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Abstract— Starting with an ordinary parallel concatenatedturbo en-
coderin ablock fading Rayleigh channel,we intr oducebit-interleaving of
the outputs, not for time diversity, but to increasethe coding gain. We
develop a guideline metric for designing QPSK space-timecodeswhich
revealsboth the coding and diversity advantage of the system,aswell as
shows that it is unnecessaryto guaranteefull spacediversity to achieve
good performancein Rayleigh fading. Using channela priori information
in the MAP iterations for decoding,we achieve frame error rates within
1 dB of the outageprobability with only modestincreasesn decodingcom-
plexity.

|. INTRODUCTION

In the harshervironmentof a wirelesschannel,deepfades
causedby multipathinterferencecan severely degradeperfor
mance.Transmitdiversityis an effective way to improve error
rates,especiallywhenhaving multiple receve antennasvould
be difficult (e.g., whentransmittingfrom a basestationto a
mobilephone).

Turbocodeg[1] area classof codesthatareableto achieve
errorratesvery closeto capacity but they typically requirevery
large block sizes,which canbe undesirablén delaysensitve
applicationssuch as voice or video. Orthogonalspace-time
codesdescribedn [2] only requireblock lengthsaslong asthe
numberof antennasbut do not exist for arbitrary numbersof
transmitantennas.Furthermore[3] and[4] shav that space-
time turbo codesare able to achiese superiorperformanceo
space-timecodesfor the sameblock lengthsin both thetime-
varyingandstaticblock fadingscenarios.

Startingwith the systemin [4], we first createour own sim-
ulation and compareresultsto checkfor accurag. Then,af-
ter establishinga baselinecurve, we addseveralimprovements
basedn our analysisto improve the frameerrorrate(FER) of
thesystemin ablock fadingRayleighervironment.

A guidelinediversity metric is developedto help improve
coding performance,leading to channelinterleavers being
addedevenin the staticfading case. Additionally, channela
priori probabilitycalculationsareintroducednto theturbode-
coderto significantlyincreaseperformance The effectsof bit
versussymbollevel granularityin the extrinsic and channela
priori calculationsareexplored,aswell ashow the QPSKmap-
ping andthe orderof decodingaffect the performanceof the
code.

For space-timeturbo codedsystems,several metrics have
beendevised (e.g.[4], [5]) to ensurethat the outputsof the
turbo coderare guaranteedo have full diversity We do not,
however, make ary attemptgo guarantedull diversity, andin-
steadarguethatgoodperformanceanstill beachieredbecause
the probability of losing diversity for a given codeword be-
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Fig. 1. Thebaselinesystemwith the rate 2/3 corvolutional codeusedin the
CChblocks.

comesvery smallevenfor modesblock sizes.For random-like
codesiit is our experiencethat diversity is lost rarely enough
thatit makesno significantimpacton performance.

Il. BASELINE SYSTEM

The systemin Fig. 1 usestwo rate 1/2 covolutional coders
in a parallelconcatenatedonvolutionalcoder(PCCC)config-
uration,which resemblesa commonturbo code. Therate 2/3
convolutional codeusedis alsoshowvn in Fig. 1, with the first
systematidit puncturedn theuppercode,andthesecondsys-
tematicbit puncturedin the lower code. The outputsof each
coderarethenfed througha channelinterleaver to spreadout
thebits overseveralfadesassumingtime varyingchanneband
thenmappedasQPSKsymbolsto their respectie transmitan-
tennas.Thereis alsoan optionalmultiplexer which alternately
directstheoutputsymbolsof acodeto its own antennar to the
antennantheotherbranch.Thereasonindor this multiplexer
is allow the outputsof eachcornvolutional coderto experience
the fadesof both transmitantennas. As [4] shav, however,
this multiplexing actuallydecreaseperformancdoy allowing a
deeplyfadedantenndo causeerrorsin bothbranchesin order
to calibratethe performanceof our system,however, we use
the sameunoptimizedversionof theencoder

Fig. 2 comparesour resultswith thosepublishedin [4] for
a staticblock fadingRayleighchannelwith a blocksizeof 260
information bits and a randominterleaver. No channelinter-
leaver is used,andthe outputsof the corvolutional codersare
multiplexed. We shav goodagreementvith their results,and
thenremovethe multiplexing to createour baselined=ER curve.

I1l. GUIDELINE DIVERSITY METRIC

In orderto designeffective changego the turbo space-time
coder we first wantto develop a metricto help us decideif a
codewill performwell or not. Let's assumehatwe have two
transmitantennashoth usingidentical QP SKconstellations.
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Simulationcomparisorwith publishedsystem,aswell asthe baseline

We know from [2] that for full diversity codewords, the
probability of mistakingC for C is

~ EN 2 1
PT(C—>C)<<FO> W,
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where E; /Ny is the signalto noiseratio (SNR), the exponent
shaws the diversity advantage,F’ is the Euclideandifference
betweerthetwo codewordsC andC, and|F*F|, is thecoding
adwantage.Full diversityis lostwhen F' doesnot have rank 2,
but for useful blocksizes,the probability of this is very low,
asour own experienceshovs. We will thereforeassumefull
diversity, andtry to increasehe codingadwantage.
Assumingthe usualmappingfrom a bit pair (dibit) ¢, to a
QPSKsymbolC (00 — 1 + 7,01 — 1 — j, etc),we calculate
f, the differencebetweentwo codewords ¢ andé in binary
spaceand F', thedifferencebetweertwo codewordsC andC
in Euclideanspace.Thesearesummarizedn Tablel. We see

TABLE |
SUMMARY OF f AND F' PROPERTIES.

c|] C |f=ce&|F=Cc-C
00| 1+ 00 0
01| 1—j 01 +2)
10| =1+ 10 +2
11| -1—3j 11 +2 42

that|F|?2 = 4dg(f) wheredy(f) is the Hammingweightof
f. If we performthis operationon eachdibit F; and F; from
theupperandlower antennaswe canidentify 4 possibilities:

du(fi) =0ordu(fs) =0 = FF=0
du(fi) =du(fs) =1 = F'F,=+4j
du(fi) +du(fe) =3 = FfF=+414j
du(fi) =du(fs) =2 = FyF,=+8%8j. (2)

Fromthesecaseswe seethat|F} Fa| = 4+/dir (f1)du(f2).

We defined; to be the total Hammingweight of the upper
antennaandd, ; to bethe Hammingweightof theith symbol
of theuppertransmitantenna,
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Thus,the error probabilityis inverselyproportionalto (3), de-
creasesf did, grows larger, andincreasesf the right hand
sumincreases.Unlike in the BPSK caseof [6], this degrada-
tion is not simply dependanbn the numberof placesthatthe
Hammingweight of the upperandlower antennasnatch. We

can,however, notethat for a given symbol,the degradationis

essentiallymonotonicwith theweight, which suggestswo de-
signrules.

First, for a given codeword, we shouldtry to equalized;
andd, asmuchaspossible.Secondwe shouldminimize the
weightfor eachdibit symbolto ensurethatthe bits arenottoo
“clumpy” in agivencodeword (i.e.,theonesshouldnotbeun-
evenly spreadhroughouthe codeword). Thisis certainlynot
the optimal strateyy, but it doesprovide a guidelinein the case
of large codewordswhich make exhaustve searchesmpossi-
ble.

In orderto try to keepthe symbol weightssmall, we use
random channelinterleavers to scramblethe outputsof the
coders[6]. Thus,the channelinterlearersshouldimprove the
performancef the systemevenif the channels constanover
the entireblock length. Equalizingd; andd, is difficult given
randominput, but the interleavers make the encoderoutputs
fundamentallydifferent, so the position of onesare not well
correlatecbetweerthetwo branches.

IV. USING CHANNEL A Prioris

The soft-input, soft-output(SISO)modulesin theturbo de-
codertakein a priori probabilitiesof theinput bits andtheout-
putsymbolsof thecorvolutionalcode,andoutputsa posteriori
probabilitiesby usingthe MAP algorithm[7]. ForaPCCC the
apriori probabilitiesof the outputsymbolsarecalculatedrom
therecevedvaluesfrom thechannel.

In anordinaryturbodecodingprocedurdor ablock of data,
theoutputa priori probabilitiesarethe probabilitythata given
constellatiorpoint wassentgiventhe receved symbol. These
arefedto eachSISOmodule,andremainconstanfor all of the
iterations.Theiterative improvmentof the estimate®f thein-
putbits arethusonly causedy thecross-couplingf the SISO
modules’inputa posteriori outputsthereforeupdatingtheout-
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Fig. 3. Sample2x1 QPSKconstellatior(left), andwith channela priori infor-
mation(right). The circled constellationpoint is the actualtransmissionand
thesolid circle is thereceved noisy signal.

puta priori probabilitieson eachiterationshouldimprove per
formance.

If therearetwo transmitantennasising QPSKto transmit
acrossaflat-fadingRayleighchannelandassuminghe anten-
nasexperiencandependentades) the resultingsymbolat the
receve antennawill bea pointin a randomsixteen-poincon-
stellationin the absencef noise,asshown in the left side of
Fig. 3. The circled constellationpoint is the actualtransmis-
sion, andthe solid circle is the receved signal. The noisehas
pushedherecevedsignalfar enoughaway from the transmit-
tedpointthatit is now closerto a differentconstellatiorpoint.

The probability generatothat feedsthe SISO outputa pri-
oris normally calculateghe probability thatthe receved sym-
bol z was producedby the transmitantennasendingz; and
xa, O P(2|z122 = ¢;c;) Wheree; andc; arepointsin thecon-
stellationC. By Bayes'rule,

P(z129 = ¢ic5|2)P(2)
P(.’L’l.TCQ = CZ'C]‘)

P(z|z122 = cicj)

(4)

Assuming equiprobableconstellationpoints, and given that
P(z) is presentn the equationfor all constellatiorpoints,we
seethat P(z|z1z2 = cic;) andP(z122 = cic;|z) differ only
by a constant.The probability generatothencalculateutput
apriorishby

P(zlzy =¢) = Z P(z122 = cicj|z),
c; EC

x  P(ziz2 = cicj|2).

(®)

andsimilarly for P(z|z, = ¢;). Assumingthe upperSISOis
run first, the executionpathfor the probabilitiesis probgen—
SISO1— SISO2— SISOl .etc.

This algorithmdoesnot useary of the updatednformation
aboutthe encoderoutputsproducedby the MAP, which are
usually discardedor not calculated. Insteadof using (4), we
canmanipulatethe probabilitiesto allow the updatedprobabil-
itiesto beused.Startingagainfrom P(z|z1z2 = ¢;c;), wecan
sumacrossall possiblevaluesof z, andassumingheantenna
symbolsareindependent,

P(zlzy =¢) = Z P(z,x2 = cj|lz1 = ¢;)
c; EC

Z P(z|z12z9 = cicj)Py(za = ¢;). (6)

c; EC
UsingBayes'rule, we get

P(z|z1 = ¢i)Pa(z1 = ¢i)
P(2)
P(z|z1 = ¢i) Po(z1 = ¢i),

P(z|z1 = ¢;)

x )
wherewe againrecognizethat P(z) is in every equation.Note
thatthe P,(z; = ¢;) andP,(z2 = ¢;) termsarethea posteri-
ori probabilitiesthatwereoutputby the SISOmodulesduring
the previous iteration. An identical analysiscan be madefor
the othertransmitantennawith therolesof z; andzx, reversed.

Usingthea posteriori probabilitiesfrom the SISOdecoders
canbelikenedto interferencecancellatiorof theotherantenna.
The upperantennasendsa QPSKconstellationput the QPSK
output of the lower antennaspreadseachconstellationpoint
from the upperantennanto four distinctpoints,effectively in-
terferingwith the uperantennaTherecevedsignalwill there-
forebeoneof arandomlygeneratedixteenpointconstellation.

Thea posteriori probabilitiesfrom the SISOdecodeffor the
secondantennawill accentuat@ointsin therandomconstella-
tion basedntheprobabilitiesthatit calculatesasshavnin the
right sideof Fig. 3. Withoutusingthechanneh prioris (theleft
side of Fig. 3), the maximum-likelihood (minimum-distance)
detectomwvould decideon thewrong constellatiorpoint.

On the right, sincethe lower SISO module hascalculated
which symbol the secondantennawas mostly likely to have
sent,the four pointsassociatedvith the secondantennasend-
ing that symbolare emphasized.The a prioris have in effect
cancelledthe output of the secondantenna. The maximum-
likelihood decoderif constrainedo thosefour points, would
choosethe correctsymbolfor the upperantenna. Of course,
in actuality that kind of hard decisionwould degradeperfor
mance. By usingthe outputa posterioris, we are exploiting
thefactthatafterthefirstiteration,the probabilitiesof the con-
stellationpointsareno longerequal. Again assuminghatthe
upperSISOis runfirst, the executionpathfor the probabilities
is probgen— SISO1— SISO2— probgen— SISO1,etc.

Thus, by modestlyincreasingthe compleity of the proba-
bility generatomoduleandaddingsomeextra datapaths,we
are ableto useall of the information generatedyy the SISO
modules. This methodworks evenif the constellationof the
transmitantennagredifferentsizes andcaneasilybeextended
to morethantwo antennasTheseoperationscaldinearly with
thesizeof the outputconstellationandthe numberof transmit
antennasand sincethe processingonly dependson a single
symbolatatime, it alsoscaledinearly with theblock size.

V. OTHER PERFORMANCE ENHANCEMENTS

In addition to adding the channelinterleasers and using
channelaprioris, there were also several small performace
tweaksthatwereimplementedandtested.



A. Bit vs. Symbol Extrinsicsand A Prioris

Sincewe know that the inputs to the encodersare uncor
relatedbits, it would be betterto calculateinput extrinsics at
thebit-level ratherthanatthe symbollevel. The outputsof the
convolutionalcodersaresymbols soit appearst would bebet-
terto calculateoutputextrinsicsat the symbollevel. However,
giventhatoutputsof the codersarepuncturedthe symbolsare
alreadyalteredat the bit level, soit turnsout thatbit-level out-
put extrinsicsalsoshouldimprove performance.

For the a priori probabilitiesfed to the channelprobability
generataorone could also ervision extendingthe interference
cancellatiorideato the actualbits of eachcoders outputsym-
bol, effectively usingthe otherthreebits of the symbolto help
decideon which of the two remainingconstellationpointsis
morelikely. Thisis misleading,however, becauseghe QPSK
symbolstransmittecby theantennasxperiencealifferentfades,
but thebitsin eachsymboldonot. Additionally, bit-level calcu-
lationsherewould destrqy ary joint informationaboutthe two
bitsin eachsymbol,thereforesymbol-level calculationsarethe
betterchoice.

B. QPSK Mapping

Given the resultsof [8], we might find that differentmap-
pingsof the bits to QPSK symbolswould affect performance.
For QPSK thereareonly 3 distinctmappingof bits into sym-
bols, all othersbeing rotations. Gray codingis 0231 going
aroundthe circle, “natural” coding is 0123, and “reversed”
codingis 0213. Gray codingturnsout to have the bestper
formancewhichis not surprising,giventhatthe corvolutional
coderusedis optimizedfor linearcodeq9]. Thisdoesnotrule
out, however, that a differentcoderjointly optimizedwith the
mapping(especiallyfor higherorderconstellationsjnight give
betteroverall performance.

C. Ordered Decoding

When there are only two constituentcodesin the PCCC,
thereareonly two choiceson the orderto run the SISOmod-
ules.OnceoneSISOis chosenthey alternateuntil somestop-
ping criterion is reached. The usualchoicein decodingis to
startarbitrarily. In agaussiarchannethisis appropriatesince
the outputof eachcoderexperienceghe samechannel. In a
fading ervironment, however, the order of decodingmakesa
difference.By classifyingthe antennasn orderof strengthac-
cordingto the magnitudeof the fadingcoeficient experienced
by eachantennaywe couldeitherchooseo decodehe stronger
antenndirst, or thewealer, or we couldjust arbitrarily choose
oneregardles®f thechannektonditionsasin theAWGN case.
With morethantwo SISO modules,thenwe could decideat
the beginning of eachiterationthe optimal orderingof the de-
coders.

VI. SIMULATION RESULTS AND DISCUSSION

Theimprovedencoder/decodas shavn in Fig. 4. The ad-
dition of the channelinterleavers and the feedbackpathsthe

Fig. 4. Theimproved systemwith channeinterleaersandfeedbackpaths.

thechannebrobabilitygeneratoarethemostnotablechanges.
Becausd4] shavs that multiplexing the encoderutputsactu-

ally decreasgerformanceandfrom our own experiencewe

useseparaténterleaversfor eachencoderto keepfrom “cross-

ing the streams. The interleaverswere all createdusingthe

randomnumbergeneratoiof MATLAB, andthe systemswere

simulatedusing500errorsor 50 x 10° input bits asa stopping
criterion. Eachblock experiences.i.d. fadeson eachantenna
which are constantover the length of the block, and the de-

coderswererunfor 10iterations.

Fig. 5 shaws the effects of usingbit vs. symbolextrinsics
in the baselinesystemof Fig. 2. Thecurvesrepresenthe FER
aftereachiterationof thedecoderWe canseethatwith justthis
simplechangéan the SISOmodule,we areableto gainalmost
1dBin FER.

In Fig. 6 we shaw the effect of decodingorderon bit error
rate(BER). Of thethreechoicesstartingthedecodingwith the
“weaker” antenngwith thefadingcoeficientthatis smallerin
magnitude)givesthe bestperformance.The curvesin Fig. 6
comparethe arbitrarydecoding(in this case alwaysdecoding
theupperantenndirst) with decodinghewealerantenndirst.
We seeabouta 0.5 dB gainin BER by decodingthe wealer
antenngfirst. This is also a very simple modificationto the
decodingalgorithm,andit doesmanageo squeezeuta little
moreperformancdor almostno effort.

Becausehe first SISOthatis run hasasits input a prioris
equalprobabilitiesfor all inputsymbols,it would seemiik e de-
codingthe strongerantenndirst would be beneficiabecausdt
would bemorelik ely to make correctestimate®f the probabil-
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Fig. 6. Usingthe “weaker” (solid line) decoderfirst comparedo choosing
arbitrarily (dashedine).

ities givenonly theoutputa prioris. ThesecondsISOandboth
SISOsin all subsequeniterationsgetasinput a prioris the a
posteriori probabilitiesgeneratedby the otherSISO.

If bothantennagxperiencecloselymatchedadesin ampli-
tude, this may give the strongerantennatoo much of a head
start,andit becomesanoredifficult for the wealer antennao
affect the probabilitiesof the strongerone. This defeatsthe
purposeof thesecondencoderwhich helpsto correcterrorsin
the first encoder If the wealer antennas decodedirst, then
in somesenseit hasa half iteration headstartin the decod-
ing process. This putsthe two SISO moduleson more level
ground,allowing eachto betterhelpthe othercorrecterrors.If
thestrongerantennas muchstrongeythenthewealerantenna
would not have mucheffect anyway, sothe orderingwould not
beimportantin thesecases.

Fig. 7 is a comparisorof the effectsof usingthe channela
prioris aswell asthe channelinterlearerson the FER of the
system. The resultsin this figure were all with systemsthat
alwaysdecodedhe upperantenndirst, dueto time constraints
andthe small effect of the orderingin this SNR range. The
outageprobabilityis approximaten thisfigure,andtakenfrom
thegraphin [4]. Thedashedine is thebaselinecurvewe calcu-
latedin Fig. 2, andtheline with circlesis thesamebaselinecal-
culatedusingbit extrinsicsinsteadof symbolextrinsicsaswith
thedashedine. It is apparenthatusingbit extrinsicsis supe-
rior to usingsymbolextrinsicsin every case andthatusingbit
a prioris suffers slightly comparedo usingsymbola prioris.
Thusthebestresultsareproducedvhenusingbit extrinsicsand
symbola prioris with channeiinterlearing, resultingin a FER
within 1 dB of the outageprobability.

Notealsothatthe slopeis very closeto —2, which would be
thefull diversityslope,but we have not guaranteediversityin
ary way. Becausehe blocksizeandthe channelinterleavers
male it very improbablethat the two antennaswould trans-
mit symbolsthatcausealossof diversity, we cangetthe same
kind of performancesif we hadworkedto gainfull diversity.
Thisallowsusto optimizetheinterleaserfor otherperformance
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Fig. 7. Comparisorof severalof thetechniquesised.

gainswithout restrictions.

VIl. CONCLUSIONS

By using channela prioris and using the guideline metric
we developed,we were able to take an existing turbo space-
time systemand significantlyimprove performancewith only
modestgainsin complexity. We alsoshow thatit is not neces-
saryto guaranteeliversityin theencoderThetechniquesised

hereareapplicableto any otherwirelesssystem.
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