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ABSTRACT

Modemradio communication systems require estimatesof basiccircuitreliability to
assesstheprobability that satisfactoryperformancewill be achieved.Por these,a
knowledgeis neededof both propagationeffects and operationalrequirements.An
intemationallyadoptedcalculationmethodexistsfor HE analoguesystemsbasedon sa-
tisfying defmedsignal/noiseratios,but for digital systemsattentionmustadditionallybe
paid to meeting maximum pennilted dispersion criteria.A newmethodof evaluationto
achievethis is introducedasan extensionof the procedurefor analognesystems.The
variousinherentassumptionsarediscussedandthejustifocationfor theadoptedappro-
achis examined.

Key words: B+M Ionosphere,HF Radio-wavepropagation,Digital systemper-
foronance.

1. INTRODUCTION

Traditionally, the planningof HP radio systemshas involved the esti-
mationfrom propagationconsiderationsfor differenttimesof dayof theband
of frequenciesbetweenthe monthlymedianvaluesof basicMIJF (the hig-
hestfrequencysupportingionosphericpropagationby refraction)and the
LUF (lowest frequencywith adequatesignal strength).Estimatesof me-
diansignal strengthsderivedby takingaccountof the varioustransmission
loss andgainfactorshavebeencombinedwith backgroundintensityesti-
matesfor atmospheric,man-madeandgalactic noiseto give median sig-
nal/noiseratios.

Whilst in some circíesthe useof empirical fading allowanceadjust-
mentsto suchmonthly figures remain favoured,a more preciseapproach
shouldtakeaccountstatisticallyof the day-to-dayandwithin-an-hourvaria-
tions of the signalsandnoise.This is donethroughthe conceptof reliability
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(ITU-R, 199%), and various types of reliability are defined. Reliability is the
probability of achievinga desiredsystemperformance.Basicreliability ap-
plies when the background is thecompositeof atmospheric,man-madeand
galacticnoise;overalíreliability alsoallows for interference.Basic circuit re-
liability (BCR) relatesto a singlepoint-to-pointcircuit. Basic receptionre-
liability considersthe multiple transmissionof the sameinformationat dif-
ferent frequencies,and basic service reliability applies as in broadcasting
where reception is to a numberof separatepoints within a requiredarea.The-
sedifferent typesof reliability eachmaybe evahiatedin tez-msof the BCR
(ITU-R, 1997a).

2. BCR FOR AN ANALOGUE CIRCUIT

For aradio systemwith perforn~ancedeterminedonly by signal/noisecon-
szderationswetuvethat:

BCR= JP(SN).d(SN) (1)
SN

0

whereP(SN) is theprobability-densityfunctionof the combinedday-to-dayand
within-an-hourvariationsof SNaudSN0 is the requiredsignal/noiseratio. A
methodof evaluationof eq. (1) is given in ITIJ-R (1997a)usingreferenceva-
lues of theupperandlowerdeciledeviationsfrom the monthly medianof the
signalsandof thenoise.It is assumedthat the signalsandnoiseare uncorrela-
ted,audthat the upperdecilesignal/noiseratio deviationfrom the medianis gi-
ven as the rms sum of the upper decile deviations of the signals due to day-to-
day andwithin-an-hourvariations,and the lower decile deviationsof the
compositenoiseas appropriatedueto day-to-dayandwithin-an-hourvariations,
where ah quantities are expressed in decibel form. Likewise, the lower decile
signal/noiseratio is given in tennsof theconespondinglower decilesignaland
upperdecilenoisedeviations.A simpleapproximate,but adequate,fonn of cu-
mulative-probabilitydistributionproducedby BradleyandBedford(1976)gi-
ven entirelyin termsof the median,upperandlower deciledeviationsof sig-
nah/noiseratio (Pig. 1) is incorporatedto yield BCR for any SN0. This gives
that:

BCR(%)=RSN=130— 80/[l + (SN — SN)~~1 =100

for SN =SN0
(2)

— 80¡[l + (SN0 — SN)ID] — 30 0

for SNm < SN0
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X = Variable
= Requiredvalue[obe exceeded

X = Medianvalue
= Upperdeciledeviation
= Upperdeciledeviation

P = 130-801F1+(X,,,X0)mj

so

P=80I[1+(L..x~yra1í.3o %

10 -

‘4

Figure 1. Idealisedcumulative-amplitudeprobability distributionfztted to mediananddeciledeviation
values,fromBradleyasidBedford,1976.

whereRSN is te probabilitythatte requiredsignal/noiseratio SN0is achieved
andSNm.D1 and1),, arerespectivelythesignal/noiseratio monthlymedian,lo-
wer audupperdeciledeviationsfrom the median.

Hence.te validity of theapproachrestsbothon beingableto estimatepre-
vailing propagationaudnoisefactors,andin selectingte requiredsignal/noi-
seratio.Re requiredsignal/noiseratio is a subjectivefactordependingon what
constitutessatisfaction,and this will vary from one listener to anotherand
alsodependon thetypeof transmissionsysteminvolved. ITU-R(1997b)offers
referencevaluesof signal/noiseratio for varioustypesof system.In systemand
serviceplanningit is alsonecessaryto chooseavalueof BCR to be achieved,
andthis too is a subjectivefactor.

3. BCR FOR A DIGITAL CIRCUIT

Whilst te ionosphereprovidesa meansof signal supportwith intensities
subjectto fading,it alsogives riseto time spreadsassociatedwith multiplepro-
pagationpathsof differing grouplengthsandDopplerspreadsandshiftsattri-
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Figure 2. channel-scaueringfunetion toe three-modedionosphericsignalpropagation,from Vincent
etal., 1968.

butable to movementsand the growth and decayof ionisation. Vincent et
al.(1968)introducedthe conceptof representingsucheffectsin tez-msof a th-
ree-dimensionalchannel-scatteringfunction. Figure 2, takenfrom their pu-
blishedwork, illustratesthe caseof athree-modedreceivedsignal,iii which the
separatemodeseachhavedifferent amplitudes,dispersionsandshifts.Often in
practice,particularly in the presenceof scatterpropagationwhenthereare jo-
nosphericirregularitiespresent,thevarious signal componentsoverlapto give
continuumsboth in time andfrequency.Especiallyfor high latitude andtran-
sequatorialpathsdispersionsandspreadstend to exceedthosearisingat midd-
le latitudes(Fig. 3).

Figure 4 is an idealisedrepresentationfor a particulardigital circuit sho-
wing the reductionof error rate with increaseof mediansignal/noiseratio
SN,, in the presence of dispersion. For low SNm te error rate is essentially go-
verned by SNm and falís as SN is increased. At some tlireshold SNmvalue de-
pending on the amount of dis~rsion present a timiting mínimum error rate is
reached.Increaseof thedispersionleadsto an increaseof thatminimum.

In the caseof a digital transmissionsystem,in principie systemperfor-
manceis simpler to characterise,becauseit canbeadirect specificationof error
rate,therebyeliminating humanfactors,thoughin practice,aswith BCR for an
analoguesystem,tez-e is still the needto decidewhat percentageof the time,
what BCR, constitutesacceptability.A digital systemmay be impaired by
inadequatesignal/noiseratio, excessivetime spreador excessivefrequency
dispersion.Whilst theperformanceof particularsystemsoperatingoverspeci-
fic links could beassessedin fleld trials, it is evident that,aswith analognesys-
tems,not alí casescould therebybe consideredandso againit is necessaryto
separatethe two aspectsof characterisingthepz-opagationeffectsfrom asses-
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Figure 3. SamplemeasuredDoplerspeclraovertemperate-latitudepat(topsection)andtransauroral
path(Iowersection),frore Vincenteíal., 1968.
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Figure4. Idealisedenorprobabilitiesfor adigital systemin te presenceof time spreador frequency
dispersionsD1 andD2 with D2 > D1.
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sing how particularsystemsrespondto thesefeatures.The lattercanbe deter-
mmed,as in analoguesystems,from laboratorytestsandITU-R (199%)also
providesreferencevaluesof signal/noiseratio, (but not of parametersof the
time spreadandfrequencydispersion)for sometypesof digital system.Now it
is appreciatedthat chaz-acterisingadigital systemis morecomplex,for it be-
comesnecessaryto select a finite numberof parametersdescriptiveof the
channel-scatteringfunction on which systemperformancedepends,andthento
estimatetheseadditional tez-ms, as well as the signal/noiseratio, from propa-
gation considerations.

So, for a digital systemnot only must a minimum signal/noiseratio be
achieved,but alsote time spreadandfrequencydispersionmustnotexceedIi-
miting values.In thepresenceof time spreadT andfrequencydispersionE the
BCR becomesa tri-dimensionalintegralas follows:

T
0 F0

BCR= J J JP(SN, T, F)~dFdTd(SN) (3)

SN0 0 0

T0andE0 arete limiting acceptableT andF for the circuit underconsideration.
In particular,evaluationof this expressionrequiresaknowledgeof te form of
Pwhich in generalwill be unknown.So hez-ein the evaluationmethodpresen-
ted it is supposedtat dispersionandspreadcaneachbecharacterisedby single
valueswhich are independentof SN, andthat F and1 are also uncorrelated.
Then:

Fo

BCR = J P~(SN)d(SN) JP2(T)dT.JP3(F)dF (4)
SN0 0 0

wherenow P1, P2 andP3 are the probability-densityfunctionswith respectlo

SN, T and F respectively. In particular, eq (4) may be evaluated sett¡ng:

BCR=RSN •RT•RF (5)

with the separateR’s correspondingto the threeintegralsrespectively.Furt-
hez-more,with RSN given from eq(2) it is evidentthat correspondingexpres-
sionsfor RT and R~ may be formulated in terms of themonthly median,upper
andlower deciledeviationsof the timespreadaudof te frequencydispersion.
Bradley (1997) reviews available information regarding these quantities and
stressesthe needfor additional measurementdata. However, empirical ex-
pressionsareprovidedfor interim useandtherebythe BCR may be determi-
ned.
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4. DISCUSSION

TheBCR of adigital systemis likely to be influencedby te fulí channel-
scatteringfunction.Time spreadandfrequencydispersioncanonly becharac-
terisedvez-y approximatelyby single spreadanddispersionparameters.Scat-
teringfunctionswit thesameparametervaluescanbeenvisagedfor whichte
BCR differs. Nonetelessradio systemsengineersare not ableattis time to
specifyotherthansinglespreadanddispersionfigurestat mustnotbeexcee-
ded, andknowledgeof ionosphericpropagation,largely arising from uncer-
taintieslii teprevailingionisationdistributionstliroughwhich te radiosignals
mustpass,preventsa morecompletespecificationof the channel-scattering
funetion.Use of singlespreadanddispersionparametersis tereforeconsidered
fully justified.

The recommendedmethodof estimaíingthe fleld strengthat a distantre-
ceiverof an HP sky-wavesignal (ITU-R, 1997c)for pat lengthsup to 7,000
km involvesamodaltreatmentleadingto valuesof the intensitiesof anumber
of simultaneouslypresentpropagationmodes.It wouldbepossible,in principIe,
to extendthis metodto allow for te differenttimedelaysof theseparatemo-
des,but frequencyspread,whichalsois likely to differ for the separatemodes,
cannotbe evaluatedin this way sinceit requiresaknowledgeof ionospheric
motionsandchanges,informationwhich atpresentis unavailable.The accuracy
of the recommendedfzeld-strengthestimatesis consideredin ITU-R (1 997d),
wherecomparisonsare presentedwith referenceworld-wide measurement
data.Typically it hasto beacceptedthat, evenwith the bestavailabletechni-
ques,predictionsof te strongestpropagationmodecanoftendiffer by more
tan 20 dB from measuredvalues.Predictionsof smaller-amplitudemodes
arelilcely to exhibit evengreaterdiscrepancies.Assumingno errorsin te me-
asurements,sourcesof error jo the predictionsarise,amongotherconsidera-
tions, from incompletespecificationof theprevailing ionosphereoverte pro-
pagationpathsandsimplifications iii modal assessmentssuchas no allowance
for FI-modepropagationandno allowancefor scatterpropagation.Recognition
of thesedifficulties hasresultedin a recommendedfield-strengthprediction
methodfor patsbeyond7, 000km range,wheretherearea greaternumberof
ionosphericreflections,that is basedon empiricalallowances,auddoesnot in-
volve a modaltreatment.lo thesecircumstances,theuseof empiricalexpres-
sionsfor time spreadandfrequencydispersionis consideredfully justified.

The evaluationmethodpresentedfor te estimationof BCR of a digital sys-
tem supposestat signal/noiseratio, timespreadandfrequencydispersionare
independentfactors.Signal/noiseratio is estimatedfor te strongestpropagation
mode. Time spreadinvolveste relativedelaysof multiple modes(or scatter
signals).Frequencydispersionarisesfrom ionosphericmotionsaudchanges,in
the absenceof which alí receivedsignalswouldexperiencezeroDoppler shift
andspread.This assumptionof independenceis thereforeconsideredfully
justified.
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The presenttime spreadandfz-equencydispersionparametersgiven by the
empiricalequationsarequotedwithout regardfor signalamplitude,implying a
cuboid-shapedscatteringfunction,whereasin pz-acticethe width of the scatte-
ring function vanesrelative to the peak amplitude.In thesecircumstances
quotedwidtbs tuve to be regardedas applyingfor a certainfixed amplitudebe-
low the peakamplitude.However,pastmeasurementdataon which the empi-
rical formulationsfor theseparametersarebaseddo not makesuchadistinc-
tion. Measurementdatacurrently being collected (eg Angling et al.,1998)
provide spreadfigures betweenpoints embracinga fixed percentageof the
scatteredpower. Requiredtolerablewidths need to be defined in the same
way as thecorrespondingmodelledquantities.Whenbenignmulti-modepro-
pagationoccurs,te scatteringfunction consistsof separatesharp-peakedcom-
ponentswith differentmeantimedelaysandfrequencyshifts andsmall spreads
associatedwith the different modes;in other situations,particularly those in-
volving scatterpropagation,the scattez-ingfunction is Iikely to be smeared
overa rangeof times andfrequencies,albeitwith somesupez-imposedspectral
peaks.In thesecircumstancesit is impossibleto generaliseaccurately.Theva-
n¡ousmodulationsystemsare likely to z-esponddifferently to particularscatte-
nng functions,but it may be supposedin thecaseof multi-modepropagation
that it is more important to characterise the time delay and frequency dispersion
spreadsembracingMl te principal propagationmodes,raiherIban thoseasso-
ciated with a single mode. The problem rests in selection of an amplitude
spreadparameterrelative to the peak amplitude of te strongestmode that
embracesalí modesthatmatíer.Herethen,perhapssomewhatarbitrarily, it is
suggestedthat for planningpuz-posestSetolerablemaximumtime spreadand
maximumfrequencydispersionbespecifiedbetweente -10 dB pointsz-elati-
ve to tSepeaksignal. This assumesthat tSevariouspresentedempirical for-
mulaefor estimatedspreadsanddispersionsgive compatiblefigures,which te-
z-e are groundsto believeis appz-oximatelytSecase.

5. SAMPLE CALCULATIONS OF BCR FOR A DIGITAL CIRCUIT

As an exampleof a J3CR calculationby the proposedformulaefor adigital
círcuit, considerbinary differentially coherentphase-shiftkeying (DCPSK)
propagationovera 1,000kmpath in CentralEuropeat a frequencyof 6 MHz
where the monthly median basic MUFis 10MHz, where tSe monthly median
signal/noiseratio is 20 dB andthe requirementis for abit error probabilityof
101 This requirementcan be takenas corresponding(Fig. 3 of Spaulding,
1982)to anecessarysignal/noiseratio of 13 dE. menfrom signal/noíse consí-
derationsalone,Table2 of ITU-R (199%)indicatesthat te lower decileof sig-
nal day-to-dayvariability is 8 dE. So, as an approximation,ignoz-ing hez-efor
szmplicity tSewitliin-an-hourvariationsof the signalsandalí noisevariations,
we canset fl1 = 8 dR. Hence, Table 1 of ITU-R (1997a)gives that the BCR is

Física de la Tierra
2000, 12, 353-361 360



P. A. BradleyandP.Muhtarov BasicCircuit Reliabilityfordigital HF...

87%. Then the equations of Bradley (1997) lead to a median time spread of 4
ms anda medianfrequencyspreadof E = 0.5 Hz. Nowsuppose that the ma-

PI
ximum permitted frequency dispersion is = 0.45 Hz, ten from te Bradley
(1997) equations D~ = 0.5 Hz. and the reliability due to frequency dispersion
alone drops to 10%, or from the combined considerations of signal/noise ratio
andfrequencyspreadrequirementslo 9%.The necessityto allow for frequency
spreadas well assignal/noiseratio in this exampleis vez-y evident.Othercases
can be postulated where also time spread is important to digital systems.

6. CONCLUSIONS

The new methodfor thecalculationof basiccircuit reliability for digital sys-
temsis sbown lo be relativelysimpleto apply andtogive moreaccurateresults
than using the existing formulae developed for analogue systems. Accuracy will
be further improved when additional observational data become available to refi-
nethe first-ordermodelsof time spreadandfrequencydispersionthaI it uses.
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