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Abstract—Becausethe wirelessasynchronoustransfer mode(ATM) net-
works are often constrained with the limited link bandwidth and error
pronecharacteristics,forward error correction (FEC) is neededto improve
their bit error rate performance. In this paper, a two-level punctured con-
volutional code(PCC) schemeis constructedto apply to wirelessATM cell
header and various payloads with the flexible unequal error protection
(UEP). Since their perforation matrices can be programmable, the code
rates of PCCs are applicable to the different sensitivity of source encoded
symbols,even if only the sameencodingand decodinghardware is used.Fi-
nally, the performanceon Gaussianand fading channelsis analyzed,which
shows significant reductionsin cell lossrate (CLR) and good balancesfor
CLR and the payload bit error rate (BER).

I . INTRODUCTION

In recentyears,due to increasingattentionto the terminal
mobility, thewirelessinterfacesof asynchronoustransfermode
(ATM) networks have beenvery important,asshown in Fig.1
[1]. In a wirelessATM, ATM cells are transmittedvia radio
framesbetweena basestation(BS) anda mobilestation,which
includesa terminalequipment(TE) anda radio module(RM).
Thewirelessinterfaceof ATM networksis aband-limitedchan-
nel with muchhighererror ratethanthewired one. Then,for-
warderrorcorrection(FEC)is needednotonly in end-to-endbut
alsoin link-by-link connection[2].

A tradeoff betweenquality(codinggain)andcapacity(coding
rate)is veryimportantin designingFECsystems.In multimedia
wirelessATM interface,the headerandvariouspayloadsto be
transmittedhave differentimportanceor errorprotectionneeds,
expressedby sourcesignificanceinformation(SSI).In this situ-
ation it is desirablethat channelcodingprovidesunequalerror
protection(UEP),matchedto thedifferentsensitivity of source
encodedsymbols.OneUEPschemehaving two differentFEC
codesfor the headerandpayloadis proposed[3], which is ap-
plied to AWA system[4]. The variable-rateFEC methodcon-
trolled by media is proposedto increasetotal utilization effi-
ciency in multimediasystems[5].

However, theseschemesonly use block codes(BCs), the
otherimportantcodes— convolutionalcodes(CCs)arenotdis-
cussed. In this paper, firstly we proposea wirelessmultirate
FECframe,andthenconstructtheadaptivetwo-level UEPcode
schemeby puncturedconvolutional codes(PCCs)for it. The
performancewas analyzedfor Gaussianand fading channels,
andthecharacteristicresultsaboutcell lossrate(CLR) andbit
errorrate(BER) areobtained.

I I . WIRELESS ATM CELL

Accordingto theB-ISDN protocolreferencemodel[6], ATM
cell headererror control (HEC) is a single-biterror correction
andmultiple-bitserrordetectioncyclic redundancy code(CRC),
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Fig. 1. Theconstructionof wirelessATM

andonly employed in the ATM cell headerandnot in the cell
payloadin order to avoid incorrect forwarding due to header
errors. The HEC controls8 redundantbits out of 40 bits in a
cell header.

But in the wirelessATM network, the above HEC aloneis
not sufficient. For mitigating the effect of radiochannelerrors
beforecells are releasedto the ATM network layer, the wire-
lessATM needsa customdatalink control (DLC) layerproto-
col [7]. In general,errordetection/retransmissionprotocolsand
FECmethodsarerecommendedin it.

From the smallernumberof usersandthe scarcityof band-
width in wirelessnetworks,therelatively largeaddressingover-
headof ATM beingdesignedfor largewire-line networksmust
beavoided. In [7], aftercompressingessentialATM headerin-
formation,only two bytescontainingvirtual channelidentifier
(VCI) and control information are included in wirelessATM
header. Thewirelessheaderalsoincorporatesapacketsequence
numberrequiredto supportDLC errorrecoveryovermoderately
largecell errorbursts,andincludesfields to enableotherwire-
lessnetwork function,suchasservicetypedefinition,segmen-
tationandreassemblyandhand-off support.In general,header
bits in ATM cell areconsideredto bemoreimportantthanpay-
loadbits. In orderto ensurecorrectdeliveryanda low lossrate,
weassignthecode(FEC1)with a low localcodingrateR1 to be
usedfor theheader. At thesametime, thecode(FEC2)for the
payloadis designedto bewith a higherrateR2 thantheoneof
FEC1for effective transmission.From the above discussions,
in this paper, we replacesthe standardATM headerwith the
wirelessATM header, which includesthe wirelessdatapacket
header, the compressedATM header, andFEC1andFEC2,as
outlinedin Fig.2.
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SSI

I I I . THE MULTIRATE CONVOLUTIONAL CODES

To simplify the decodingcomplexity of high rate CCs, the
PCCsweresuggestedin 1979 [8]. The PCCs(R � l

nl � m ) are
producedby beingperiodically (for eachnl bits) puncturedm
bitsfrom R � 1

n low rateCCs(calledastheoriginalcode).Many
of PCCsareshown to bealmostasgoodasthebestknown regu-
lar codes.For example,almostno lossin theminimumdistance
is causedby usinga puncturedcode.By a virtue of their poly-
nomial generatormatricesandupperboundson the constraint
length,thegoodPCCsthataresameasthosegoodknown reg-
ular nonsystematicandsystematichigh rateCCsmay be con-
structed[9].

After adding a rate-compatibility restriction to the punc-
turing rule, PCCsare able to implementa multirate CC en-
coder/decodersimply [10]. In Fig.3, the orderedinformation
bitsareshiftedinto ashift registerof q ratescode.Duringthen1
informationbits,R1 codewith theperforationmatrix a1 is used
for multiplexing. As soonas the first bit of the secondgroup
entersthe encoder, the perforationmatrix a2 will be used.Af-
ter anothern3 informationbits or encodershifts, the matrix is
switchedto a3. At the p-th stepnp

�
Rp codebits aretransmit-

ted per np informationbits with the perforationmatrix ap and
rateRp . Theframeis terminatedafter thegroupnq by shifting
(K � 1)’s“0” bits into theshift register, whereK is theconstraint
lengthof theoriginalcode.Thus,transmitting� K � 1� � Rq over-
headcodebits is necessaryfor properterminationof thetrellis.
Theprocedureis easierto follow whennp is anintegermultiple

of thepuncturingperiodl. Theoverall coderateis then:

R � ∑q
p � 1

np

∑q
p � 1

np
Rp 	 K � 1

Rq


 (1)

When the original code is R0 � 1
3 CC and l � 8, a set of

PCCswith UEP capabilitiescan be derived, which ratesare
Rp � l

3l � mp
� 8

24� mp
. Theresultsof K � 4 � 5 � 6 � 7, Rp � 8

24� mp

PCCs,wheremp � 0 � 1 �
�
���
� 15 areobtained � 10� . For all rates,
the encoderusesthe sameshift register. Only the perforation
matrix is changed.Fromtheseresults,we constructa new FEC
schemefor thewirelessATM in thenext section.

IV. TWO-LEVEL UEP CODE SCHEME FOR WIRELESS ATM

A. Two coding rate FEC scheme for wireless ATM

Therealizationof two codingrateFECschemein thewireless
interfaceof ATM is shown in Fig.4.Only thetransmissionfrom
RM to BS is illustratedfor simplicity. After thepayloadof the
wired ATM is dividedinto two (24 bytes),thewirelessheaders
are added,then, the HEC is replacedby FEC1 and FEC2 in
RM. In BS, after the decoderof FEC1andFEC2,the HEC is
insertedsoasto becomethenormalATM cell. Thereis a same
procedurein the transmissionfrom BS to RM. The wire-line
portion of this systemis assumedto be error free so that the
encodinganddecodingmodelof two ratePCCsis simplified,as
shown in Fig.5.

Let thecodingratesof FEC1andFEC2beR1 andR2 (R1 �
R2), respectively. Obviously, from the selectionof R1 andR2,
variousoverall rate R valuesin the wirelessATM can be ob-
tained.SupposingFEC1beR1 � 8

12 PCCandFEC2beR2 � 8
10

PCC,we have:
Header sequence(A � i �

1
) arethemostimportantbits (MIB: SSI

is bigger),usingR1 � 8
12 PCCfrom R � 1

3 andK � 7 original
CC,wherel1 � 8 � m1 � 12 andn1 � 32 � 4l1;
Payload sequence(A � i �

2
) are less importantbits (LIB: SSI is

smaller),usingR2 � 8
10 PCC from R � 1

3 andK � 7 original
CC,wherel2 � 8 � m2 � 14 andn2 � 192 � 24l2.

Then,theoverall coderateis:
R � 32� 192

3212
8 � 19210

8 � 610
8

� 448
591


� 0 
 758

Let thedatasequencefrom a senderbe:

A � 1� � A � 2� � 


�
 � A � i � � 


�
 (2)

where A � i � =(A � i �
1

,A � i �
2

), and the encodeddata sequenceB � i � �� B � i �
1

� B � i �
2

� by R � 1
3 CCencodingis:

B � i �
1

��� B � i �
1 � 1 � B � i �

1 � 2 ���
����� B � i �
1 � 4 � (3)

B � i �
1 � j ��� b � i �

1 � j � 1 � b � i �1 � j � 2 �
���
��� b � i �1 � j � 24
�

B � i �
2

��� B � i �
2 � 1 � B � i �

2 � 2 ���
����� B � i �
2 � 24

� (4)

B � i �
2 � j ��� b � i �

2 � j � 1 � b � i �2 � j � 2 �
���
��� b � i �2 � j � 24
�
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Supposetheperforationmatrix of R1 PCCbe:��
1 1 1 1 1 1 1 1
1 0 1 0 1 0 1 0
0 0 0 0 0 0 0 0

�� �
andtheperforationmatrixof R2 PCCbe:��

1 1 1 1 1 1 1 1
1 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0

�� 

After deleting,outputdatasequenceB � � i � ��� B � � i �

1
� B � � i �

2
� be-

comes:

B � � i �
1

��� B � � i �
1 � 1 � B � � i �

1 � 2 �
���
��� B � � i �
1 � 4 ��� (5)

B � � i �
1 � j ��� b � i �

1 � j � 1 � b � i �1 � j � 2 � b � i �1 � j � 4 � b � i �1 � j � 7 � b � i �1 � j � 8 � b � i �1 � j � 10
�

b � i �
1 � j � 13

� b � i �
1 � j � 14

� b � i �
1 � j � 16

� b � i �
1 � j � 19

� b � i �
1 � j � 20

� b � i �
1 � j � 22

� �
where j � 1 �
���
��� 4, and:

B � � i �
2

��� B � � i �
2 � 1 � B � � i �

2 � 2 ���
�
��� B � � i �
2 � 24

� � (6)

B � � i �
2 � j ��� b � i �

2 � j � 1 � b � i �2 � j � 2 � b � i �2 � j � 4 � b � i �2 � j � 7 � b � i �2 � j � 10
�

b � i �
2 � j � 13

� b � i �
2 � j � 14

� b � i �
2 � j � 16

� b � i �
2 � j � 19

� b � i �
2 � j � 22

� �
where j � 1 �
���
��� 24.

After thetransmissionof B � � i � via channel,deinterleaverout-
putsC � � i � ��� C � � i �

1
� C � � i �

2
� are:

C � � i �
1

��� C � � i �
1 � 1 � C � � i �

1 � 2 ���
�
��� C � � i �
1 � 4 � � (7)

C � � i �
1 � j ��� c � i �

1 � j � 1 � c � i �1 � j � 2 � c � i �1 � j � 4 � c � i �1 � j � 7 � c � i �1 � j � 8 � c � i �1 � j � 10
�

c � i �
1 � j � 13

� c � i �
1 � j � 14

� c � i �
1 � j � 16

� c � i �
1 � j � 19

� c � i �
1 � j � 20

� c � i �
1 � j � 22

���
where j � 1 �
���
��� 4, and:

C � � i �
2

��� C � � i �
2 � 1 � C � � i �

2 � 2 �
���
��� C � � i �
2 � 24

��� (8)

C � � i �
2 � j ��� c � i �

2 � j � 1 � c � i �2 � j � 2 � c � i �2 � j � 4 � c � i �2 � j � 7 � c � i �2 � j � 10
�

c � i �
2 � j � 13

� c � i �
2 � j � 14

� c � i �
2 � j � 16

� c � i �
2 � j � 19

� c � i �
2 � j � 22

���
where j � 1 �
���
��� 24.

Then,by theinserter, we haveC � i � ��� C � i �
1

� C � i �
2

� :
C � i �

1
��� C � i �

1 � 1 � C � i �
1 � 2 ���
����� C � i �

1 � 4 ��� (9)

C � i �
1 � j ��� c � i �

1 � j � 1 � c � i �1 � j � 2 �"!#� c � i �
1 � j � 4 �$!#�"!#� c � i �

1 � j � 7 � c � i �1 � j � 8 �!#� c � i �
1 � j � 10

�"!#�"!#� c � i �
1 � j � 13

� c � i �
1 � j � 14

�$!#� c � i �
1 � j � 16

�!#�$!#� c � i �
1 � j � 19

� c � i �
1 � j � 20

�$!#� c � i �
1 � j � 22

�$!#�"!%���
wherej � 1 ���
����� 4 and ! representsaninserteddummybit, and:

C � i �
2

��� C � i �
2 � 1 � C � i �

2 � 2 ���
����� C � i �
2 � 24

��� (10)

C � i �
2 � j ��� c � i �

2 � j � 1 � c � i �2 � j � 2 �"!#� c � i �
2 � j � 4 �$!#�"!#� c � i �

2 � j � 7 �$!#�!#� c � i �
2 � j � 10

�"!#�"!#� c � i �
2 � j � 13

� c � i �
2 � j � 14

�$!#� c � i �
2 � j � 16

�!#�$!#� c � i �
2 � j � 19

�"!#�$!#� c � i �
2 � j � 22

�$!#�"!%���
where j � 1 �
���
��� 24.

Afterwards,through(3,1,7)decoder, decodedbit sequenceD
aresentto thereceiver.

In the above course,it is assumedthat bit synchronization
andcell synchronizationhave beenachieved. Thedecoderfirst
decodestheheader, if it succeeds,the quality of service(QoS)
informationidentifiedin theheaderis extractedandusedto de-
terminethecoderateusedto decodethepayload.

Using variablerate PCCscan also make the encodingrate
(R2) to beassignedto eachservicehaving adifferentneedof er-
rorprotection.Forexample,wecansetR1 � 8

16 � 1
2 andRa � 8

10
for Audio, Rd � 8

12 for Data,Rv � 8
14 for Video. Its advantage

is thatonly oneencoderandonedecodercircuitsareneededfor
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FEC1andvariousFEC2even if their coderates,andthus the
levelsof errorprotectionaredifferent,sincetheperforationma-
trix canbeprogrammable.But in this case,theencodedlength
of wirelessATM packetbecomesvariable.

B. Performance of Cell Loss Rate and Bit Error Rate over
Gaussian and Rayleigh fading channel

One of the most importantperformanceparameterin ATM
cell transportis CLR, which is definedby theratio of total lost
cells to total transmittedcells. Whena headerportioncontains
errorsthatcannot becorrected,thecell will bemisdirectedand
regardedaslostcell outcome.

If an � nl � m � l � PCCwith the minimum free Hammingdis-
tanced f is appliedto the header, the probability of a cell loss
for codedsystemsis givenby:

Pcoded � 1 �(� 1 � Pc � 32 � (11)

wherePc is thebit errorprobabilityof wirelessATM headerafter
usingPCC,which canbeupperboundedby [11]:

Pc ) 1
l

∞

∑
d � d f

cdPd � (12)
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wherecd is the total numberof error bits producedby the in-
correctpaths,andPd is the probability that the wrong pathat
distanced is selected. For binary phase-shiftkeying (BPSK)
overGaussianchannelwith soft decisiononC * , Pd is expressed
by:

Pd � 1
2

er f c ��+ dEs
�
N0 � � (13)

whereEs
�
N0 is the signal-to-noiseratio (SNR) per codedbit.

The CLR analytic upper boundsas functions of Es
�
N0 over

Gaussianchannel(the constraintlength of PCC original code
is 6) areshown in Fig.6.

Supposingthat ideal interleaving producesindependentdata
errors.For BPSKover Rayleighfadingchannelwith soft deci-
sionson C * andfull channelstateinformation(CSI),Pd canbe
upperboundedby [10]:

Pd ) 1
2
� 1
1 	 REb

�
N0

� d � (14)

whereEb

�
N0 � Es

�
RN0 is theSNRperuncodedbit.

Let Pb be the probability of bit error for a Rayleighfading
channel,for an uncodedheader(4 bytes),the probability of a
cell lossis givenby:

Puncoded � 1 �(� 1 � Pb � 32 � (15)
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For a headerwith HEC, theprobabilityof a cell lossis given
by:

PHEC ��� 1 � P0 � � 1 � P0 � 	 P0 � 1 � P0 � P1 � � (16)

wherethe probability of no error in onecell headerP0 �,� 1 �
Pb � 40, andthe probability of single-biterror in onecell header
P1 � 40Pb � 1 � Pb � 39.

If an (n � k) t-error correctingblock code is applied to the
header, theprobabilityof acell lossis givenby:

Pt � n

∑
i � t � 1

nCi � 1 � Pb � n � iPi
b 
 (17)

Fig.7 to Fig.9 depict the CLR versusEb

�
N0 analytic upper

boundoveraRayleighfadingchannel.Thesolid linesrepresent
theresultof R1 � 8

12, 8
16, and 8

24 PCCs,theconstraintlengthof
their sameoriginal codeis 6. Thedashedlinesrepresentthere-
sultsof uncodedone,HECandthreedifferentBCs,respectively
[5]. Thefiguresshow thataddingPCCsover theheadergreatly
decreasesthenumberof cell loss,thereforeincreasestheQoSof
the system.For example,the (12,8)PCCrealizesabout30 dB
gainover theuncodedsystem,21 dB gainover theHEC system
and10 dB gainover the (28,16)BC [5] at a CLR of 10� 4. For
eachresult in thesefigures,thereis a 50%,100%or 200%in-
creasein bandwidthfor theheaderof PCCandBC. Obviously,
theschemesusingPCCshavebetterCLR performancethanthe
schemeof [5] with thesameincreasein requiredbandwidth.

On the other hand, it is extremely efficient from the view-
points of codinggain andcoding rate to createthe samebal-
anceddesignfor CLR andthe payloadBER asthe HEC for a
wired ATM [3]. Fig.10 shows the relationshipof the payload
BERsandCLRsover a fully interleavedRayleighfadingchan-
nel. Thedashedlinesrepresenttheresultof uncodedfor header
andpayload,the resultof HEC for theheaderanduncodedfor
the payload,andthe resultof AWA system,respectively. The
solid lines representUEP1 with R1 � 8

12 and R2 � 8
10, UEP2

with R1 � 8
16 andR2 � 8

12, UEP3with R1 � 8
24 andR2 � 8

16,
respectively. Obviously, the balanceaboutCLR andBER per-
formanceis very goodasthe HEC whenPCCsareappliedfor
thewirelessATM networks.

V. CONCLUSIONS

In thispaper, aUEPcodeschemeusingPCCsis put forward,
which is consideredto be suitablefor the wirelessATM. The
ATM cell headerisprotectedbyarelativelypowerfulPCCto en-
surecorrectdeliveryandlow cell loss.Thepayloadis protected
by relatively high transmissionPCCshaving different coding
gains. In sucha way, a whole family of codeswith different
ratesis availableusingthe sameencoderandthe sameViterbi
decoderexceptfor only thepuncturingrule beingchanged.The
CLR andBER areanalyzed,which arebetterthantheprevious
FECschemewith thesameincreasein requiredbandwidth.Be-
sides,they aregoodbalancedesignsfor CLR andpayloadBER.
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