecondmomentterms
�P����� j ) . Consequently,

theparticularconstructionof agivensetof codesaffectsthe
speedof theradarexperiment;evencodeswith thesameam-
biguity functioncanhavedifferentspeeds.

Note, however, that our earlier resultsareunaffectedin
thecasethatoneor bothof thefactorsin thesecondmoment
termsis a constant,namely,

�
. The only covarianceterms

thatareaffectedby correlatedclutter thereforearetheones
thatarisefrom caseswhereno samplesaresharedbetween
lags.Eventhoughthesetermsoutnumbertermswheresam-
plesareshared,they might otherwisebe neglectedin view
of the fact that

�
is muchgreaterthanunity. Theseterms

mustbeconsidered,however, whenevercorrelatedclutter is
an issueandcan,in fact, contribute significantlyto the ex-
perimentaluncertainty.

Lehtinenet al. [1997] raisetheissueof correlatedclutter
andinvestigatethe relative speedof alternatingcodes,ran-
dom codes,andrandomizedcodes.They demonstratethat
somecodingschemesperformbetterthanothersandargue
that theeffectsof correlatedclutterareminimizedby using
randomizedalternatingcodesequences.Considerthatmuch
of thecorrelatedclutter in a traditionalLehtinenalternating

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

codesequencearisesfrom the first codewhich is madeup
entirely of baudswith the samesign. Randomizingcodes
alleviatesthis problemandgenerallyreducesthesizeof the
secondmomenttermsto thepoint that they no longercom-
petewith thetermsof order

�
or

� W .
A Monte Carlo computeralgorithm has beenused to

estimatethe size of Re
�P��������:�� j ���$#%�|)

for the 16-bit strong
code.ThealgorithminvolvesgeneratingmultivariateGaus-
sianrandomvariablesrepresentingthescatteredsignalcom-
ponentscorrespondingto eachboxin Figure1 (or rathera16
baudversionof Figure1). Therandomvariablesaregener-
atedsoasto bestatisticallyindependentfrom rangeto range
and to have ACFs representative of the incoherentscatter
signalat Jicamarca.Alternatingcodesequenceswereused
to codeanddecodethesimulatedsignal.Thesimulationwas
thenrun for all thepossiblepermutationsof

�
and

�$#
.

Figure 2 presentsthe resultsof the Monte Carlo sim-
ulation. It shows two-dimensionalplots of the quotient� B l B � = �P��������:��G���$#��p) � �P��������|)C�P��S���$#!�p)

, representingtheeffect of
correlatedclutter on the secondmomentof the ACFs de-
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rived from individual codedpulses. The abscissasof the
relief plots are the integer lag numberscorrespondingto

�
and

� #
andrangingfrom 1 to 15. Therearemultiple ways

of measuringagivenlagandamultiplicity of waysof form-
ing a given secondmoment;what is plottedhereis the av-
eragecomputedfrom all thewaysof estimatingthesecond
momentin question.The varioustermscontributing to the
averages,in fact,deviatefrom themonly slightly.

Mostof thecorrelatedclutterin thetraditionalexperiment
(tophalf of Figure2) derivesfrom thefirst pulsein thescan,
which hasconstantphase,andthe 22ndpulse,which sim-
ply alternatesin sign (i.e., +-+-....). Consequently, we find
thatthesymmetricmatrix

� ���
is well approximatedby the

simpleexpression
�������
-������ � �8����� � � � -P�

, where�
is thebaudlengthof thecode.(A betterapproximationis

givenby
� W��� �@�Y����� � �C����� � � � �?� W M , whichdecaysto

unity for long lags.) This formulacanhenceforthbe incor-
poratedin theerroranalysisof datafrom traditional16-baud
Lehtinenalternatingcodeexperiments.

An intuitive pictureof the effect of correlatedclutter on
the experimentalstatisticsin the high signal-to-noiselimit
becomesapparentwhenassessingtheexperimentin thefre-
quency domain(M. Sulzer, personalcommunication,2000).
Theobjective of pulsecodingmaybeseenaswideningthe
spectraof signalsfrom unwantedrangesin sucha way that,
whenaddedacrossa completescan,they form a flat noise
spectrum(theclutterspectrum).In effect,codingattemptsto
turntheclutterinto arandomprocess.However, whenapar-
ticularly unsuitablecodesuchasonewith constantphaseis
transmitted,no broadeningoccurs,andtheclutter from that
pulseremainsconcentratedat low frequencies,in the inter-
estingportionof thespectrum.Clutter from otherpulsesin
thescanmustthenfall mainlyoutsidetheinterestingportion
of the spectrumin order to achieve a flat clutter spectrum
overall. This hastheeffect of reducingthenumberof inde-
pendentcluttersamplesin the low-frequency portionof the
spectrumfrom whatcouldotherwisebeachievedwith more
optimal phasecodesand a more uniform spectralredistri-
bution of clutterpower. Fewer independentclutter samples
degradethestatisticsof theclutterspectrumanddegradethe
experimentoverall in thehigh signal-to-noiselimit.

For completeness’sake,werepeatedthe
� ���

simulation
for a randomizedcodeexperiment.This time, all thecodes
in ascanweremultipliedby oneof four randompatternsthat
werethenrotatedfrom scanto scan.Theparticularrandom
patternswerethe onestabulatedandinvestigatedby Lehti-
nenetal. [1997]. Theresultsareshown in thebottomhalf of
Figure2. Evidently, evidenceof correlatedclutterhasall but
vanishedin this case,as

�����
hasbeenreducedessentially

to unity. The benefitsof coderandomizationaretherefore
clear, and randomizationschemesmore elaboratethan the

oneemployedhereareunnecessary. Theradarcontrollerat
Jicamarcais currentlyundergoinganupgradethatwill per-
mit the transmissionof randomizedalternatingcodes.The
upgradewill reducecovariancesin the high signal-to-noise
limit andwill alsosupressrangecorrelationsassociatedwith
the correlatedclutter. The datapresentedhere, however,
were all taken using the traditional alternatingcodesand
consequentlysuffer from somewhatdegradedstatistics,par-
ticularly in theshortlagsin thehigh signal-to-noiseregime.
Lehtinenet al. [1997] have shown that the autocovariances
in this regime can be reducedby aboutone third by code
randomization.

Finally, we revisit one last time our exampleerror co-
varianceestimates,now including the effectsof correlated
clutter:

[ + [ # ,-ne �����c�� j ��� # �t���c� � Ms�� j �����:�� j ��� # �|� �Cl � � �nT
[ Mu�E+ [ #,-3e �"���c��������:�� j ��� # �p����l ���$Ms�� j ���vMw� # �c� � �oT
[ Mu�E+ [ # Mu� #,-3e �"���c������y�t� # �|���HMs�� j ��� # �:�� j �����|� �Cl � � �oT
[ + [ # T|�x+H� #

,-3e �"� } ������� Ms�� j W �����|� ��l � � Z
Herethecaretsonceagainreferto theexpectationsof agiven
lag of the ACF after summingacrossentirescans(i.e. the
anglebracketshaveagainbeendropped).

2.4. Summary Analysis

Whatwe have investigatedso far is theerror covariance
betweenestimatesof individual lags of the ACF. Coded
long-pulseexperimentsprovide ¡ = � � � meansof esti-
matingthe � th lag of theACF, where � is thebaudlength
of thecode.Thecompleteerrorcovariancematrix mustex-
pressthe covariancesof all of the possibleestimatesof a
given lag of the ACF with all of the possibleestimatesof
another. Thefinal expressionthenbecomes

����l � � + , ¡ ,¡ #£¢
l
¢
�hX�i F l ¤ i F

� �c¥(l � �¦ T (11)

where ¡ and ¡ # arethenumberof waysof makingestimates
of thelags

�
and

�$#
, respectively, from thecodedpulse.Each

of the summedtermson the right sideof (11) is formedin
themannerof theexamplesshown above. It is particularly
importantto notethattheerrorautocovariancestoo mustbe
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calculatedaccordingto this formulaandthatthecrossterms
cannotbeneglected.Thatis,

� ��l � + , ¡ ��� �c¥cl �c¥ )SM -
¡ W ¢hX�i F l ¤8§ X � �c¥ l � ¦ (12)

¨ , ¡ ����� ¥ l � ¥ )JT
wherethesecondtermin thesumrepresentsthecorrelation
betweenerrorsin the U th measurementof theACFatagiven
lag with errorsin the © th measurement.Evidently, the er-
ror autocovariancesdo not decreasesimply as , � ¡ in coded
long-pulseexperimentsas they do in many othercontexts,
asneglectingthecrosscorrelationsgivesriseto asignificant
underestimate.

Theerror autocovarianceswill generallybe muchlarger
than the off-diagonal terms, however, making the covari-
ancematrixdiagonallydominant.It shouldbepermissiblein
many instancesto neglecttheoff-diagonaltermsthroughout
thedataanalysisandparameterestimation,but they should
not be neglectedwhen determiningthe error bars on the
fit parametersaccordingto (4). Huuskonenand Lehtinen
[1996] perform an analysisshowing that neglecting these
termsleadsto anunderestimateof thesizeof theerrorbars
by up to a factorof � 1.5.

2.5. Signal, Noise, and Clutter Estimates

Theportionof theradarsignalcorrespondingto sky and
systemnoise is a stationaryrandomvariable,and we can
estimatethe noisepower in every rangegatefrom samples
correspondingto high altitudesfrom which little backscat-
ter returns. We presumethat the expectationof the zero
lag aloneis affectedby noiseandestimatethe noiselevel
from it accordingly. Thebackscattersignal,meanwhile,is a
nonstationaryrandomprocess.Thesignalandclutterpower
estimatesrequiredby theprecedinganalysismustberepre-
sentativeof thescatteringvolumedefinedby thecodedpulse
ambiguityfunction,makingthe zerolag dataan unsuitable
basisoverall. (We can,however, derive very robust if un-
codedestimatesof theelectrondensityprofile from thezero
lag datawith the caveat that they will be somewhat inac-
curatebelow the F peakwherethe densitychangesrapidly
with altitude.In thatregiontherealpartof thefirst lagof the
ACFprovidesa betterbasisfor theestimateof �1ª .)

A numberwaysof estimatingsignalpowerprofilespresent
themselves.Shortuncodedpulsescouldbeinterspersedwith
thealternatingcodedpulses,andthepowerprofilescouldbe
derivedfrom them. Sucha methodwill be implementedin
thenearfuturewhenthealternatingcodeandFaradaydouble
pulseexperimentsareintegratedatJicamarca.Alternatively,
thesignalpowercouldbetreatedself-consistentlyduringpa-

rameterestimation.The zerolag, or, equivalently, the nor-
malization,of the ACF alreadyappearsasan additionalfit
parameterin our analysis. The signal power and electron
densityprofiles could thereforebe expressedimplicitly in
termsof this parameterduringthefitting. In thepresentex-
perimentswe usethefirst lag of theACF asa proxy for the
signalpower at altitudesnearandbelow the F peak,where
the electrondensitychangesrapidly but the compositionis
constant.Abovethatweusetheuncodedzerolagdividedby
thenumberof bits in thealternatingcode.This approxima-
tion holdswherethe electrondensitychangesslowly with
altitude.

3. Experimental Results

In practice,weperformparameterestimationutilizing a
Levenberg-Marquardt algorithm rather than the nonlinear
leastsquaresiterationtechniqueoutlinedin section2. Leven-
berg-Marquardtis usedto minimize the chi-squaredevia-
tion betweenmodel-anddata-derivedACFsby employing
a globally stablehybrid conjugategradient/Newton itera-
tion method.Themostexpedientapplicationof themethod
involvesdiagonalizingthe inversecovariancematrix found
above. Thentheargumentof (1) canbewrittensimply as

�R« W- + � h X
�­¬� � � ¬� � K �p� WX- V WX T

(13)

wherethetildesindicatevectorsthathaveundergonea sim-
ilarity transformationusingtheeigenvectorsof � DGF , the V WX
arethe inversesof the eigenvaluesof � DGF , andthe sumis
over thecomponentsof thevector

¬� � � ¬�
.

We presentheretwo examplesof datatakenat Jicamarca
andprocessedaccordingto theprescriptionsgivenabove. In
Figure3 areshown sampledatatakenaftersunseton Octo-
ber8, 1999. Thedataweretakenusinga singletransmitter
which generateda peakpower of � 1 MW andwhich drove
the antennaarray in circular polarization. The antennait-
self wasconfiguredin what hashistorically beencalled its
4.5

�
position. In this configurationthemainbeamof thean-

tennais directedprecisely3.15
�
, 2.79

�
, and 2.44

�
off per-

pendicularto ® at altitudesof 600, 900, and1200km, re-
spectively.

Thefirst columnshowsmeasuredACFsversusaltitudein
theform of errorbars.Theerrorbarsthemselvesreflectau-
tocovariancescalculatedaccordingto (12). The solid lines
drawn throughthe error barsarethe bestfit models. Elec-
trojetcluttercontaminateddatabelow � 450km altitude(not
shown). The incoherentintegrationtime for thesedatawas� 25min,althoughdatawererejectedaconsiderableamount
of this timebecauseof satellitecontamination.
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Figure 3. Alternatingcodeincoherentscatterdatafor October8, 1999.
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Thesecondcolumnshowsthemagnitudeof themeasured
zerolag (solid line) andof thebestfit zerolag arisingfrom
theparameterestimation(line with errorbars).Whereasthe
rangeresolutionof thefirst of thesecurvesis limited by the
pulselength,thatof the secondis limited only by the baud
length. The directly measuredcurve is, however, morero-
bust, the signal-to-noiseratio for thezerolag beinggreater
thantheothersby approximatelya factorof thebaudlength
of thecode.Bothcurveshavebeenrangecorrected,normal-
izedto ionosondemeasurementsof f ¯ f W , andplottedagainst
anabsolutescaleof electrondensity. Backgroundnoisewas
estimatedfrom thehighestfew altitudesandsubtractedfrom
themeasuredzerolag estimateprior to scalingandnormal-
ization. Note that °Sª � ° X at thealtitudesandlocal time in
questionand that no temperatureratio correctionhasbeen
performed.

The remainingthreepanelsdepict the electrontemper-
ature, hydrogenfraction, and helium fraction, as derived
from the ACFs. We have assumed°Sª = ° X hereandso fit
only for thesequantitiesandfor thezerolag itself. Theer-
ror barswerederived following (4). Clearly, datafrom the
alternatingcodeexperimentat Jicamarcaareof sufficiently
high quality to permit multiple parameterestimationup to
protonosphericaltitudes.By comparison,givencomparable
powerlevelsandintegrationtimes,theusualFaradaydouble
pulseexperimentat Jicamarcadoesnot performwell above
about600-800km, doesnot provide usablehydrogenfits
abovetheF peak,anddoesnotyield usefulheliumestimates
at all.

It shouldbe mentionedthat temperaturemeasurements
atJicamarcaarehistoricallyproblematicfor reasonsthatare
only now becomingclear. Measurementsof ° ª � ° X havelong
yielded valuessignificantly lessthan unity with no appar-
ent geophysicaljustification. The effect diminishesas the
mainbeamof theJicamarcaantennais steeredfurther from
perpendicularto ® [Pingree, 1990]. Altitudes immediately
above the F peakwere the mostaffected. For many years
it wassuspectedthatlight ion concentrationswereresponsi-
ble for theanomalouslylow electrontemperature.However,
this hypothesiscouldnot readilybeverifiedon thebasisof
conventionaldoublepulsedatabecauseof thepoorsensitiv-
ity of thatexperiment.Recently, SulzerandGonzalez[1999]
arguedthattheeffect is insteaddueto electroncoulombcol-
lisions,somethingnormallynotaccountedfor in thecompu-
tationof electronadmittancefunctions.Evidencesupporting
their hypothesisis mounting,but a practicalmeansof ac-
countingfor theeffectsof electroncoulombcollisionsin the
dataanalysisremainsto be formulated.We have attempted
to sidesteptheissueto someextenthereby focusingonpost-
sunsetobservationsand enforcingthe °Gª = ° X constraintin
our analysis.However, our admittancefunctionsneverthe-

lessrequirecorrectionandwill beupdatedonceanexpedient
algorithmis available.

A datasetsimilar to theonein Figure3 but for Novem-
ber 11, 1999, is shown in Figure4. This time, two of Ji-
camarca’s megawatt transmitterswerecombinedthrougha
hybrid network andusedto drive onecircular polarization
of the antennaarraytogether. The extra sensitivity this af-
forded permittedgood resultsto be obtainedto � 200 km
higher altitude than before. Here we seethat useful ACF
andparameterestimatesareavailablethroughoutthetopside
andwell into theprotonosphere.

4. Summary

An alternatingcode incoherentscatterexperimenthas
beenimplementedatJicamarcafor thepurposeof aeronomy
researchin the topsideandprotonosphere.The experiment
improvesupontheperformanceof thestandarddouble-pulse
modeat altitudesabove � 450km by fully utilizing thedata
cyclecapabilitiesof theJicamarcatransmitters.An approxi-
matemethodfor performingerroranalysishasbeenoutlined
that requiresnothing more than estimatesof the ACF, the
electrondensityprofile, andsignal-to-noiseandclutter-to-
noiseratiosfor every rangegate. Lag productmatricesfor
individual pulsesneednot beretainedto performtheanaly-
sis.

In the future, we plan to combinethe alternatingcode
anddouble-pulseexperimentsinto a singleexperiment.The
Faradaydouble-pulsetechniqueprovidesabsoluteestimates
of the electrondensityprofile andyields measurementsof
theACFdowntoaltitudesjustabovethevalley region. (Note
thatwepresentlycannotusethealternatingcodeexperiment
effectively whenever the F peak falls below 450 km and
power profile normalizationbecomesimpossible).Parame-
terestimationfrom double-pulsedatais sufficiently accurate
in altitudesneartheF peak,wherethe signal-to-noiseratio
is high. Thedouble-pulseexperimentmayevenstatistically
outperformthe alternatingcodeexperimenttheresincethe
former is not clutter limited. Error analysisfor thedouble-
pulseexperimentis straightforward sincethe statisticaler-
rorsassociatedwith eachlagof theACFareuncorrelated.

Finally, we plan to attemptto extract line-of-sightdrifts
from the information in the complex ACF measurements.
Obviousgeneralizationsof theformulaspresentedhereexist
for the complex caseaswell. Plasmadensity, temperature,
composition,anddrifts could therebybemeasuredsimulta-
neouslyat Jicamarcafor thefirst time.
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Figure 4. Alternatingcodeincoherentscatterdatafor November11, 1999.Two transmitterswereusedfor this experiment.
Residualsatellitecontaminationis evidentat altitudescloseto 820km.
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Lehtinen,M. S.,andI. Häggstr̈om,A new modulationprinciplefor
incoherentscattermeasurements,RadioSci., 22, 625,1987.

Lehtinen, M. S., and A. Huuskonen, Generalincoherentscatter
analysisandGUISDAP, J. Atmos.Terr. Phys., 58, 435,1996.

Lehtinen,M. S., A. Huuskonen,andM. Markkanen,Randomiza-
tion of alternatingcodes:Improving incoherentscattermeasure-
mentsby reducingcorrelationsof gatedcorrelationfunctiones-
timates,RadioSci., 32, 2271,1997.

Markkanen,M., andT. Nygrén,Longalternatingcodes,2,Practical
searchmethod,RadioSci., 32, 9, 1997.

Nygrén,T., andM. Markkanen,Long alternatingcodes,1, Search
by playingdominoes,RadioSci., 32, 1, 1997.

Pingree,J. E., Incoherentscattermeasurementsand inferred en-
ergy fluxesin theequarotialF-region ionosphere,Ph.D.thesis,
CornellUniv., Ithaca,N. Y., 1990.

Sulzer, M. P., A radartechniquefor high rangeresolutioninco-
herentscatterautocorrelationfunction measurementsutilizing
thefull averagepower of klystron radars,RadioSci., 21, 1035,
1986.

Sulzer, M. P., A new typeof alternatingcodefor incoherentscatter
measurements,RadioSci., 28, 995,1993.

Sulzer, M. P., andS.Gonzalez,Theeffectof electroncoulombcol-
lisionson the incoherentscatterspectrumin theF region at Ji-
camarca,J. Geophys.Res., 104, 22,535,1999.

D. L. Hysell, Departmentof Physicsand Astronomy,
205 Kinard Laboratory, ClemsonUniversity, Clemson,SC
29634.(dhysell@clemson.edu)
ReceivedApril 10,2000; revisedJuly20,2000; acceptedAugust7, 2000.

This preprintwaspreparedwith AGU’s LATEX macrosv5.01,with the
extensionpackage‘AGU ±�± ’ byP. W. Daly, version1.6bfrom1999/08/19.


