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COVMUNI CATI ONS SYSTEMS AND METHODS USI NG | NTERSPERSED ERROR DETECTI ON BI TS
Field O The Invention The present invention relates to a encoding and
decodi ng systens and nethods for use in signal 5 communicati 3
particul ar, twoowsxneers and net hods for encoding and decodlng giyg'ﬁggéages
transmtted using both error detection and error correction coding.
Background of the Invention 10 ' [4¥data transm ssion over

communi cation channels that are prone to errors, such as radio channel s,
error detection codi ng and/or error correctlon codlng may be enployed to
reduce the errors in the s often 15
digital information, whi
i nformation, where each bi SImlmaEmnemommmTaowT@ a ZERO. Any
given nmessage is then a string conprising a nunber of ONES interspersed
with a nunber of ZERCES. It will be 20 appreciated that any string of L
bits can represent one of 2[err] uniField @tTbedneentiimm nessages nay
represent digitized voice information or some other formof information.

Error detection coding and error correction 25 coding may both be_used in
comuni cati on systems. A The present invention relates to a encoding

and decoding systems and methods for use in signal

5 communications, and in particular, to systems and
methods for encoding and decoding data messages
transmitted using both error detection and error
correction coding. '

Background of the invention

10 In data transmission over communication
channels that are prone to errors, such as radio
channels, error detection coding and/or error
correction coding may be employed to reduce the errors
in the data transmitted. The data transmitted is often

15 digital information, which includes messages composed
of binary bits of information, where each bit can have
a value of either a ONE or a ZERO. Any given message
is then a string cocmprising a number of ONES
interspersed with a number of ZEROES. It will be

20 appreciated that any string of L bits can represent one
of 2 unique messages. The messages may represent
digitized voice information or some other form of
information. '

Error detection coding and error correction

25 coding may both be used in communication systems. A
simple example of error detection coding is adding an
identica: copy of a message to that message,
transmitting both, and performing a bit-by-bit
comparison of the received message with the received

30 copy. For each bit position, any disagreement between



sinpl e exanple of error detection coding is adding an identical copy of a
nmessage to that nessage, transmtting both, and performng a bit-by-bit
conpari son of the received nessage with the received 30 copy. For each bit
position, any di sagreenment between WO 97/ 42716

PCT/ US97/ 0734%a Yi42fM§e nessage and a copy is evidence of a trBAEWSEM73HS
error. The total number of disagreements for a nessage is a quantitative
nmeasure of the reliability of the data transi®-ssion. It wll be appr eci at ed
that the 5 total nunber of disagreenents is an_inexact neasure of
reliability becausdSsMeFSRIRe8US 8r FOPY if eNédenme of ta porAnsmissienbot h
the message and tkarreany Theetoehlr aamberzod a3s8GS6GHORTE NEcr oA nYNYR

error_det ot on 1 GGy Slant Beal0uEY bSO gedgﬁgyre%la&ke]t,g@c>orgg ni que,

generates and adds to t nessage at~are ased on
the bits of the déﬁéan§§§§§@15$h§nehé&kwﬁiisbéoﬁBPFQQRQtQﬂ "tdiedcloler d" t hat

is specific tosa giotan mmgeofTaesagee&mehdsnﬁy & anpendeddadurRe of
message 15 so th%@%’hﬁﬁu%%ﬁééeglh EQEﬁQ? g?ﬁaérx‘-es gahd %[ﬁa%%tegi%re

transm tted through I 'on channe
processed throughppﬁ§tggﬁeln both the message and the copy are not

recognized as disagreements.
A common erxor detection technique, the
10 Cyclic Redundancy Check (CRC) technique, generates and
adds to the message "check" bits that are determined
based on the bits of the data message. The check bits
constitute a "checkword" that is specific to a given
message. The checkword may be appended to the message
15 so that both are processed through the same encoder,
both are transmitted through the communication channel
together, and both are processed through the same '
decoder in the receiver. A CRC calculator in the
receiver may then generate check bits corresponding to
20 the decoded message bits that were received, and this
receiver-calculated checkword may be compared with the
decoded checkword that was received with the message.
Any noncompliance indicates an error detected in
transmission, and the degree of compliance may be used
25 as a quantitative measure of the reliability of the
data transmission. However, a problem with this error
detection method in systems also using error correction
coding is that the received message must complete error
correction decoding before the error detection coding
30 can be tested.

- By way of contrast, a simple example of error
correction coding is transmitting more than two
identical copies of a given message and performing a
bit-by-bit éomparison of all messages received at the

35 receiver. Whether a bit of the message output from the
receiver should be a ONE or a ZERQ may be decided on
the basis of "bit democracy", i.e., the majority of the



decoder in the receiver. A CRC calculator in the receiver nay then generate
check bits corresponding to 20 the decod ld were received,
and this receiver-cal cul ated checkword THLS %’ﬁg‘éﬁ% Mt he decoded
checkword that was received with the nes aonpliance indi es
an error det esoseM42mét r ansm ssi on, and the‘aegree of conplia %é used
25 as a quantitative nmeasure of the reliability of the data transm ssion.
However, a problemwi th this error detectied-nethod in systens al so using
error correctlon coding is that the received nessage nust conplete error
correction decodbig velvues rpeeivedrfowteedt it RASIFion ghebBiResSt ed. By
way of contrast, theSioiRbatreXarphfisfiseionerireatayobeC adisngedsto be

transmtting nore tﬁgmgg,walsge%hegé SO e bl MBIR306nANG1 1L

performng a bi t i'son of nessages at t
recei ver. Wet hetthaspbe éﬁsﬁhélh§§¥a§@ %ﬁ?%ﬁtaqgkﬂﬁtﬁi?er€6§|PQPlEHBBId be a
ONE or a ZEROgmyihe @RGiaedyobft BRebaspsesf "bit denncracy" i.e., the

majority of the -3- bit vahg%ﬁ Egggkvggr;ég%# %@énégon det erm nes
e ra

the output. Transm ssion errors dlstrlbuted
anong t he nessagexnbgﬂ@$L@na1wFPﬂl@ﬁuslbéwhh%% the bits transmiteed ,

known as parity bits, are determined based on the

message bits. The message bits are considered L bits

10 at a time, and r parity bits are transmitted for every
L message bits. For example, the parity bits may be
calculated as certain Boolean combinations of various
bits of the message. The transmission of
convolutionally encoded parity bits distinguishes

15 convolutional coding generally from alternative coding
schemes such as, for example, block coding, in which a
small number of message bits is converted to a
redundant block codeword and several sucﬁ block
codewords are transmitted to convey the whole message.

20 A general description of known convolutional coding
techniques is given below as an aid to understanding
the background of the present invention.

An example of convolutional coding will now

be discussed in connection with FIG. 1. Illustrated in

25 FIG. 1 is a transmitter 20 having a convolutional
encoder 22 consisting of a shift register 24 through
which bits of information to be encoded are shifted.
The shift register holds a limited number L of bits,
the number L being known as the constraint lehgth of

30 the code because the code is constrained to be
considered L bits at a time. At any instant, the bits
in the shift register 24, which may be labeled B,, B,,
B,, B./ .. ., B, are applied to a combinatorial logic
network 26 that generates two or more different Boolean

35 combinations of the bits. As illustrated by FIG. 1,
the bits in the shift register 24 may be provided by a
CRC error detection generator 28 that receives message
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likely to occur at the sanme bit position in a mgjority of the 5 copi es.
A known error correction technique is convolutional coding, in which the
‘bits transmtted, known as parity bits, are determ ned based on.the nessage
bits. The nmessage bits are considered L bits at atinme, and r parity bits
are 10 tramowxees for every L message bits. For exanpl e, PATRSIPETHE y
bits may be calculated as certain Bool ean conbinations of various bits of
t he message. The transm ssion of convolutionaal ly encoded parity bits

di sti,ngui shes convol utional coding generally fromalternative coding
schemes 15 sucknfarmatgontanpee trpnsmitted) agd thatvgeneratesaprhdnunber

of nessage bits ifpgatneerdedHeO messadendhabkbboed £ dryrd bead apever, al such
bl ock codewords are transm ted t .convey the whol e S§

description of known convol 188&18 St dERRF AU %dsq?ey gﬁ%\/é’ﬁtﬁgf‘g\m&gs an
ai d to under st andirey t2¢ pamh:e' lbad:lsgrubndhoareh@ewwad abovenandn. One

known form of oméﬁlwlbeerdeg gli._reacbl orptechnl que BS darﬁgu§§§§lt n
United States Pat 34 5 roac

of
the ' 589 patent P%’efrnf'ocﬁ Vulb’rcf% ion |°3\a5‘5‘§ Ps?and
unprotected 25 remeusver 'ﬁﬂe Hee'ylnlgl s decedpro¥ 2 deltr twi ednveRe st ypembmk

detection codi ng gith hatd 44 Iggy;sblggs mdggr |;§| cal .bits greapgovi ded
convol utional error correié;tl n encod ¥ %/ ts Wwth CRC bits are
added to the cri tFeHY#Y a'fﬂ’c? f’}?(fstaget (8 85%5 |%1'H"51 “&fcoder. At the
recei ving endt a framsnitsregbr 30 conbi nes the decoded key bits and
critical bits with the It is to be understood that combinatorial
logic network 26 as shown in FIG. 1, may alternatively

"l_.

be implemented as a look-up table comprising 2* entries
stored in a conventional memory. The patterns of the
15 L-bit shift register 24 contents B,, B,, B, B, . . . ,
B, would then address respective entries in the look-up
table, which produces the characteristic sets of parity
bits P,, P, - . . , P.. The Boolean combinations of
the patterns of the bits in the shift register 24 are
20 thus stored in the look-up table rather than generated
" by the logic network.

If two parity bits are generated for each
shift of the bits through the shift register 24, the
code is known as a rate % code, with twice as many

25 parity bits as original data bits being transmitted. If
the rate of transmission is fixed, the time required to
transmit such parity bits is twice as long as the time
required to transmit the original data bits. More
genefally, if r parity bits are generated on every

30 shift, the code is known as a rate 1/r code.

Typically, the parity bit transmission rate is adopted
to be r times the message information bit rate;

For example, the Boolean combination
equations for generating the parity bits of a rate ¥

35 code having a constraint length of five might be:

P, = B, + B, + B, + B, + Bq '

P, E, + B; + Bg



received unprotected bits. The '589 patent further suggests the use of
.tail biting to initialize and close out the Viterbi convol utional
~algorithm An exanple of convolutional coding will now be discussed 35

“in connection with FIG 1. Illustrated in FIG 1 is a -3/ sn@%ter
20 having a cwoe¥#43visonal encoder 22 consisting of a shift écg{tfg 3

through which bits of information to be encoded are shifted The shift =
register holds a limted 5 nunber L of bt$s, the nunber L bei ng known as

t he constral nt | ength of the code because the code i.s constrai.ned,to be
consi dered L bi tngFrS !t ferepressRt§ faedpho- %rﬁfdg’itt’?rﬁ‘n ?[I’fe %Eﬁf? regi ster

24, which may be kabebaiiz8fiethat Mmpduld-2 BiddidiomB[iey Mogically Blerr], are
applied to a combinakoryal, lQQ'&Qeé%?f\%] Idiglopdkat i PBRCALES bug of

more different BoGRean
the bits in the shi g? ngl éltgfilzgnﬁ?my be %P‘gl t?i’éol_ By °a| IC%?:t :aﬁ g? (l?ét glctel oﬁ
generator 28 tlgat recei ves ABssaged Robbvwe FMENTihECEore \WBxd 4 R1t6 than
PCT/ US97/ 07345 - 41nput data bits are produced for a rate 1/r code, and,
if all parity bits are transmitted, an r-times
redundancy has been provided to combat errors. It
will, however, be appreciated that it is not necessary
10 to transmit all of the parity bits. If the transmitter
and receiver have previously agreed on some regular
method of determining which parity bits are not
transmitted, the code is then known as a punctured
convolutional code. Punctured codes typically result
15 in coding rates m/r, such as 13/29, where ‘adaptation to
a transmission rate that is r/m times the message
information bit rate is required.
Tables of parity equations for various code
rates and constraint lengths that result in optimum
20 codes are published'in the technical literature. See,
e.g., G. Clarke, Jr., and J. Cain, Exror-Correction
Coding for Digital Communications, Appendix B, Plenum
Press, New York (1981).
The known methods for decoding convolutional
25 codes include threshcld decoding, Sequential Maximum
Likelihood Sequence Estimation (SMLSE), and the stack
algorithm. The SMLSE technique is commonly known as
the Viterbi algorithm, which is described in the
literature including D. Forney, "Thé Viterbi
30 Algorithm", Proc. IEEE, Vol. 61, pp. 268-278 (March,
1973). A description of decoding methods may be found
in the Clarke and Cain text cited above.
The operation of an SMLSE convolutional
decoding algorithm is illustrated by FIG. 2 for a rate
35 3% code having a constraint length of five. In the
SMLSE decoder, a plurality of electronic storage
elements 33, 34, 35 are arranged in groups called



information to be transnmitted and that generates and appends to the nessage
check bits as described above. The comnbinations generated by the network 26
are the parity bits, which are described above and 5 which may be
designated Plerr], Plerr], . . , Plerr]. The parity bits are transmtted
over a communwesg7i4@Méchannel to a receiver 30 having a decoddfCTASHFABAS
converts them back into the data bits B[err], Blerr], Blerr], Blerr], .
, Blerr], and eventually the message informétion that was 10 transm tted.
It is to be understood that combinatorial |ogic netwgrk 26 as shown in FIG
1, may alternati @H3Fefe 3R &henrupbes afl 8bkted 1 ¢ -cURgFPsings2ther ]
eﬂt][l es stored i neéhraseit ilemgithnefiotlie dbde ped tisd ecfdddne Ifhe L-bit
S|tregister24cté1t§_§[er err] r‘}( [ ’ﬁ] . . Blerr]
woul d then addr es%to(r)xte]as%eci |eve?_%’r?% Plogsi_i %E_%‘ﬁ%fo‘é ?u%%e[) @c WHEER %?Eoduces
the characteri stiinfmatgiorpadi-ey,bbit bieteries[in rqlements 33 Engrr]. The
Bool ggnt ﬁonbl t@t | ¥ Qﬁejfﬁlezsp%ht @ueﬁglatst be Qéé&c;}idté&l&:i?dﬂ fthe e@iatlear. 24
are us stored in e |l ook-up ta rat at, %ht@"b he | ogi c
network. If two pg'?ﬁ?/é |’t°§1‘ars§‘?g%3n3}lgﬁgﬁgf%fgé%%lc .es%iq‘;}ltetﬁ:’of&} & a‘lt':tes?
through the shiftmawrgika atoxed tineedements khowh kinary hid partesae, ofith
t\r/]m ce as many 25 par igedidazmas original data bits being transmtted. If
the rate of transm ssion is fixed ? t] ' t ra 1A,
parity bits is twice as | 02‘9 pg)sé H‘SE ?ﬁehg? b Wbisiadid Ul el
10 factor representing the degree of correlation between a
postulated bit sequence and an actual (e.g., received)
bit sequence. To the extent that the postulated and
actual bit sequences agree, the path metric is smaller
and the confidence associated with that postulated bit
15 sequence is greater. It will be understood that
"postulated bit sequence", or simply "postulate",
refers generally to any hypothetical bit sequence
having some probability of being the actual bit
sequence of interest. A postulate thus can represent
20 message information bits, parity bits, or other
codewords.
An important part of most SMLSE decoders is a
"copy" 38 of the encoding algorithm. For the example
communication system depicted in FIG. 1, the copy 38
25 could be an L-bit shift register and a combinatorial
logic network that implements the equations used in the
encoder 22 to generate the parity bits P,, P, . . .
P,. Alternatively, the copy 38 could be an L-bit shift
register and a 2%-entry look-up table stored in an
30 electronic memory. In either case, 2" postulates are
generated by the copy 38 and compared directly to the
received parity bit stream by a comparator 33.
The (L-1)-bit state numbers in storage
elements 34 represent all but one bit of the possible
315 contents of the encoding shift register 24. The L-th
bit represents the next bit to be decoded, and can be

either ZERO or ONE. Both possibilities are tested in



required to transmt the original data bits. Mdre generally, if r parity
bits are generated on every 30 shift, the code is known as a rate 1/r code.
. Typically, the parity bit transm ssion rate is adopted to be r tines the
~nmessage information bit rate. For exanple, the Bool ean conbi ngji 97/07345
equations for WhEM3Mng the parity bits of a rate 1/2 35 code having a
constraint length of five mght be: Plerr] = Blerr] + Blerr] + Blerr] + -~
B[C%rr] +/B[err] Plerr] = Blerr] + Blerr] + B{%rr] WO 97/ 42716 '
P US97/ 07345 where "+" represents nodul o-,2_additjon. Jt wl e

recogni zed that noSRPHIEC i iad é’@séég’llﬁ gaﬂkﬂ?‘é’rﬁnﬁ d’gt I’Fg‘e

excl usi ve- OR oper abtlosr Heitar sepgresehted) byl thelstate m@nberis. Jimhsl all 0.

5 As nojed,2hq¥8e bit esaﬁﬂﬁagiaaéiawe hidstdd®) thRUEe8d@ Pits
are produced for a rate 1/r code, an | %II arity bits ar t,r'a%m tted,
an r-times redunda®®y HaSUHEEP iflerce, 58585# EK?O?%F I"Eeei\ﬁﬁcl, hokBver ,
be appreci at ed shastoredsfowtevedoessiarg) the correlahipntbetiveesf thiee parity

bits. If the transglLigiedfl BACGMfIerdtd) ardl BROVELY: el GRUL-137, HAFE
regul ar net hod ofs%aétern?ni ng whi cétﬁearity bits are n%)t transl(nﬁ!}tted, t he

code i s then knownS&S¥eR¢finct ur ed
The steps of the SMLSE algorithm are

generally as follows for the rate ¥ code having a
10 constraint length of five.

Step 1. For the first state, numbered 0000,
it is postulated that the new bit is also a ZERO. The
postulate 00000 is thus applied to the copy 38 to
obtain the two parity bits P,(00000) and P,(00000) that

15 would be expected. In this way, the postulate
information is encoded using the same parity equations
that were used in the encoder 22 shown in FIG. 1.
Step 2. The actual parity bits received
P, (actual) and P,{actual) are compared with the
2C postulated parity bits P,(00000) and P,{00000) by the
comparator 39.'The comparison has one of the following
results: a match for both bits; a match for one of the
two bits and a mismatch for the other of the two bits;
or a mismatch for both bits. If both P,(00000) and
25 P,(00000) match the actual parity bits received
P, (actual) and P,(actual), the value ZERO is added by an
adder 36 to the path metric-that is assqciated with the
state 0000 and that may be represented by Gp=(0000).
Similarly, if thefe is only a single match, the wvalue
30 one is added to Gp=(0000). If neither P,(00000) nor -
P,(00000) match the actual parity bits received
P, (actual) and P,(actual), the value two is added to
Gp=0000). 1In this way, the path metric value for any
giﬁen state represents the cumulative mismatch between
35 the postulated and actual bit sequences for the
particular state. The larger the cumulative mismatch



convol utional code. Punctured codes typically result 15 in coding rates
mr, such as 13/29, where adaptation to a transmssion rate that is r/m
times the nessage information bit rate is required. Tables of parity
equations for various code rates and constraint lengths that result in

opti num 20 c¥@¥/4q7%® publ i shed in the technical literature. PCEASITOT}S G
Clarke, Jr., and J. Cain, Error-Correction Coding for Digital
Communi cat i ons, Appendi x B, Plenum Press, New8-York (1981). The known

met hods for decoding convol utional 25 codes include threshold decoding,
Sequential Maxi nunkd¥ I@IFHFG Sdfudfc@etsitheaPabh ESHESE) valne and theck

al gorithm The SMsuialkaohntlnaunh ity sonfl deneen fagcbbefdrt ent st i thm

Agori thit . Proc. I EBE. Vol STBF o Susd 47abh 2 oF8' eleacdd®tok ek o
of decodi ng net hods?%Ry ek dihed new fii€td brike Pastiutaradt extbeia ERMOVe.
by FLG. 2 for & rate ae 1 g cade Do n oot et Larar e had B 8 S
SK/LSE decoder, a g‘}"ﬁtr"é% %{&ﬁ%ﬁé@?%ﬂ%ﬁ‘gtg,r(ztog)%gpe%ﬁt gof?g‘,_"r%ﬁ,t‘%étlé‘?e
arranged in groupsacttd;qJecreceived bits P;(actual) and P,(actual). The
' path metric for state 1000, designated Gp=(1000), is
updated as in step 2 based upon comparisons of

10 P,{actual) and P,(actual) with P,(10000) and p,(loooo).'

Step 4. The updated path metrics for states
0000 and 1000, i.e., Gpm{0000) and Gp=(1000), are
compared by a comparator 37. Whichever state has the
lower path metric, and hence the lesser mismatch

15 becomes the new state 0000 when the bit patterns 10000
and 00000 produced by the copy 38‘are left-shifted one
bit position and the leftmost bit shifts over into the
respective bit history in storage elements 33, leaving
0000 in both cases. .

20 Thus, either of the states 1000 or 0000 can
be the predecessor to the next state 0000 in the case
where the new bit is a 0. Depending on which state
survives because it has the lowest path metric, the
leftmost bit that drops out of the encoder copy 38

25 pattern to become the rightmost bit of the bit-history
33 for the next state 0000 will be either a 0 or a 1.
Moreover, the other corresponding bits in the new
bit-history memory 33 are copied over from the
surviving selected state, overwriting the bits of the

30 non-survivor, the state that was not selected. For
example, as shown in FIG.' 3, if the path metric
Gp=(1000) is 1.8 and the path metric Gpm(0000) is 9.5,
state 1000 is selected to survive and the left-shifted
bits 10110111 are overwritten into the bit-history 33

35 for the new state 0000.

Step 5. Steps 1-4 are repeated with the
postulate that the new bit is a ONE. The postulates
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states, and the nunber of states is 2[err], where L is the constraint

| ength of the code to be decoded. The storage el enents hold at | east two
~different types of information, i.e., bit histories in elene 5
path netrics WO %BMEHEnts 34 associated with the states. In agh;délfls}rzﬁgg?ate
nunbers associated with the states may be stored in elenents 34 as bi nary
bit patterns of L-1 bits each. A path netric®may be considered a confidence

10 factor representing t ee of correl atjon betwe ostul ted bi t
sequence and an adtqP@! I&gl%gécg%e'd?eb?‘ft‘éae UEHE W'Fﬁqi:% Yhat
the postul ated andresptegaliviely spplizgedeso agheesophed paich ahdtadine tlhsa eadiriser
and the confi denc%@%a‘}fi't%t edewith, (d’b?ﬂoﬂOStPU|(@b6§|1P'éné5P (1g0uenGe i s

greater. It wll nder st 0od 't hat ost ul at equence’
"postul ate", ref erpseiégﬂg? 1 % weRA G RS0 RS g’ﬁdbbl fri?gﬁugﬁfétﬁ éf‘ﬁg sorre
probability of ®Heipeginsharactonpared witherite aftunl eresgivedl pagtidlyatd tishus

can represent 20 ﬂf&géagsunmar@tuaaeumssé 193&&5@; @btépdﬂea)taaeah

codewords. An |rrpor1t ant part of ecoders, i.s 38 of the
encodi ng al gori t hfiet &S GRe (QL4R) é“go%ﬁ}%%ﬂ o‘ﬁn’s%taéfrﬁ d:g%ynct ed in FIG

1, the copy 38 25 campirtbdhe ghik- ebulbsfinragnew estatrad 00000 Mhiicdt @liszl
has possible predecessor states 0000 and 1000.

10 Step 6. Steps 1-5 are repeated for every
other pair of predecessor states: 0001 and 1001
(resulting in new states 0010 and 0011); 0010 and 1010
(resulting in new states 0100 and 0101); 0011 and 1011
(resulting in new states 0110 and 0111); 0100 and 1100

15 (resulting in new states 1000 and 1001); 0101 and 1101
(resulting ln new states 1010 and 1011); 0110 and 1110
(resulting in new states 1100 and 1101); and 0111 and
1111 (resulting in new states 1110 and 1111).

At the end of the above six steps, two actual

20 received parity bits have been processed and one new
decoded bit has been shifted into all of the bit
history storage elements 33. These memorized patterns
are candidates for the final SMLSE sequence. Because
of the way-bit histories overwrite other bit histories,

25 when one of a pair of states is selected to survive,
the older bits in the storage elements 33 tend towards
agreement. If the oldest bits in all bit histories
agree, they may be removed as a final decision and the
bit history storage elements 33 shortened by one bit.

30 The algorithm for other rate ccdes, such as
rate 1/4, proceeds similarly although four parity bits
would be generated by each postulate and compared with

- four received bits, generating possible increments to
the cumulative path metrics of ZERO, one, two, three,

35 or four mismatches. . '

In another variation of the known algorithm,

the received parity bits are characterized not just by



| ogic network that inplenents the equations used in the encoder 22 to
generate the parity bits Plerr], Plerr], . . . . Plerr]. Aternatively,

copy 38 could be an L-bit shift
-stored in an 30

electronic nenory. In either case, 2L postul ates are

t he

register and a 2[err]-entry | ook-up table

gener at ed by WR873I, 38 and conpared directly to the recei vEGTNEIHOIS); t
stream by a conparator 39. The (L-1)-bit state nunbers in storage el enents
but one bit of the possibl-d035 contents of the encoding

34 represent al
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its sign was in fact correct, than if the guality is
low and the received bit polarity was doubtful. This
"soft" decoding as opposed to "hard" decoding ideally
uses a "soft" bit quality wmeasure that is related to
-LOG (Probability) where "probability" is the
probability that the bit polarity is correct. When
this logarithmic measure is used, the cumulative metric
then represents minusg the logarithm of the product of
all the bit probabilities. The state and bit-history
sequence then having the smallest cumulative metric
represents the sequence having the highest probability
of being right. Usually, the noise is assumed
Gaussian, in which case the penalty term can be shown
to be proportiohal to the sguare of the bit'amplitude.
The penalization for a mismatch between a locally
predicted postulate bit and a received high quality bit
may be effected by adding a term proportional to
1/ (-LOG (Probability)) to the cumulative logarithmic
measure when a mismatch is detected. Such an addition
can only substantially affect the measure whenever the
probability is high that the received bit polarity is
correct and yet a mismatch is detected nonetheless.
Such convolutional coders and decoders can
also be built to work with non-binary symbols such as
ternary or quaternary symbols.
. An SMLSE Viterbi decoder determines the
sequence of data bits that most closely explain the
received signal. The Viterbi algorithm allows the best
sequence to be determined successively thus avoiding
the need to test all two-to-the-power of N possible
sequences. To establish a starting point for the
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Step 1. For the first state, nunbered 0000, it is postulated that the new
bit is also a ZERO. The postulate 00000 is thus applied to the copy 38 to
obtain the two parity bits P1(00000) and P2(00000) that 15 would be

expected. In th| S the postulate information is encoded us)j 3552 TE
parity equat| 1\%2%/ were used in the encoder 22 shown in FI é&%sg’?ta’ep 2.

The actual parity bits received P[err](actualé and P[err] (actual) are- —
conpared with the 20 postulated parity bits P[err](00000) and

P[err] (00000) by t t ol h f Wi ng
eeulte: a natol f%cﬁﬁ?tgté%ﬁ%ﬁm%%@e 85486 BEndhgs | e

m smatch for the oFRFISH Iheifcdiized &° & oL éﬁaFBimﬁo?T'F‘tEﬁ’ tl%efa?’fe
both P[err] (00000)feedirkp 7P (DOGOMitnmt clint hizcicaslke, pahetry bstenlyameed

Plert ] (actual ) angy PLALS {6 1) Jor 411 40 46,7 68008, 20006 byt AT 36

to the path nmetric t I s assocl ated with the stat may be
represented by iiozst(mﬁ))thes} Aqukles ah% aaRdy FucsegaiyeastPRgPR HRAtP the
val ue 30 one is agslathd pdspst BWODhe (dodeiddmetrBieer LeAGOR0}1INOr After

P2(00000) mat ch th@hggt%@irypareﬁé’ ,gldﬁb}zf %Cfe's‘é%%gp[ %L};ﬁégté!&éﬂ @m?h L path

Plerr] (actual), the val
netric value for REWPVRPE R r’tﬁar%%’ﬁ%]s“teﬁ’eb@&w&wgﬁﬁ%‘étﬁ?-%rﬁ%‘?%et ween
35 the postul at ed sdpshimcdwsl tdoidn sagtlicisrehypathielsd zpdr bieuhew Béaie. The

larger the Cuny$alég§iégéngg(ghe of two specific values. The number of
states thus remains constant until the last unknown
data bit is hypothesized. Then, in some coding schemes,
known bits are fed into the encoder to flush through
the last data bit. When no more data bits are left in
15 the encoder, its output does not depend on data and
need not be transmitted. The receiver decoder knows a
priori what this terminal state will be and each time
one more undecided data bit is flushed out of the
encoder, the number of possible remaining states halves
20 until it becomes a single state. This method of
terminating a convolutional block encoder by up and
down tapering from a single starting state to a single
end state is called "using tail bits". The known bits
in the encoder at the beginning (or used to flush out
25 the last data bit at the end) give rise to extra
| transmitted bits. These additional bits that are just
used to initialize and terminate the encoder may be
avoided by using the alternative method known as tail
biting. 1In tail biting, a number L of data bits is
30 used to initialize the encoder, where L is the number
of internal memory elements in the encoder also known
ag the constraint length. The numbexr of possible
starting states is thus 2°.
The decoder in this instance assumes all
35 starting states to be possible, not just a single
state. The first coded bits transmitted that depend on
the first L bits are compared with corresponding



WO 97/ 42716 PCT/ US97/ 07345 -8- for a
state, the larger the path netric value and the smaller the running
confidence factor for that state. Step 3. Steps 1 and 2 are repeated for
"state 1000. Wth the new fifth bit postulated to be a ZERO, 5 the Pattern
10000 is app/W@&M%1% he copy 38, and its output bits Pl err] ( P6808

P[err] (10000) are conpared to the actual received bits P[err] (act ual) and
Plerr] (actual). The path nmetric for state-1860, designated Gp=(1000), is
updated as in ste é) pased upan Ch arisons of 10 Plerr](act uaI and
Plerr] (actual) wiRFERIETI9R8 Fodhakecsiver] epdosoystae % 49T TR tt‘deat ed
path netrics for mse¢arts DH0PmntelDEdr ieach, pEssibDDYyandThses( 160€), are

conpared by a conpaatofc 3 M GRRY Yurs At %h@aéntclaae}oe&ﬁa Qaﬁ%w%gééc and
hence t he | esser msnatct}b)r%cﬁ?gcorres#{]}% state 0000, when_t

patterns 10000 anet Hobd 5‘8\3/9'3% QFenP‘@}P'Frsﬂ?f?Eﬂt%%e bi t
position and t8e bwef tdwsttditthes hdu sbmvmemgt ankhewnespbet nuwebdr tofii st ory

iP storage elenEn%§eéE%t 6ﬁ§”éﬂh tQQEhcﬁgéﬁiathns doubles tJhus
either of the states 1000 or (000 the predecessor to the next state

0000 in the case r%a‘%e“”d@?ﬁ’bﬁs |baefé’r8 Dép¥h8?ﬁﬁlo%5¥\ﬁl‘&%°%%‘a?ecan
survi ves because bhé¢ hegaitdel lawsdgipaiibgmend endihg a cycle at the

point where the number of states has halved, and just

10 before a new bit is hypothesized. That way, the number
of states and path metrics that have to be stored is
21 rather than 2% although the number of path metric
computations is always 2F. Using tail biting, after
feeding in the last data bit to the encoder, it is

15 flushed through by feeding in the first L-1 data bits
again, effectively completiﬁg the circle. The receiver
can continue around. the circle by processing the first
signal samples again and continuing until no further
change in the decoded output is observed.

20 Alternatively, a tail-biting decoder can continue for a
fixed number or fraction of a revolution, at which
point the state that has the lowest cumulative path
metric is chosen
as the most likely.

25 Appending a CRC code, as described above,
does not come free - it expands the number of coded
bits transmitted by the number of CRC bits appended
multiplied by the rate of the code. The energy for
transmitting the extra bits created by adding the CRC

30 code should be subtracted from the energy used to
transmit data if comparison between systems with and -
without CRC are to be on the basis of equal energy
transmitted. Thus, the use of a CRC will generally
result in a higher error rate than if no CRC had been

35 used. The errors are, however, detectable.

Prior art methods of adding bits to data to
be transmitted, such as the using tail bits method and



| eftmost bit that drops out of the encoder copy 38 25 pattern to becone the
rightnost bit of the bit-history 33 for the next state 0000 will be either
a 0 or al Mreover, the other corresponding bits in the new bit-history
menory 33 are copied ogver fromthe surviving selected state, L1

the bits of thWOMM4EBA-survivor, the state that was not sel ec&ﬁ%z@ﬂg
exanple, as shown in FIG 3, if the path netric G=(1000) is 1.8 and the-
path metric Gom(0000) is 9.5 state 1000 is stfected to survive and the

left-shifted bits 10110 [ verw.itt ' i t-histar .35 for
the new state oooo.gé‘?gépl.gé.ébﬁeeg‘sagf- o 3“%%%%%_ égsﬁmg{_’%n{] s ﬁo%taﬁq%aig t hat
the new bit is a ONEdithonstiltsg £or trapsyiegpone with the related

PCT/ US97/ 07345 -9- 998 Bkl ahdr cirhasmebiabnr £86¢ iesindiidefineditey ,t hus

respectively applied to the caopy 38 to obtain the pairs of parity.bits,
L or 11 (0000%) - P er S TIGRR, Rpabite pRPI B80S 205 IRPSudtesl 1n K58 ol o
be expected. TheSe perfoymdride Dfpdihes exrerconpuection t deeddbing qpeiratdesi ved

parity bits Plerr] (getuad )retd iRl Idomimhidaht ioch€afstén! O plidatchaRal bit
metri.cs G=(0000) and :é 1000(} whi ch are theg corTrRared. Thds results in a
new state 0001 mhicﬁrﬁﬁ c)orre tion coding systems may provide improve

error correction decoding but generally are not
designed to provide for error detection. 1In addition,

10 the CRC error detection method generally requires
completion of error correction decoding before testing
for error detection.

Sumynary of the Invention

It is therefore an object of the present

15 invention to provide improved communication systems and
methods having both an improved error correction and an
error detection capability.

It is a further object of the present
invention to provide improved systems and methods of

20 coding data to obtain an error indication during
decoding.

It is a further object of the present
invention to provide methods and systems for
transmitting and receiving.a signal irn which the

25 receiver has the option of decoding the data without
substantial energy penalty and foregoing error
detection or of decoding the data with an energy
penalty but thereby obtaining an error detectiomn
indication. ’

30 The communication systems and methods of the
present invention intersperse a number of known bits
within the data block instead of clumping them at one
end. This provides the advantages of being able to
successively compute an error check indication during

35 progression of the decoding operation, while providing

a more uniform bit error probability over the data bits



has possi bl e predecessor states 0000 and 1000. 10 St ep 6. Steps
1-5 are repeated for every other pair of predecessor states: 0001 and 1001
(resulting in new states 0010 and 0011); 0010 and 1010 (resulting in new
states 0100 and 0101); 0011 and 1011 (resulting in new states 0110 and
0111); 0100 A¥R%742B¥ 15 (resulting in new states 1000 and 186S9E and
1101 (resulting In new states 1010 and 1011); 0110 and 1110 (resultingdn
new states 1100 and 1101); and 0111 and 111H4resulting in new states 1110
and 1111). At the end of the above six steps, two actuyal recej ved

parity bits have BBefhprBLeckeas sFemBRESs it e ddtfed Hiid ﬁ’&§sf5e@ﬁt§ﬁﬁifted
into all of the bMbrebsts|ythé oergea cbitn®nissated hese merDeaned pAtterns

are candi dates f OE_eEQg Léng}l §%4:§Eb§@quﬂ§f r%he&eaml(ﬁe the g@io?' Lre

histories overwi Storres n one of of “sfates
is selected to suFRFvBethag. o Tae Bresent ’t’h\ée%‘i’cﬂ‘hég%%ﬁénts 33 tend
t owar ds agr eenmgnt cohﬁ\uhheaahdﬁséybtémslamalme&inddmlp&tmd&agagmpfovéaey may

be renoved as a fi Q?or §8E§é991&qddégﬁdﬂ$ s tr%rrﬁ/af:ﬁt%r ?%gge{._ﬁgents 33

shortened by one 5 or o rate codes,
such as rate 1/4, bpn§§é§és°§|ﬁ¥¥@1‘fl§eﬁ¢?m@h four parity bits woul d be
generated by each postul at e1angné ogpBsE@Tmeht Nof aile rcRamiuvedablibs,

t i bl ' . Al
general 119 oSS! b5k BSE TR el Rodbof URL BLUPURERVILSS 8/ 260 one,

10 communication system and method is provided having a
constrained error correction decoding system providing
improved decoding performance by'constraining the
decoding based on determinate interspersed error
detection bits and further provides an error indication

15 based on evaluation of the occasions on which the
decoding process is constrained by the determinate
error detection bits. The determinate error detection
bits may be data dependent or independent of the data
in both value and position within the data.

20 In another embodiment of the communication
s?s;ems and methods of the present invention error
detection bits are interspersed with the data before
convolutional encoding and the received encoded message
is convolutionélly decoded by an unconstrained

25 convolutional encoder and the error detection bits are
tested to determine if an uncorrected error was
encountered in transmission. The message is also
constrained convolutionally decoded based on the
determinate error detection bits to pfbvide an improved

30 error correction decoding capability. The output of
the unconstrained convolutional decoder may be selected
as the received message if no error is indicated.
Alternatively, the output of the constrained
convolutional decoder is selected as the received

35 message if no error is detected. If an error is
indicated, the output of the constrained convolutional
decoder may be selected as the received message.



In anot her variation of the known algorithm the received parity bits are
characterized not just by WD 97/ 42716
- PCT/ US97/ 07345 -10- their bit polarities, but by a nagnitude or quality

measur e representl n he degree of "ONE-ness" or "ZERO ness". %
m smat ch with % Ezgf y predicted postul ate parity bit is detecte %%e

path netric is 5 penallzed by a greater amount_if the received bit quality
is high and there is therefore | ess doubt that’its sign was in fact

correct, than if the qualityspsohawe aﬂgd%mgnE? §|§§Qdeco QE%F to%lllHy 10

doubtful. This "soft"” decodi Nng as, oppose
uses a "soft" bit &MﬁFFF‘? ﬁﬁgsﬂﬁéh‘Pﬂﬁt of sthe| BYeFRYh lT’&‘i("‘PPGb&B‘P‘PF‘F?):
where "probabilityantsat kecpiobabuhctyohhaare herdw:tdqml armhisy transaitect .

When this |ogarithg ﬁcgggﬁu chﬁ?&é gengp ,l,tglé ﬁ%% IoF hQ‘EQrmmate

represents mnus the Togarit
probabilities. ?hee§F8Fed§HECBPPnhP§F8r93§%‘§1L@‘|‘\0%°’f°rﬁﬁ?shé\fl ﬁgsﬁﬁﬁe§ﬁﬁl Pést
cunul ative netric gapaebfBbstbhBesegHABnet bed i @mgd tirerdrsgarsting @¢habi | ity of

Dennlty P can abep LA Bk SRR SR A ) Serbcer
anpl i t ude. data bits at a plurality of predetermined positions to
provide a message for transmission. The message is

10 convolutionally encoded and transmitted. The receive
function includes receiving an encoded message
convolutionally decoding the received encoded message.
An error indication is generated based on a comparison
of the decoded bits of the received encoded message

15 corresponding to the predetermined positions of the
determinate error detection bits with predicted error
detection bits genératéd based on decoded bits of the
received encoded message corresponding to portions of
the received encoded message containing data bits.

20 In another embodiment of the communication
systems and methods of the present invention, the
received encoded message is aléo constrained
convolutionally decoded based on a determinate state
convolutional decoding process. Predicted error

- 25 detection bits are generated based on decoded bits of
the received encoded message corresponding to portions
of the received encoded message containing data bits.
Any decoding sequence in which the selected bit in a
location corregponding to one of the predetermined

30 locations of the determinate error detection bits does
not match the bit value of the corresponding predicted
error detection bit is discarded.

In other embodiments of the communications
systems and methods of the present invention, the

35 interspersed error detection bits are generated
independent of the data bits. Accordingly, the



The penalization for a 'm smatch between a locally predicted postulate bit
and a received high quality bit my be effected by adding a term
‘proportional to 1/ (-LOG (Probability)) to the cumulative logarithmc 25
measure when a msmatch is detected. Such an addition can onl

substant i al | y W& Y8116 he measure whenever the probability is %T'ﬁ\’?’f’ﬂﬁ‘st he
received bit polarity is correct and yet a msmatch is detected

nonet hel ess. Such convol utional coders and dé€oders can 30 also be built to

wor k ‘wi th non-bi n s such a Lnary quat rnary synbol s. An
SMLSE Viterbi dec é%crq)er RREE £, eggt’jﬁgﬁc gf; )sget [FRneTssed

cl osely explain trﬁ\';s radainatd o gafaltheTkiQCVdeérdatallgmst hm al | ows the best .
35 sequence to be determ ned successi vely thus avoiding the need to test

all two-to-the-power of N possi b uences. ohe% abl i sh a starting point
for the WO 97/ 42716 on ot the Drawin

PCT/ US97/ 07345 -11 - succes®Iee detlermnabbmnalagﬂa:ﬁm a:%mn%q%lsqs t he

encoder s ini tg aI &rﬁrﬂ#ﬁaﬁ:x‘&@:‘) sgeﬁlr Ethr%e%igﬁP?eT glre fe trﬁgpa?_hdata

bits. In this cas ere 1s o one
decoder. The nunmbe&rXsx ?%rﬁtcéé-OPhéﬁceéelBQeénétC%@\cﬁffmchs:gmost,ep up to

t wo FIG. 2 is a block diagram of an example of a
convolutional decoding algorithm;

FIG. 3 is a schematic block diagram of an

10 embodiment of a communication system of the present
invention;

FIG. 4 is a schematic block diagram of an
embodiment of the transmit circuit of a communication
system of the present invention;

15 FIG. 5 is a schematic block diagram of an
embodiment of a receive c¢ircuit of a communication
system of the present invention;

FIG. 6 is a flowchart illustrating operations
of an embodiment of communicating data bits of the

20 present invention;

FIG. 7 is a flowchart illustrating operations
of an embodiment of the constrained convolutional
decoding operatidn for communicating data bits of the
present invention;

25 FIG. 8 is a flowchart illustrating operations
of another embodiment for communicating data bits of
the present invention.

Detailed Description of the Preferred Embodiments
The methods and systems for communicating
30 data of the pfesent invention provide the capability of
obtaining'an error indication without requiring an
energy penalty which induces an increased error rate, a
capability of providing a constrained determinate state
convolutional decoder for improved performance in error
35 correction, or the ability to provide both error



to the power of the (code constraint length -1). After this point, the
nunber of states doubles each tinme a new unknown bit is postul ated but
“inmedi ately halves again due to an earlier-hypothesized bit now being 10

deci ded to. ong, %h\m specific values. .The nunber of states tRofy§@PBiaEs
const ant unt|I e last unknown data bit is hypothesized. Then, in sone
codi ng schenes, known bits are fed into the ﬁ} ncoder to flush through t he
| ast data bit. Wien no nore data bits are le in 15 the encoder, its

out put does not dea@&éceﬂoﬂaaﬁdaﬂapf&eéhr@r&e &fx@*&@lbhed Tﬁéemét?ﬁ&lé’er
decoder knows a pri_or.i ermnal state w W&ﬂg P'each time one

nore undeci ded dat &% |FYFEe‘I“Fugﬁeﬁh%u?r%qe?%e”g’ﬁé’&}?f‘ BWLRE of
possi bl e remai ni ngdesardbeflanore P@llnthéreinaficonedth sefigkense ate. thdi s

met hod of terninat bpgompaRPYAGUaLMRShgd] oGk vﬁfl@ﬂ%ﬁnb@ﬁzh\@né@dofi%tape“ ng
froma single s artlg}%rl tate_to a singl e.nd sta s called "using tail

bits". The know? bif 1PRe3ERCBURY at 9 (“BY ug‘éﬂe’(%rfllifsh out
25 the last data bn@Odneﬁhenemdl)lygdwéfemm: tﬁprmst aadt shoshdtbed et s.

These additional bicbgctPabaahs 1¥aicsl3oh (thd @&Hﬂlhéﬁtangeéef&mte the
encoder nmay be avoided. by ﬁ%hﬁ%}’t he. alterraocﬁ ve nethod known as tail

biting. In tail bi PERGITA LEReSQ & ments age Brgvided #9ithate
the encoder, wherethissdikelosnberwbil ibe erhatoughmand ebephets, iand heill

‘encoder al so kRewn£g31y"echrPayt £RE NbcdSNHE M -t hENQ R ehn Of o PPRSED! €
skilled in the art.

Referring now to FIG. 3, a schematic block
diagram of a communication system of the present
invention is shown. Such a system may be beneficially

15 used for transmitting and receiving a variety of types
of information which must be passed through a
communication media which has the potential to
introduce noise to the transmitted signal before
receipt by the receiver. 'The information transmitted

20 may be digitized voice information, such as with a
digital cellular communication system, or some other
form of information. As Shown in FIG. 3,
communication system 40 includes receive circuit 42 and
transmit circuit 44. Receive circuit 42 and transmit

25 circuit 44 interface with a user to provide or receive
data or control information as conceptually illustrated
at 46. As illustrated in the embodiment in FIG. 3,
receive circuit 42 and transmit circuit 44 are both
operably connected to antenna 48 to receive and

30 transmit messages from the communications transmission
medium. It is to be understood that receive circuit. 42
and transmit circuit 44 may also be provided with
separate antennas 48. It is also to be understood that
each of receive circuit 42 and transmit circuit 44

35 could be provided with multiple antennas 48 to allow
simultaneous transmission and receipt of messages at,
for example, various frequencies. It is also to be



starting states is thus 2[err]. The decoder in this instance assunes al

starting states to be possible, not just a single state: The first coded

bits transmtted that depend on the first L bits are conpared with
correspondin
PCT/ US97/ 073

metric is conputed for each possibility. Then, one data bit is shifted aut
of the encoder

WO 97/ 42716
CTIS977345
pa
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It is to be understood that receive circuit
42 and transmit circuit 44 may be implemented with
discrete logic, microprocessor/controllers (or other
software executing device), custom or hybrid circuits,
memory devices, or a combination of the above or other
known hardware for implementing various logic
operations as described herein. It is to be further
understood that the various blocks of the receive
circuit 42 and transmit circuit 44 need not be
implemented by separate hardware components but may be
combined into single chips or combinations of
components.

Referring now to FIG. 4, a schematic block
diagram of an embodiment of transmit circuit 44 of the
present invention is provided. Transmit circuit 44
includes error detection bit generatcr 50 oxr other
error detection bit generating means for generating a
plurality of determinate error detection bits (E,...Ey,)
53, 53° based.on portions of a seguence N. of data bits
52 to be transmitted and for interspersing determinate
error detection bits within data bits 52 at a plurality
of predetermined positions to provide message bit
sequence 54 for transmission. Error detection bit
generator 50 may, alternatively, generate a plurality
of determinate error detection bits which are data
independent. Transmit circuit 44 also includes exror
correction encoder 56 or other convolutional encoding
means responsive to error detection bit generator 50
for encoding message bit sequence 54. Transmit circuit

n



signal sanples again and continuing until no further change in the decoded
output is observed. 20 Alternatively, a tail-biting decoder can continue
~for a fixed nunber or fraction of a revolution, at which point the state
that has the |Quwgs 2 fgmul ative path netric is chosen as the NeEraidoli®tms 25
Appendi ng a co as descri bed above, does not cone free - it expands

t he nunber of coded bItS transmtted by the nunber of CRC bits appended —
multiplied by the rate of the code. The ener for transmtting the extra

bi ts-cr eat ed by adgiygbBReERin30us0enstotl b s s eiraBh 9 LLABLEDY gher oy
used to transmt data if cgnparlson bet ween systens wth and wth

are to be on the b&HEENGA F erRehy 13 ?ﬁﬂﬁjme?ﬁﬁsreFHEnﬁégeoFoa CRC
will generally resMrmomncarheghecneemcmdezﬂiﬁtﬂum1UrhnﬂmleﬁﬁnbadnbededSS

used. The errors am@ssag\éeme sQ&a@ﬁé@btﬁarﬂry %t%r)t s‘fEbQQ@ngE ﬁQdéMoP' ts

to data to be transmttéd, such he using tail bit
97/ 42716 5 correctlon enco er 56. As e:rqgcﬁpgggypeyg45ncg§ertﬁg CRC
code have the furtHer adiceasvant igeabf emciotiery, add encodledbblissf are

transmi ssion, m‘tthQ%rEQthggferred to as parity bits as described in
the Background section above. The output of modulator
58 is provided to antenna 48 for transmission through
10 the communication medium.

While the invention will be described herein
as involving sequential transmission of parity bits and
sequential receipt of data bits, it is to be understood
that the benefits of the invention can likewise be

15 obtained with parallel processing of multiple bit
sequences. For example, it would be possible for a
rate 2 code to provide transmission of each of the 2
parity bits at separate frequencies concurrently for
each incoming shifted message bit. However, it is

20 generally preferred to provide for sequential
tfansmission of parity bits as discussed above in the
Background section by providing for a transmission bit
rate proportionately greater than the message bit rate.

Referring again to FIG. 4, as illustrated at

25 52, a sequence of'Ni data bits is provided to errorxr
detection bit generator 50. The data bits are |
represented by the sequence of D,, D,, ..., Dy. As
described herein, data bits will be considered as
binary bits which can have a value of either ONE or

30 ZERO. However, it will be understood that the benefits
of the present invention could also be achieved using
non-binary symbols such a ternary or quaternary
symbols.

BError detection bit generator 50 intersperses

35 a number N, of error detection bits 53, 53 into
sequence of N, data bits 52 to provide message bit
sequence 54. The inserted N, error detection bits 53,



costs in energy and transnmission rate requirenments, generally without
providing any inprovement in the 5 performance of the error correction
decodi ng operation at the receiving conmuni cation system Determ nate bi't

error correction coding systens nmay provide inproved error '
decodi ng but “E%Wé‘tz?;\’lsl y are not designed to provide for erro?p%lé’?%%}to?%ﬁ. In

addition, 10 the CRC error detection nmethod generally requires conplet+on
of error correction decoding before testi ﬁ@ofor error detection. Summary of

brovi de -1 npr oved S onfit S et Sk Bantt: HEEhode naT I BRe 4R | mpr oved
error correcti onfFERd 4ndternessags &&.i errezpasterEyon|pits 33 £ FA'h&ayobj ect
O o EheaoTh LPYSDRORLS 51 o sl guednicacn sep 1 e
obj ectg of the pr%égﬁ %ﬁ?’/ t%on'%%a{%%&i}%ﬁg@%??%agggﬁ aggfétﬂéfr%l fS"'o'f1 rurther
transmtting andHeeR¥Ryi nit ol s inptaingaesgaryhthak bherereey Hitda he option
of decoding the gasarvédhDutubiisimdsil ioner gy Dengl 4y ol ¥¥0®iteg error
detecton o of decorhugLle fALs Aol st g RaeLL R {heredy
positions.
The inserted N, error detection bits 53, 53’
10 may be functions .of subsets of the N, data bits 52 or
may be independent of the N, data bits 52 or a
combination. For example, error detection bits 53, 53
may be provided as all ONEs, all ZEROs, or a
combination of ONEs and ZEROs. The N, error detection
15 bits 53, 53' may also be a function of subsets of N,
data bits 52. As illustrated in FIG. 4, error
detection bit E, 53 may be a function of data bits D,
and D,. For example, E; could be calculated as the
exclusiﬁe OR function of D, and D,. It is also possible
20 that the placement of error detection bits 53, 53' may
be determined as a function of data bits 52.
Regardless of the method used for determining error
detection bits 53, 53’, it is necessary that transmit
circuit 44 of communication system 40 and receive -
25 circuit 42' (not shown) of communication system 40'
(not shown) to which message 54 is being transmitted
must have agreed on the method of determining the value
of error detection bits 53, 53' and their placement.
It should also be understood that while the
30 invention is illustrated in FIG. 4 as having single
error detection bits 53, 53' interspersed within the
data, error detection bits 53, 53' may also be inserted
two or more bits together at different placement
poeints. In addition, as described above, when error
35 detection bits 53, 53' are made functions of subsets of
the data bits 52, the data dependent error detection
bit 53, 53’ have been illustrated as being provided to



RS e

30 The conmmuni cati on systens and net hods of the present
I nvention intersperse a nunber of known bits within the data bl ock instead
of clunping themat one end. This provides the advantages of being able to

successi vely n error check indication during 35 prog ,qﬁz(;gg ks the
decodi ng oper;‘tgl onkﬁ ile providing a nore uniformbit error proba ??.B

over the data bits WO 97/ 42716 -2
PCT/ US97/ 07345 -14- in the bl ock as conpared Wth the "tail bits" nethod

Moreover, the ext rék'xbixt %dr‘i%%'i:t:.%ﬁ Qﬁ‘é@d@?t dﬁa%ﬁe&{‘afsé‘ﬁ{ e25G LHlAta

error rate unl ik r|or met ho rese I nventi on provudes
5 conmmuni cation s§§t W§9ﬁ8d§tpPSPFB§ﬁg(Fnﬁrov%dlérF@PeééﬁFééYlon
decodi ng whil e naiaﬁtzaammgahﬁenbemeﬁnet&sagfe ditosedetncei B4, | ix o not
enbodi ment of the ;(omEmni,Sathar %Yx%t ﬁgésaag B‘EEE%‘& ﬂévéxctfﬂ:dﬂ{]eedsﬁ%t this

-invention, a 10 co nlcatl S nethod i s avin

constrai ned er ror 4%5%%3 t&é%o Sﬁgg§9§€éﬁFp?BvFth@r?ﬁﬁﬂﬁnkﬁY i‘ng
performance by cortdwenieni,ngst wéldebeddegcbabed Ourdieéerierwire iini er sper sed
error detection DidehoHitheitlsl BEM REOKLABENEN1AVEAL 160 £ @brk] Pased on

eval uation of the _occasions on whic
benefits may be obtained by providing error detection

bits 53, 53’ following the data bits 52 upon which they

10 depend as illustrated in FIG. 4. The augmented block
of N, + N, message bits 54 is provided to error
correction encoder 56. As described in the Background
section above, the convolutional encoding process
expands the number of bits for transmitting based upon

15 the rate of the convolutional code used. For example,
a rate 2 code would double the number of bits to be
transmitted. Since the N, data bits 52 have been
increased by N, error detection bits 53, 53' by error
detection bit generator 50, a rate r code, without

20 puncturing, would result in r(N, + N,) parity bits being
generated by encoder 56 for transmission. However, the
augmented block of N, + N, bits may be ekpanded to rN,
bits by using a code, punctured if'necessary, of rate
rN,/ (N, + N,).

25 Puncturing is done when the use of a rate r
code, r being a simple integer, or ratio of simple
integers, would yield more than the desired number of
rN, coded bits. In this case, the extra number of bits
created by the N, error detection bits 53, 53’ would be

30 xN,. Therefore, rN, parity bits are deleted by
puncturing. To maintain roughly equal error
probability after decoding for all bits, the parity
bits that are punctured can be chosen to lie around the
area where the extra N, error detection bits 53, 53' are

35 1inserted into message 54. Thus, by removing by
puncturing some coded (parity) bits that depend on
certain data bits, but adding back some bits (error



decodi ng process is constrained by the determ nate error detection bits.
The determ nate error detection bits may be data dependent or independent
of the data in both value and position within the data. 20

I n
anot her enbodi nent of the comruni cation systens and net hods ent
i nvention er r8P 98 7¢tion bits are interspersed with the dat gli%le#bo;-r’ekgé

convol utional encoding and the received enc%ded nmessage is convol utionakly
decoded by an unconstrained 25 convol utiona 2&ncoder and the error

detection bits ar t,0: deter m i f e
encountered in tr%%é%éégg%n&%egﬁes%gg)e ﬁh%@a:ésggg%gng%regi n%ggérm way
convol utional | y deeocdees®Aakr ditshe Wi SVrRdte PEFEBFMaRERcPf oRRDi $de o

FLOVi de an i npr oviegly 3be efid it LiMdd cddw e addienyedapabal biys . Therbty put of
e unconstrai ned_convgl ut j ' e e a ecgi ved
nmessage if no er?%%g?sg‘% ndfléc)ﬁ%‘g%%jgyn%?%\?% f,%?%rﬁg:ggflp%?&%?e%hié &5
constrai ned cohvore@nRbredT AR T Janvansicnedcad £RE™ seetakYe35oRessage if
no error is detecpgdsindg EMrQUGWItlie domkiidicatiohbetethpiissiohheedium,
constrai ned convo g}lg}@aa‘{‘pfiee'coadelr_aé%/ cqlean%glle.ct ed as the received nessage.

WO 97/ 42716 PCT/ US97/ 07345 -15-
' Referring now to FIG. 5, a schematic block

diagram of an embodiment of receive circuit 42 of the

10 present invention is provided. Receive circuit 42
includes demodulator 70 operably connected to antenna
48 (illustrated in FIG. 3) or other receiving means for
receiving an encoded message over the communications
transmission medium (for example, a radio channel) to

15 provide the received encoded message as estimates of
the transmitted parity bits 71. - These estimates may be
“hard” decisions (binary ONBEs or ZEROs) or “soft”
decisions which preferably are estimates of the
logarithm of the probability that a parity bit is

20 respectively a ONE or a ZERO. '

The hard (or soft) parity bit information is
then passed to convolutional decoder 72 or other
convolutional decoding means responsive to demodulator
70 for decoding estimates of parity bits 71. 1In the

25 embodiment to be described herein, convolutional
decoder 72 is a Viterbi SMLSE convolutional decoder
which may operate generally according to the
description of such a decoder as described in the
Background section except as described herein.

30 Receive circuit 42 also includes error
indication logic circuit 74 or other error indication
generating means responsive to convolutional decoder 72
for generating an erroxr indication based on a
comparison of the decoded bits of the received encoded

35 message (estimates of parity bits) 71 corresponding to
the predetermined positions of the determinate error

detection bits 53, 53' with predicted error detection



I n one enbodi nent of the communication systens and nethods of the present
I nvention transmt and a receive functions are provided. The transmt
function includes generating a plurality of determnate 5 error detection

bits based on“qﬁ;;,; s of a sequence of data bits to be transpiéissomas
I nterspersing the determ nate error detection bits within the sequence of

data bits at a plurality of predetermned pggitions to provide a message
for transm ssion. The nmessage is 10 convol utionally encoded and

transmtted. The peesi VBof UsldindN deifdridea bgcewbﬂgiﬁai@mmﬁdw&%sage
convol utional Iy decodi ng .;ﬂg received encode .massage Ag error, indi cation
i s generated baseG BR™A" chhparta T (Y GScIHTACRIEE Bt Fhe TLamats
encoded nessage 185ceurseeporfttrrnarived yor basedr ainan eosdx i gruntofoxrt he

determnate errorsdRbesthO@p Sriterid Edy Qdnetadingr ah EpESFTiMN fitlidn
gener at ed baseg on_degoded. bits 04 t he recei veg enﬁﬁ%eg. nmessa
o BB by FESS

e
cor r espondi ng PERORR BF-TFET HFS o b‘ge’b%%g?ﬁ fif%y dat a
bits. 20 presenbinbevent kotbdeiving egirorhdeteation datt by H3dns and

met hods of the prggesh hRYepdhdrhtdd G 6 VeyRHdBAE OERECHESS AUE dibadltE0
constrai ned convol tlonal%{ dggzode base .OEFg determ,nate state
> Pr r

convol utional decBHi A3tprtEe HEEFHE €3 EOY PRt EF P hikit s axe
gener at ed based ogederated Pazed oin tderadecebite eficbedreesiegt encoded

correspondi ng;50 REELLGEST T cdfedihifiiMRfl t8NpBEeoABSSATENE FU N/l dat a
bits. encoded message 71 containing data bits. When error
detection bits 53, 53' are not data dependent, error
indicator logic circuit 74 determines the expected
value for error detection bits 53, 53' in each
15 predetermined position based upon ;ﬁe agreed upon
pattern of error detection bits 53, 53' shared with the
transmitting communications system 40' (not shown) at
which the message originated. '

Convolutional decoder 72 may, as with known

20 Viterbi SMLSE decoders as illustrated in FIG. 2,
include memory for storing postulate bit states 34, a
history of selected bits for each of the postulate bit
states 33 and a confidence factor or metric 35 for each
of the postulate bit states 34. Convolutional decoder

© 25 72 may also include a-copy of the encoder 38 and a
comparator 39 for comparing postulated parity bits for
candidate states with the received estimates of the
transmitted parity bits 71. Metric 35 is then updated
for each possible state based on the history of matches

30 and mismatches between the postulated parity bits and |
the received estimates of the parity bits.

As will be described more fully below in
connection with the descriptiocn of the methods of the
present invention, error indication logic circuit 74

35 receives thé decoded data and error detection bits from
convolutional decoder 72 and generates an error
indication 76. In the embodiment of the present



Any decodi ng sequence in which the selected bit in a |ocation correspondi ng
to one of the predeterm ned 30 |ocations of the determ nate error detection
3lts does Bot match the bit value of the corresponding predicted error
etection bit is discarded. In other enbodi mrents of the commu

systens and neYASULH t he present invention, the 35 interspersée éﬁ?%?
detection bits are generated i ndependent of the data bits. Accordingly,—the

WD 97/ 42716 -24- PCT/ US97/ 07345 - 16-

‘predicted error dg g@%e_b;ﬁﬁseggéea%nbﬁx%e@f aéﬁ%l}laér{?ifféé@ikhg? QE the

- decoded data bItS scription of the
di agram of a convéﬁ#ﬁ&ﬁ&l73 éSnﬁﬁﬁPcﬁPFBﬂb%¥s?%ﬁﬁ? & songgrained
convol uti onal err @ont@luedonan aaeedefigsand CRG @& rechlateretived; FIG 2 is

a bl ock dlagran1of§%q g§@ngke8$§igycggggl ' éﬁ% (¥¥““HJH$6¥6@9rbEE”‘ FIG 3

is a schematic bl G agram conmuni ¢at’1on system
of the present 5 n@&fades; 7| gengrpges §cﬂeﬂaﬂhcbb$0%19%ﬁ%&ﬁzﬁﬁﬂﬁi

enbodi nent, of theddgsag@nbitcCeeguehcefl 78. CoORGEWi Al iihdidate message
bit sequence 78 is the surviving best candidate
sequence from the Viterbi SMLSE decoding process of
convolutional decoder 72 corresponding to the
10 transmitted N, + N, bit message bit sequence 54.
Similarly, constrained convolutional decoder
80 for each N, + N, bit message bit sequence 54
transmitted, provides received candidate message bit
sequence 82 which represents the single remaining
15 candidate message resulting from the constrained
convolutional'decoding process of the present
invention. It is to be understood from the description
of the methods of the present invention herein that
receive circuit 42 may include both convolutional
20 decoder 72 and constrained convolutional decodexr 80.
Receive circuit 42 may also include only convolutional
decoder 72 or only constrained convolutional decoder
80. '
In one embodiment of the present invention as
25 illustrated in FIG. 5, error indication 76 and received
message bit sequence 82 are provided to selection
circuit 84 or other selection means. If exrror
indication 76 indicates that no error has been
detected, received message bit sequence 82 is selected
30 as the correct received message bit sequence 86.
Correct received message bit sequence 86, or, where no
constrained convolutional decoder B0 is used, received
message bit seguence 78 is then provided to data
.generation circuit 88 or other means for separating
. 35 data and errcr détection pits where the received error
detection bits (E,...E,) are removed to provide output
data 90 when error indication 76 indicates that no



system of the present invention; 15 _ FIG 5 is a schematic bl ock
di agram of an enbodi nent of a receive circuit of a comrunication system of

the present invention; FIG 6 is a flowhart illustrating operations of an
enbodi ment of {scati ng data bits of the 20 present invenpefsorhhias 7
s a flowchar}v IT1ustrating operations of an enbodi ment of the constrained

convol utional decodi ng operation for commnbgatl ng data bits of the present
i nvention; 25 . FIG 8 is a flowhart illustrating operations of

anot her embodi NNty f s HeMBAY:C delcREdal anDihe QEcbB8APE&SENed NVENt i ON.
Det ai |l ed Description of the Preferred Enbodi ments The nethods and systens

for comruni cati nd“%ﬁ?%‘a of the present invention provide the capability
.of obtaining an error indi Getfieoriwgt mowt coegdiGri g anfkoerchyaypenal ty which

i nduces an increagsgd, & ﬁra&_&nr to%efatqwa%' bhye%oﬁiﬂéhﬁi'é‘ﬂ éh& sreawed
determ nate st ate convo utlona QCO er for i roved orma [l error

35 correction,® oriRYRPLART 4 ATOVEASH - de OBSERT PPﬁr“‘a
PCT/U897/07345 hardware, software or a combination thereof to prov1de

systems and methods according to the invention.
Operations are illustrated in FIG. 6 for a user-
provided sequence of N, data bits 52. At block 100,

10 erxrror detection bit generator 50 determines first error
detection bits 53, 53' using a predetermined function
which is known by both the transmitting communication
system and an intended target receiving communication
system. As described previously, at block 100, the

15 error detection bits may be determined as a function
which is data independent or as a function which is
dependent on a subset of data bits 52.

Where the error detection bits are data

dependent, the operation at block 100 includes

20 calculating the first error detection bits based upon
the predetermined function of the corresponding subset
of data bits. At block 102, error detection bit
generator 50 intersperses the determined first error
detection bits with the data bits in predetermined

25 locations to provide message bit'sequence 54.

As descr:ibed above, the predetermined
locations may be fixed in advance or dependent on the
data bits. Furthermore, single bits may be
interspersed or two or more bits may be interspersed at

30 a plurality of predetermined points within message bit
sequence 54. In any event, the error detection bits
are interspersed wichin the data bits rather than
appended to the end of the data bits as with the prior
art CRC érror detection method described in the

35 Background section above.

Message bit sequence 54 is convolutionally
encoded by error correction encoder 56 -at block 104 to



detection and i nproved error correction. The nethods and systens of the
present invention will now be described nore fully hereinafter with
reference to the acconpanyi ng drawi ngs, in which enbodi nents of the 5

i nvention are_sh This invention may, however, be enbodieg.in._

di fferent for%’ﬁ#gishoul d not be construed as limted to thgcy#ﬁ%%nts
set forth herein; rather, these enbodi ments are provided so that this -
di sclosure w |l be thorough and conplete, 4@ will 10 full y convey the

scope of the invgptiofe to é%&kldéméaﬂtw&@gt E@ %ﬂ% nqw to FIG

3, a schematic bl ock_djagra nication Sys resent
i nvention is sho%c"%"tﬁﬁneag%%%at AT PEMBERPPC | aN: ybl%d&sjeflﬁ'f dthe

transmtting andprecided nequersid eify pafritypbitsf isnéonv@itad s nust be
passed through ag e} Is s .th otential to.i.nt roduce
(ﬁﬁgle %F%rgﬂlgglgg % £ e ‘commundc tﬁ?

noi se to the transmt e gna e recel recel
i nformati on t?aneeivedmadlarerdsg ﬁPﬁe&rﬁéﬁlﬂe’itﬁ oPYRX ithe such as with
a digital cellul commaiiastal medisysvaa aateanaesot her form of information.

As shown in FIG 3, com*runlxrgeat a%&%&%%%ob?ggkufﬁ’f t_rztg:l_gel Vl'}ecbﬁq r gl 2#0642 and

transmt circuit 44. Receive c ransm
interface with aam(#x%@%\hYdér@P%erecéat:a4$r°f:d4‘fh¢ ol information as

conceptual Iy il | ¢ 8fhtaifondS sydt el WOSwhathdis netdswitotidenicd rd1 G 3,

10 another communication system 40' (not shown). The
operations to be described now may be performed by
receive circuit 42 of the communication system 40 on a
received encoded message which has been received from
remote communication system 40’ (not shown). As

15 described herein, it is to be understood that the
receiving steps acting on the encoded message parity
bits transmitted in transmitting block 106 would
generally be received and processed by receive circuit
42' (not shown) of communication system 40' {not shown).

2b However, for simplicity of reference to the system
elements of the present invention, the message being
processed by the following steps will be described as a
message received by receive circuit 42 of communication
system 40. :

‘25 At block 108, demodulator 70 of receive
circuit 42 receives via antenna 48 estimates of the
transmitted parity bits 71 from the communications
medium. It is to be understood that the operation of
block 108 involves receiving estimates of the

30 transmitted parity bits because the communications
medium has the potential to introduce noise which may .
affect the transmitted parity bits transmitted at block
106 before they are received at block 108. At block
110, convolutional decoder 72 decodes the received

35 estimates of the transmitted parity bits 71 to provide
.a candidate bit sequence 78 corresponding to message

bit sequence 54. The operation of block 110 may use a



receive circuit 42 and transmt circuit 44 are both operably connected to
antenna 48 to receive and 30 transmt nessages fromthe comruni cations
transm ssion nmedium It is to be understood that receive circuit 42 and
transmt cirqyhbrsbheay al so be provided with separate ant enpesusdinoriss | s
al so. to be understood that each of receive circuit 42 and transmt circuit
44 35 could be provided with multiple antegppas 48 to all ow sinul taneous”
transm ssion and recei pt of nessages at, for exanple, various frequencies.
It i's al so to beSMLSENViIXArEHI7 B3gorithm. At block 112 error

PCT/ USS7//07345 - I LRl il of Rlrcli2e! g GODTURI & Oac& %zfte%?o‘éo of the

present invention ot ni cation systens_un
simlarly capabl%?%ﬁ°9¥ﬂﬁﬂhhtﬁbf&ﬁ@ FP&néﬁFP@?ﬂdb%?ﬁ(ﬂﬁﬁﬁ?ﬂﬁ?dwéﬁlBlﬁék
| ocated at renptE® baal icint HeO prledebeemiiedi BulidtOibrs fde@mc40 wWoul d

transmi t - messaueg, Al LRIl EORBIBLCALE OB SYP P AGOWL Lecei ve

nmessages t hrough the comnunication transnl ssion
under st ood t hat ?%RR*\A?Qn r Bdiock1812omaKgbe r gxRFHECE R §TEOF4 may be
i mpl ement ed Wi t hinllserteiton legiie, ciiretpr 94 58 ofdamtatdldrerdthor ot her

sof tware exeCUtiéEhJ&Tdﬂ%@halP%@E%ﬁEQr79¥brﬁge§éréﬂgtﬁ%edetermined
function for determining first error detection bits 53,
10 53’ at block 100 is a function of subsets of the data
to be transmitted, the operation of block 112 involves

calculating second error detection bits from the bits
decoded by convolutional decoder 72 in locations
expected to contain data bits using the same

15 predetermined function of subsets of the data bits as
at block 100. _

_ At block 114, receive circuit 42 compares the
second error detection bits determined at block 112
with the decoded bits-provided at block 110 which are

20 in locations corresponding to the predetermined
locations of first error detection bits 53, 53' to
provide error indication 76. For example, an error may
be indicated at block 112 if any mismatches are
detected. As at block 112, block 114 is executed by

. 25 error indication logic circuit 74 and convolutional
decoder 72. .

As described above, it is preferred that the
subset of data bits on which each error detection bit
depends be transmitted immediately before the

30 corresponding dependent error detection bit. This is
desirable in an embodiment of the present invention
wherein block 112 and block 114 may be performed
whenever a bit is decoded at block 110 which
corresponds to a predetermined location of a first

35 error detection bit 53, 53' so that block 114 may
provide an error indication before the convolutional
decoding operation at block 110 is completed. This



menory devices, or a conbination of the above or other known hardware for

| npl ementing various | ogic 15 operations as described herein. It is to be
further understood that the various blocks of the receive circuit 42 and
transmt cirGyplysdgnpeed not be inplemented by separate har dwgkgu&agpapent s
but may be conbined into single chips or conbinations of 20 conponents.
Referring now to FIG 4, a schematic block djagram of an enbodi ment of —
transmt circuit 44 of the present inventioni1s provided. Transmt circuit

3_4 i ncl udes err Oraﬂ%\fﬁﬁtaéﬁbcbiﬁg _g.%lezsélt%xrﬁ.lﬁ};éﬁed)]gif&ﬁ{ed%ts&&%pgﬁt ection
it generating means for generat ural ity of determ nate_error
detection bits ( %‘??Tt."}?%[%fr? )é%%? %’%n%%’fesd}/% SFFE ¥ cgf ajleugutfte N
of data bits 52 tanbEneresssiin dRthrky okifietal spemsivigatéber syaner €01 or
detection bits withid datd didsrAatedatil e aldd Yap3 iebeRbRdELET Foed

positions to provi de nessage bit seg;ggge 54 faor. tranpsm.ssion. Error
detection bit YerRFEEP5 19 ¢ 3R MPP e, gedtularpphePaeft y of
det er mi nat e err orwhiexe ctdrwmarbi ¢t idn oy strean dil anayndepepdeatedTEansmi t

circuit 44 also i&gtiesa Pelodd SOMEHfd IGD BAGIS pafed! Of her
convol utional encodi ng neans res sive to error détectiagn bit generator 50
for encodi ng nessage bit secﬁﬁl:e‘rﬁ,"ga v A diggnt of the present

invention, constrained convolutional decoder 80 in

10 cooperation with error indication logic circuit 74
performs a constrained convolutional decoding of the
received estimates of the transmitted parity bits 71 at
block 116, using the determinate state convolutional
decoding process of the present invention.. The

15 operation at block 116, provides a second candidate bit
sequence 82 having bits in locations corresponding to

the predetermined locations of first error detection
bits 53, 53' selected while decoding based on the
predetermined function used to generate first error

20 detection bits 53, 53' at block 100.' The bits at the
predetermined locations are constrained to equal values
computed using the predetermined function of the
determining first error detection bits step applied to
the received estimates of the transmitted parity bits.

© 25 Referring now to FIG. 7, an embodiment of a

constrained convolutional decoding operation of block
116 is jillustrated by a flowchart. At block 120,
constrained convolutional decoder 80 decodes bits in
locations corresponding to the predetermined locations

30 of first error detection bits 53, 53' as indeterminate
bits (i.e., like data kbits). At block 122, error
indication logic circuit 74 in cooperation with
constrained convolutional decoder 80 calculates second
error detection bits from the decoded bits provided by

35 constrained convolutional decoder 80 at block 110 which
are in locations expected to contain data bits using
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further includes nodul ator 58 operably connected to antenna 48 or other
transmtting means responsive to error correction encoder 56 for
transmtting PG TESSage bit sequence (parity bits) 57 preorussdomss
error 5 correction encoder 56. As error correction encoder 56 is a

convol utional encoder, the encoded bits arejgenerally referred to as parity
bits as described in the Background section above. The out put of nodul ator

58 is provided torggt f@aeéénﬁpﬁea AN iS55 OF beegb 40 the @aramtwation
medium Wiile the in entlo *9§e descri bed herein as involving

sequenti al t r ansnPEER A" d? bits and sequential receipt of data bits,
it is to be understood thatA$hElLM$E¢a¢eﬂ(ﬁhtﬁi§ i Avefitreh ev¥ori kewi se be

15 obtained w th gatakigbnPhPessss NosHI iﬂétdaiﬂaedlébbnaéﬁﬂelﬂ£€§ For
exanple, it would _be possi

r at code to r SS |on of
each of the 2 parfighe {"éegtb§%‘b‘ir%ﬁe f ‘é‘h‘ﬂ:e"r?& & g ?e‘ﬁ# éﬂ?géa each
i ncom ng shifted béssagelbiis Ebwuvemnd¢xsqquﬂ)hgm#ﬁﬁabI9h9¥eﬁb¥$ed to
provide for Seque%{rahtiéﬁnémé%%@éa@@éé tplréaett%rﬁ\inéasﬁblﬁéﬁd above in

bropor i1 anat ol y gPEREEr LoRAREFRc PEeeske ] Papun FBER, P1HE HhiFh ¥ ki G
4, as illustratednat functions of subsets of the data bits. Where data
10 independent error detection bits are used, the
operation at block 122 involves determining second
error detection bits based upon the agreed upon
predetermined function for determining first error
detection bits used at block 100 and need not be based
15 upon a calculation linked to subsets of the data bits
as described above for block 122.
At block 124,_receivé circuit 42 discards any
ongoing decoding sequence in which the selected bit in
a location corresponding to one of the predetermined
20 locations of first error detection bits 53, 53’ does
not match the calculated value of the corresponding
'second error detection bit. In this manner,
constrained convolutional decoder 80 ultimately
provides a second candidate bit 82 at block 116 in
- 25 which the error correction decoding process has been
constrained to favor paths selecting the bit value for
the determinate bit locations which is believed to be
the value transmitted to communication system 40.
However, one limitation which may be
‘30 encountered is if constrained convolutional decoder 80
executing a constrained convolutional decoding at block
116 operates on a message having uncorrectable errors
which occurred in the transmission of data. By forcing
the resulting second candidate bit sequence 82 to take
35 on the correct values for the inserted error detection
bits at block 116, the resulting decoded sequence 82
will have masked out the incorrect inserted error



25 52, a sequence of Nerr] data bits is provided to error detection bit
generator 50. The data bits are represented by the sequence of Dierr], .
l[3)[err] b ., Derr]. As described herein, data bits will be considered as
inary bits | have a val ue of either ONE or 30 ZERO PRI

wll  be unde%oo& ﬁ:at the benefits of the present invention coul@ a so be
achi eved usi ng non-bi nary synbols such a tgpnary or quaternary synbol s—
Error detection bit generator 50 |ntersperses 35 a nunber N2 of error

~detection bits 53etadtibftPiSL LN e Hirdiordat fabkid &2 ttﬂuérﬁ\ﬁl@:%tré‘assage
bit sequence 54. The inserted N2 error det ection bits 53 WO 97/ 42716

PCT/ US97/ 07345 - SBFOE3LNFEARSMISSEIBR ed as E[err],...E[err]. As illustrated
in FIG 4 at nmessage 54, ecfomseqisrdcty,omthiblock31183in nehe bidl justeratted in a

regul ar pattern éHBBdi‘ﬁené Ohf eaﬁ?éﬂ%lf‘ese%{tt %hv%&&%ibﬁnt\‘,{\@lﬁféﬁl idpe as
illustrated in FIG Howeve [ |s n necess hat Tthe error bits
be inserted iR uﬂPFbPﬂ? o%?’l‘?‘b‘f%l tl"f'?f-}a 3%%/0%%*1% QRSFALIOL ¢ ed

i nto message 54 at biledkt 2161 nedue pﬂmctnd)mncﬁldetenbettmqw@ma 8@ foketrect i on
bits 53, 53 block 116 may be selected as the received message if no
error is indicated at block 114. Alternatively, the
first candidate bit sequence 78 may be selected as the
10 received message if no error is indicated as both
candidate bit sequences would be expected to be the
same. If an error is indicated at block 114, second
candidate bit sequence 82 may be selected as the
received message as it may provide an improved estimate
15 of the received message. Block 114 cperates responsive
to the non-constrained convolutional decoding output at
block 110. In this manner, both an improved
convolutional decoding output may be provided at block
116, benefiting from the determinate values of the
20 inserted error detection, bits while maintaining the
error detection indication capability so that when
uncorrectable errors are encountered in communications,
the receiving communication system 40 will be able to
determine that such errors have occurred.
<25 Another embodiment of the present invention
is illustrated in the flowchart of FIG. 8. The
embodiment illustrated in FIG. 8 provides both the
benefits of the constrained convolutional decoding
method of the present invention as well as an error
30 . detection indication without the need for having
convolutional decoder 72 as well as convolutional
decoder 80 as illustrated in FIG. 5. At block 130,
exrror detectioh bit generator 50 calculates first error
detection bits 53, 53' as a predetermined function of
35 subsets of the data bits. At block 132, error
detection bit generator 50 interspexrses first error
detection bits 53, 53' with the data bits in



10 may be functions of subsets of the Nerr] data bits 52 or may be

I ndependent of the N err] data bits 52 or a conbi nation. For exanple, error
detection bits 53, 53' nay be provided as all ONEs, all ZERGs, or a

conbi nati on ofoPagnignd ZERGCs. The N2 error detection 15 bit sPEBUSBA7I4sRY
al so. be a function of subsets of Nerr] data bits 52. As illustrated in
FIG 4, error detection bit E[err] 5.3 may_hg.a function of data bits -
Dierr] and D2. For exanple, Eferr] could be cal cul ated as the exclusive OR

functi gn of D[ er rgredut ddneilirida ]Jdcl;iticﬁisSQoppi'&irbHe ROssdpd e sqaeamnt of
error detection bifs 3! be ' | f data bits

- 52. Regardl ess o?g’*he%%et%&fﬂl]?éc?’f oe(ri.%l(?g ?F%ggf:ggogr%lg‘?&%fgﬁ.on. bits 53,
53', it is necesse@yvekuttianaldstriencadesymessagst S8 ohfupr ¥at % Paidtyem 40
aRd r)ecei V\?\:h25 Chi€sli 87 deprentdigivtheoencodedinineasage £yst em 40' (not
shown) to I ch ness . .S bej tr It t La:_gEgﬁg- e
met hod of det eEtF]m' %]?%rggflh%ﬁv&zﬁ :ue%lcﬁi%elror%pi?gt’e@tgldﬁé ???@3 a%t% eir
pl acenent. It shoerevided prriftidistso®d over RhE| eCTREN DAL v Medbinm s
illustrated in Fl\&aamSerdtiviagl single error detection bits 53, 53

I nterspersed within the dat error_.detect| ifs 53 ne TR, | so be
i nserted two or nore bits t%g_é’%lhtehr i éf%%%‘?_‘&%?%l 3ge$r%§n3“%0| n gi.n I n
addi tion, as descePmrertimyaitthdiGer for 135 igetechponndprstayl Ymt fhe npde

functions of ebsetsnsthid hindlatedlives dperatiendara geperdEny Wstvaten

detection communication system 40 and a remote communication
system 40’ (not shown). However, for purposes of
relating the operations desc¢ribed herein to the block
diagrams already described, the following operations

15  which represent the.receive side will be described for

a message which has beeh received by communication
system 40. | '

At block 138, receive circuit 42 receives the

_ transmitted parity bits via artenna 48 and demodulator

20 70 demodulates the bits to provide estimates of the
parity bits 71. At block 140, constrained
convolutional deccoder 80 decodes the estimates of the
transmitted parity bits 71 using the determinate state
convolutional decoding process described previously in

. 25 connection with FIG. 7, to provide a candidate bit

sequence 82 having bits in locations corresponding to
the predetermined locations of first error detection
bits 53, 53’ selected while
decoding using the predetermined function of subsets of

30 the data bits of block 130.

However, in the embodiment of the present
invention illustrated in FIG. 8 at block 142, the _
nunber of times any décoding sequence wags discarded at
block 124, is evaluated to provide an error indication.

35 In other words, the number of times that the
determinate bit limitation on the convolutional

decoding process forced decisions which would not have



bit 53, 53" have been illustrated as being provided to WO 97/ 42716
PCT/ US97/ 07345 -21- error correction encoder 56 immedi ately after the data
bits 52 on which it depends (i.e., Eferr] ds=tre . , N Derr] and
Dierr] in message bit sequence 54), it is he nessage
bits 54 be praydgidis N this 5 order to obti fSodai7eseNt
I nvention. However, as wll be described f erein, in enbodi ments of
the present invention, additional benefitsymy be obtained by providing
error detection bits 53, 53" following the data bits 52 upon which they 10
depend as il | ust bahedwiseFb&endche ddbectsreid@sine Jequbndeephthtol err]
message bits 54 Lg.p ' r ct1on encoder 56. As described in
LRePLALABE,L ofi | A OLIECAON RNCHSly 3000t LR

t he Background section above, the conv I onal enco g 0Cess expands
the nunber of bi PEOVafes aRshRdicHe Pl hpypmary timesatheotiechding
convol utional codperaefionFat BX6dip| P40 chdditds deogrilned Badreble the nunber

of bits to begtrapgp Lied. gaipce t r ggla it .have been.
i ncreased by Rl[err? errgr '%%E%t [ olbne]b%ggégél q?y %F?‘%Pfu’et 88t‘|vgﬁc%it
generator 50, a FBPedPCedHRY RFeFRRA bR fihdraurinvg.legobrgkl ebil then
r(N[err] + N errgpnparaiye bingideiey fenoiellatbddy t2RE0dar ubbokPbctable
transm ssion. HOWRYEL. nLlCpeen encountered which was simply masked by
forcing the decocding operation at block 140 to select a
10 candidate bit sequence which indicates no error has

been detected.

While FIG. 8 illustrates an embodiment of the
present invention using only a constrained
convolutional decoder where error detection bits 53,

15 53' are data dependent functions of subsets of the data
bits, it is to be understood that, as with the
embodiment of FIG. 6, the benefits of the present
invention may likewise be obtained where the
predetermined error detection bits 53 53' are not data

20 dependent. In this case, the operation at block 130
merely involves determining first error detection bits
$3, 53' as a predetermined function independent of the
data bits. Likewise, the constrained convolutional

. decoding operation at block 140 is based upon the data

25 independent predetermined function and not a function
of subsets of the data bits.

In the embodiment of the method of the
present invention illustrated in FIG. 8, the decoder
has been allowed to test only data sequences conforming

30 to the encoding process, which is the most energy
efficient means to transmit and receive data.
Nevertheless, the extra bits inserted were able to
provide an error indication as when the less energy
efficient prior art method of decoding CRC’s is used.

35 In the drawings and specification, there have
been discloseq preferred embodiments cf the present

invention and, although specific terms are employed,
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augnented bl ock of N err] + Nerr] bits may be expanded to rN err] bits by
using a code, punctured if necessary, of rate rNerr]/ (Nerr] + Nerr]) 25
Puncturing is done when the use OH gg l eing a sinple integer,
or ratio of sinple integers, woul 'G?'é% m%fﬁgﬂqtﬁe desi red nunber of
rN[err] codedwndss27ien thi s case, bi ts creetreshrimyisshe
N err] error detection bits 53, 53" would be 30 rN[err]. Therefore, rNerr]
parity bits are deleted by puncturing. To magatai n roughly equal error
probability after decoding for all bits, the parity bits that are punctured
can be chosen to kheyamrovenusefeinraageveric tdned debraipfeve | s@igdOromiByection

bits 53, 53' are 3hg hBEe!’EEfdttheuW%ﬁﬂ IQEﬁonbytﬁg?%@aﬁ]% Lf! but

puncturing sone cogﬁd garl tgl)‘ de en on_certarn

addi ng back some b FREFON being Ak f&'t in the following claims:

PCT/ US97/ 07345 -22- detection bits 53, 53') that depend in a different way
on those data bits, the overall performance of the code may be maintai ned
for the affected data bits. Parity bits 57 are provided by error correction
encoder 56 to 5 nodul ator 58 for conversion to a formsuitable for passing
t hrough the communi cations transm ssion medi um

e

e
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for exarrpl e Referring nowto FIG 5, a schematic bl ock
di agram of Hl BIE |r ecei ve Cir gtH of the 10 present invention
i s provided:! 42 incl udey vmgEDALL2 SO=eperably connect ed

to antenna 48 (il Iustrat ed in FIG 3) off ot hegE;,E:c pans for

recei ving an wgoogetisnessage over the cofffsR ..__\ M SPCTIOSIYRO34s M
(for exanple, a radio channel) to 15 provide the received—encoded nmessage
as estimates of the transmitted parity bits3gl. These estinmates may be —
"hard" decisions (binary ONEs or ZERGCs) or "soft" decisions which
preferably are estimates of the | GHATIWHRIOH ISheLAIMEDDI | ity that a parity
bit is 20 respectively a E or The hard .(or soft) parity bit
{nformation is then passed to. c&mt&R%or?a{]W agang dappdpits,

convol utional deceenpr sioem e s weft 0 denodul ator 70 for decodi ng

estimtes of parity bits 71. 1n ddie 2 BHpdH:TRRt ekeobeadesceigediarein.
convol uti onal ?ecoder 72 |s Vi t er bi %Ln;ﬁtl convol utional dec I ch may

oper ate gener af | YD rHiNT ed:eﬁ%" *Wiof such a decoder as
described in the Background sectimrexspesings thesirbedeheoei detéftion

Receive circuit 42;al sediGndes el ied N4 g@@a@@em#&dqé&#&%ﬁé ther

error indication generating means responsive to convol ufional decoder
for generating arPERYH® ihdS/ABH based on a

convolutionally encoding the message to
10 provide parity bits representing the encoded message

for transmission;
transmitting the parity bits over a
communications medium;
receiving estimates of the transmitted
15 parity bits from the communications medium;
convolutionally decoding the estimates
of the transmitted parity bits to provide a candidate
bit sequence corresponding to the message;
determining second error detection bits
20 from the candidates bit segquence based on the
predetermined function; and
"comparing the second error detection
bits with the bits of the candidate bit sequence in
locations corresponding tc the predetermined locations
25 of the first error detection bits to provide an error
indication.

2. A method of communicating data bits
according to Claim 1,wherein said step of determining
first error detection bits comprises the step of

30 determining first error detection bits using a
predetermined data independent function.

3. A method of communicating data bits
according to Claim 1, wherein said step of determining
first error detection bits includes the step of

35 calculating each of the first error detection bits as a
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corrparl Hlmnlﬂ) j aI IIIE bits of the received encoded 35 message

(estim ) 71 ¢ reb UHUIII tTrepr edet er m ned positions
of the determ nate error det ectﬂ(r) g% §’SBE'RMth predi cted error

det ecti on WO 97/ 42716

PCT/ US97/ 0734wo93dzmibi t s (not shovvn) generated by error indi cBECTUSPTIOTHSC
circuit 74. An error nmay be indicated if any ni smatch occurs or,
alternatively, based on an error count or -sg® other criteria for
generating an error indication 5 based on detected errors. In the
enbodi ments of t pregdedeemtingdyEnncbhohaof ny @iffereist csubset Wi $He3, 53

which are gener alfd 2%i2 sdeBeBISRLaL UASt 4 Ale néé&béef fréf 3l bits 52, the
predicted error detection glts arg ‘gener ate on decoded bits of t he

recei ved encoded SBFSF-EORGE1YE 2B E‘ﬁﬁﬂﬂ?n@a’t ‘b%??*r"ﬁ’rfé“?ﬁ S§f°%%cei ved
encoded nessage #rmontdeitechgodabatbi ssep immledesrthetsep @f bits 53, 53

are not data d.'-ﬁp%yi%'ih’at‘ihbofsewﬂacéi?ér|@Q&&c@ié:‘}%itg%ﬂﬁﬂ &HE Bt d he
expect ed val ue for error séggt | Oghtl ts in f%each pr edet er m ned
r

position based ufn H¥5e <3 L8p p%?‘ﬂ‘é‘??\c%f AT 1 REINeSS 93, 53
shared with the tdeatsint tiang binaunsingi Uns syw¢ gprddetrmiinesh dunetdionnhi ch

the message origiJ@lRfhsets of the data bits as used by said step of
determining first error detection bits.

—

10 4. A method of communicating data bits
according to Claim 1, wherein said determining second
error detection bits step and said comparing step are
performed when a bit is decoded in said convolutionally
decoding step which corresponds to a predetermined

15 1location of a first error detection bit to provide an
error indication before said convolutionally decoding
step is completed.

5. A method of commuricating data bits
according to Claim 1, further comprising the steps of:
2C _ constrained convolutionally decoding
said estimates to provide a second candidate bit
sequence in which bits in locations corresponding to
the predetermined locations of the first error
detection bits are constrained to egual values computed
25 using the predetermined function of said determining
first error detection bits step applied to the received
estimates of the transmitted parity bits; and
selecting either said first candidate
bit sequence or said second candidate bit sequence as
30 the received message.

6. A method of communicating data bits
according to Claim 5, wherein said selecting step
comprises selecting the first candidate bit sequence as

the received message if no error is indicated in said
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Convol ut ‘mam“ “ may, as with known 20 Viiegbt SM.SE decoders as
il ustr [\“““ cl ude nenor ulate bit states 34,
a hlstory*ofcsé1ected bits for eac t states 33 and a
confidence factor or netric 35 for ¥ RETHe o Fate bit states 34.
Convol uti onalygleg@eer 25 72 may al ge—==Fefude a copy of the rerasdwor3gd and
a conparator 39 for conparing postulated parity 'bits for candi date states
with the received estimates of the transnigged parity bits 71. Metric 35 is
t hen updated for each possible state based on the history of nmatches 30 and
m'hsmatches Bet Weedamﬁblﬂup@séwgataﬁh paflicy ihgt shanseddied reaRiied eepliknat es of
the parity bits. | be ly. cqnnection with
the description oéé?#é ma%% %g ct%lq'eglr)cengg%fu‘glen{'/gn%ﬁ?\(l)&nf%err r indication
logic circuit 74lB@lC$6%‘é|%SSQ% Q!F&?@Géagdat:apand error detection bits
from convol uti onal decoder 72 and generates an error indication 76. In the
enbodi nent of the present 97/ 2716

PCT/ US97/ 07345 - 24- |nvent|onvw%lu§irgt°5 mEPfic?Fl%ﬁr(ﬁ;a E&Fgatlon | ogi c
circuit 74 is3al %@celpéqnmlsm%hmre:t‘iedm@réenssaa@reeile,qﬁm @tiepnal decoder

80. For eagbmpeLféyeselecting the second candidate bit sequence

as the received message if no error is indicated in

said comparing step.

8. A method of communicating data bits
10 according to Claim 1, wherein said convolutionally
decoding step comprises the step of performing a
sequential maximum likelihood segquence estimation
prediction of the message to be decoded.

9. A method of communicating data bits,
15 comprising the steps of:
calculating first error detection bits
as a predetermined function of subsets of the data
bits;
interepersing the first error detection
20 bits with the data bits in predetermined locations to
provide a message; )
convolutionally encodlng the message to
provide parity bits representing the encoded message
for transmission; '
25 transmitting the parity bits over a
communications medium;
receiving estimates of the transmitted
parity bits from the communications medium; and,
constrained convolutionally decoding the
30 estimates of the transmitted parity bits to provide a
candidate bit segquence in which bits in locations
corresponding to the predetermined locétions of the
first error detection bits are constrained to equal
" values computed using the predetermined functioh of -
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estimat e ' ' equencé 71, convolutio é@@b
a N[err]UME‘!Lml%Dﬁd candi dat e nessage fese “ YR(Zan?\r/lg(rjat °
candi dat €'« uence 78 is th S& 3 di dat e seguence

fromthe Viterbi SM.SE decodi ng process i
_ ( s deco
correspondi ng,g 418 10 transmtted N[ er rY bit message ]B‘rg'?{’sgﬁﬁé‘%ce

54. Simlarly, constrained convol utional decod
4. ; . er 80 for each Nerr] + N2
bit message bit sequence 54 transmitted, pBOvi des received cangji da]t e :

nmessage bit sequence 82 which represents the single renaini [
nmessage resul ti ngubsenstbf chasiata ettt oy Gk %ﬁ&l"u&%%ﬁﬁ!?fzgi%ﬁqbggggl g?t ©

the present invepllgp. gliebfidR Bt sNskeSt fedoract bedescei

nmet hods of the present Jﬁnvegt lon herej n.f a(p;d; &l 3¢ cﬁ??lgd(r)rgyor nzzlhﬁde

bot h convol ut i on&F*202HEE 0T rtH2 SRR Ebhet T ai na:xg' %nvlol utional decoder 80

Receive circuit 42 may also include only convolutional decoder 72 or onl -

fﬁczm ;’i' ned CSEVQ: :Jt|0na| §8COdRI n8Ohod NoP NEomittiticiateimy datahkipsesent Y
on as illustrated in. FLG .5, _err i ki ' i

message bit s&quafeersIngr E°p%9?"aea’t%ﬁgﬁ‘?e%t%%ln&g%%r%&rtﬁggagrrgcﬁle\r/ed

sel ection means. cbhveluetohalilyateoadiagi seer atraludns the EFPBF AGS been

det ect ed recei ved nessage bi t i

( , . g I sisel act e

recei ved nessage bit sequenc %@888@5& e 151{5@ actletatQoas t he correct
corresponding to the predetermined locations of the

first error detection bits as indeterminate data bits;

10 ~ calculating second error detection bits
from the bits of the candidate bit sequence in
locations expected to contain data bits using the
predetermined function of subsets of the data bits of
caid calculating first error detection bits step; and,

15 discarding any decoding sequence in
which the selected bit in a location corresponding to
one of the predetermined locations of the first error
detection bits does not match the calculated value of
the corresponding second error detection bit;

20 and, wherein said method of
communicating data further includes the step of,

evaluating the number of times a

decoding sequence is discarded to provide an error

indication.

25 11. A method of communicating:data bits,

comprising the steps of:

interspersing predetermined bits with

the data bits in predetermined locations to provide a

30 message; ._

convolutionally encoding the message to
provide parity bits representing the encoded message

for transmission;
transmitting the parity bits over a

35 communications medium;
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Correct r ' It sequence 86, or, where no constrained

convol u“ﬁiﬂ(ﬂ@ﬂmﬂmﬁﬁlﬁs used, received nessage _bi segegnce 78 i s then
provi ded te data genesatkon circuit 88 or

data and error detection bits where the rgcei vedegf sCEDdet ecfli on bits

(E[err]. .E[wobrbkmrée renoved to provide . ke FO—WTETE

i ndication 76 indicates that no WO 97/ 42716
PCT/ US97/ 07345 -25- error has been detecteggin the decoded received
message. Referring nowto FIG 6, a flow chart illustrating operation of an

enbodi ment of the present 5 i nreaéioingSegt Diatkesl. ofOnEiatt itfsniRE 2

performed by harguaie, p3ekt YRR Phe 3§ 'M%P&g q,&g&qu?.t Q. ovide systens

and met hods according to the Invention. erations are 1171ustrated in FIG
6 for a user- provided sequencEOBPLRRpERe] ERROHIE oL Iyndagasting (e 10
error detection esttimgerer af0EhE0t Hehenit tes parHy &5y wlghRetd on bits 53,

53 using a R edrlelliAed el URGLL OLOMOLE { Sndd! WL BY: RO IS J s T i g
conmuni catl on syst emand an 1 ntenaea target recelving 'm’ru I"Cat1on system
As described pr ®Fcyderya gangideke 10dt sepuance hawingidideion bits may be
determ ned as adowatiiadfRed to the state of the predetermined bits from

said interspersing step in locations corresponding to

the predetermined locations of the predetermined bits

10 by discarding any decoding sequence in which the
selected bit in a location corresponding to one of the

predetermined locations of the predetermined bits does

not match the state of the corresponding predetermined
bit; and,

15 accumulating the number of times a
decoding sequence is discarded to provide an errorx
indication. -

12. A communications system, comprising:
error detection bit generating means for
20 generating a plurality of determinate error detection
bits based on portions of a sequence of data bits to be
transmitted and for interspersing said determinate
. error detection bits within said sequence of data bits
at a plurality of predetermined positions to provide a
25 message for transmission; .
convolutional encoding means responsive
to said error detection bit generating means for
encoding said message;
transmitting means responsive to said
30 convolutional encoding means for transmitting said
encoded message;
receiving means for receiving an encoded
message; _
convolutional decoding means responsive
35 to said receiving means for decoding said received

encoded message; and,

‘_M\
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mhlch S or as a function which is dependent on a subset
of data mmmnmmﬂﬁ"le error_detection bits are daltoa dependent, the
operation*at “bl'ock 160 ncl udes PO —coi=etis g the first error detection
bits based upon the predeterm ngg #‘Uﬁ@HEem;.g\ gpr respondi ng subset of
data bits. Atwol9@R71602, error detect ﬁﬁPLwdE,_-g or 50 int 78145 t he
determ ned first error detection bitSTwt<thke-da bits in predeterm nad
25 locations to provide nessage bit sequende-54. descri bed above, the
predeterm ned | ocations may be fixed in advance or dependent on the data
bits. Furthernore, single bits rfFde IRiEAEFOPSEBNBF2EIRT dRe3Rfte bits may
be interspersed afesﬁonm\aé Walddid eonpcddetenalnadcpaing smedrd) rEgessage

bit sequence 54. b d
u thin the daca bPPRePaYHE el TrcdcalTbf bhdle"n s Monp AP LS
with the prior aer€R€e‘é?¢%ﬁ M%&{)Gﬁ‘%ﬁﬁééveése}”f—‘ﬁ@ﬁd|'ﬁe$$ﬁ9%5
Background secsi 08c8b€yfondirss age thd predetreftinddi pogbbionsitedDretd vy

encoded by efror_gofLegllane AGAdPaiRloh! B1kadch preallR S/ ARAS

detection bits generated based on decoded bits of the

received encoded message corresponding to portions of
the received encoded message containing data bits.

10 13. The system according to claim 12,
further comprising:
constrained convolutional decoding means
responsive to said receiving means for decoding said
received encoded message based on a determinate state
15 convolutional decoding process, said constrained
convolutional decoding means including,
means for generating predicted
error detection bits generated based on
decoded bits of the received encoded
20 message corresponding to portions of the
received encoded message containing data
bits; and,
means for discarding any decoding
sequence in which the selected bit in a
25 location corresponding to one of the
predetermined locations of the
determinate error detection bits does
not match the bit wvalue of the
corresponding predicted error detection
30 bit.

14. The system according to claim 13,
wherein said convolutional decoding algorithm is a
sequential maximum likelihood sequence estimation
35 technique.
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provi de jmnn ty bits representing the encoded nessage for
transm's lﬂm]i m l@m& t he provi ded sequence of parity bits is
converted®info & form abl e for {e@g
medi um by nodul ator 58 and transm jt 0; i cation mediumvia
antenna 48. Wisempersati ons of bl oc Q01T KIl 106 ar pcoyswersig by
transnmt circuit 44 of the conmunications system 40 which is transnitting
data to 10 anot her conmuni cation system 4Qggnot shown). The operation3 to
be described now may be perforned by receive circuit 42 of the
comuni cati on system 40 onl&.r eThe vayisest otecbrissage whath has been
recei ved from reggggeggngypacgééﬁ@e§y EMEL (Mm?:gw) st@?i& descri bed

I Ng

herein, it is to_be understood that the r,ece|V|2% eps actingon the
encoded nessage PaFFRyabetRitr8rRHERt A RISE9BNSGH BElRGtBAORKES 0BPRWOUI d
general ly be receavbdofindapdopestserhaty biceaitated,l anid a4d3chhddesd®Wwn) of
conmmuni cati ongsysgtg OgLno oNg) %{9 L skaplLcity of

5 QEYfz{
reference to the%yggt)gmfé?e%r%%?s&flofs?ﬁ% resen tel fr?\g’gn??:gg?sf he nmessage
bei ng processed by the following steps will be described as a nessage
received by receive circuil642 nfcommmitaeions syytea)) ¢6mp2bsing: At
bl ock 108, denodul ator 70 of regej | 14 42 .rece| |3 antenna 48
estimates of the transmtted pa%%??b‘%%gé#f% éar%]tt %%h\cégrgrﬁ%ﬂ ca ?%%sﬁor

generating a plurality of determinate error detection

bits and interspersing said determinate error detection

10 bits within a segquence of data bits to be transmitted
at a plurality of predetermined positions to provide a
message for transmission;

t he conmuni cations 5

convolutional encoding'means responsive
to said error detection bit generating means for
15 encoding said message;
transmitting means responsive to said
convolutional encoding means for transmitting said
encoded message;
receiving means for receiving an encoded
20 message;
convolutional decoding means responsive
to said receiving means for decoding said received
. encoded message; and, .
error indication generating means
25 responsive to .said convolutional decoding means for
generating an error indication based on a comparison of
the decoded bits of the received encoded message
corresponding to the predetermined positions of the
determinate error detection bits with predicted error
30 detection bit values.

17. The éystem according to claim 16,
further comprising:
constrained convolutional decoding means
responsive to said receiving means for decoding said

" 35 received encoded message based on a determinate state
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nmedi um ood t hat the operation_of block 108 invol ves
AT remereee

comuni cat i*ong nedi am has* t he potenti al q@ml se ich may affect
the transmtted parlty bits transmtted hey are

recei ved at. bwoowszd6. At bl ock 110, convol utional decoder 72PEHESRIOEhe
recei ved 35 estimtes of the transnitted parity bits 71 to provide a

candi date bit sequence 78 correspondi ng to-massage bit sequence 54. The
operation of block 110 nay use a WO 97/ 42716

PCT/'US97/ 07345 - 2qonwphugrianalerdgcoding inuanesa. sedékconstrained i ndication

l ogic circuit 74 &ehesTaiasnSe EebEid rmé&-;seqtdcqndlgh s fromthe decoded
bits generated at block 110 based on t rg%%dqgrt% m ned_function used to 5
3

deternmine the first error detection bite SIPBEBERI1BBPeRF Sk 112
may be executed by error indicatéxred Glgﬂt'e,e@'lJ{Oéulbtltmblaﬁedogpeeapeohewth
convol utional slecoder 72. \Wer e d1d¥ esfetyid rag@efruﬂ_ﬁgtene{@érdgiggm ni ng
first error detection bits 53, ? %%c tlot%!SOCkrre% |°s a fugctl ondof
subsets of the data to be transmYx SOAEESROBALBEOER 33359 nvol ves

cal cul ati ng second error det ectlmdﬁﬁi@ﬂf Hipgifiiogs of the
determinate error detection bits; and,

means for discarding any decoding
10 sequence in which the selected bit in a
location corresponding to one of the
predetermined locations of the
determinate error detection bits does
not match the bit value of the
15 corresponding expected erroxr detection
bit.

—_—
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decoded by convol utional decoder 72 in |ocations expected to contain data
bits using the sane 15 predeterm ned function of subsets of the data bits
as at block 100. At block 114, receive circuit 42 conpares the second error
detection bits determ ned at block 112 with the decoded bits provi ded at

bl ock 110 whi CWO7d27¢ in |ocations corresponding to the pred&TSHPBRE

| ocations of first error detection bits 53, 53" to provide error indication
76. For exanple, an error may be indicategsat block 112 if any m smatches
are detected. As at block 112, block 114 is executed by 25 error
indication logic circuit 74 and convol utional decoder 72. As descri bed

above, it is preferred that the subset of da,[_a__bj_t_s?on whi ch each error
detection bit depends be transmtted immedi ately beffore the 30
correspondi ng dependent error detection bit. This ijs desirable in an
enbodi ment of the present invention wherei block 112 and bl ock 114 may be
performed whenevér a bit is decoded at blo 110 whiljch corresponds to a
predeterm ned |l og¢gation of a first 35 errolgdetectign bit 53, 53" so that
bl ock 114 may pr¢vide an error indication fore thg convol utional decoding
operation at blog¢k 110 is conpleted. This @ -
= 1—<
8\ < (C
OFe
L Q.
o (=]
w Q
= O
Eg Y]
0 (]
i
©
aNlxczx
‘ QoL
T = Z:
€5 & =
W T5
2ha a
ODQE
o
NN > AN
: <
o] AN o |-
e6 | EE [ 5%
& Q & =0
w - —‘o UJQ o 02
EE Z Q = O O w
o =2 @ W s
= zm [+ =
7 = Q -
<< Yy O
2
P




WD 97/ 42716 PCT/ US97/ 07345 - 28-
all ows decoding to be term nated i medi ately upon detection of a data
transm ssion error which allows for an increase in battery life of
conmuni cati on %%Sten140. This is a desirable feature for applications of
the 5 present MWR¥T®¥n, such as nobile cellular phones, wher ePCTUSI7/07345
communi cati on system 40 may be operated for extended periods of tinme on
battery power. Optionally, in an enbodine@yfﬁ t he present invention,
constrai ned convol uti onal decoder 80 in 10 cooperation with error
indication logic circuit 74 perfornms a constrained convol uti onal decodi ng
of the received estimates of the transmitted parity bits 71 at bl ock 116,
using the determ nate state convol utional decodi ng process of the present
i nvention. The 15 operation at block 116, provides a second candi date bit

sequence 82 having bits in |ocations corﬁ@gc?ng to the predeterm ned

| ocations of first error detection bits , sel ected whil e decodi ng
based on the predeterm ned function u gq e first error 20
detection bits 53, 53" at block 100. ;Sliﬁ @t':g%;ﬁne pr edet er m ned

| ocations are constrained to equal val ues conputed using the predeterm ned
function of the determning first error detection bits step applied to the
received estinates of the transmtted parity bits.

BIT HISTORY MEMORY STATENO. METRIC g4

33 P /% \
1lolol1]olo}1|1] ]olo}lo|o} |95 - + _
1l1]lof{1l1{oloj1{lo]olo]1]| (81| NEW |CUMULATIVE
1{o]1]of1fo] 1] o] [o]o]1]0o] [06|PATH | METRIC
1lojo|1jo}of1|1] |ojol1]1]| |28 37 | COMPARE
1{1]1)1]1]olol1{ |o}1]|0]0O} |74 \?
1/of{of1{ojo|1]1] |o]1]0]1] |87 | OWER OF
1t{ol1]1}olol1jo} {o]l1]1]0] |99 as | 2 SURVIVES
1]1{ol1{olof1lol {ol1l1]1] |18 \
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25 Referring nowto FIG 7, an enbodi nent of a constrained
convol utional decodi ng operation of block 116 is illustrated by a
flowhart. At block 120, constrai ned convol uti onal decoder 80 decodes bits
in locations corresponding to the predeterm ned | ocations 30 of first error
detection bit ¥B¥MEE 55 i ndetermnate bits (i.e., |ike dataPETfU§)7/0734%

bl ock 122, error indication logic circuit 74 in cooperation with —
constrai ned convol uti onal decoder 80 cal cufates second error detection bits
fromthe decoded bits provided by 35 constrai ned convol utional decoder 80
at block 110 which are in |ocations expected to contain data bits using

WD 97/ 42716 PCT/ US97/ 07345 -29- the
predeterm ned function of subsets of the data bits used at block 100. As
illustrated in FIG 7, 7 ;
dependent bits 5 detgr

i ned based on a'function of shbsets-of t he data

bits. It is to be u st ood, hpwewer—that—t-hi-s—i-Rveniion—al so enconppsses
predet erm ned error de ectioQ%b ts interspersed within data pits which|are
not functions offjubseffs of t & data bits. Were data 10 i ndépendent efror
detection bits are used, the
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operation at block 122 involves determ ning second error detection bits
based upon the agreed upon predeterm ned function for determning first
error detection bits used at block 100 and need not be based 15 upon a

calculation linked to subsets of the data bits as descri bed above for

bl ock

122. At bl ock W94"4¥ &k ei ve circuit 42 discards any ongoi ng de®SAY¥Rg7/07345
sequence in which the selected bit in a |ocation corresponding to one of

the predeternined 20 |ocations of first ejppr detection bits 53, 53

does

not match the cal cul ated value of the corresponding second error detection

bit. In this manner, constrained c 80 ultimately
provi des a second candidate bit 82 Jat block 116 in 25 pwhich the error
correction decodi ng process has begn straiged td fayor gyégting
the bit value for the determnate Qit Io:atioﬁ§ whitch |'s beli to be the
value transmtted to conmuni cation |syst em 40. Howeier, | one}l i @&t ati on which
may be 30 ‘encountered is if constrdi ned fonv tioral Hecodler 80 ¢xecuting
a constrai ned convol uti onal decodi g at Block 16 qperptesjon nmgssage
havi ng uncorrectabl e errors which dccurrged i n& he tfrangmnm sstorpof- data. By
forcing the resulting second candi date brt—seguerce 82 togake 35 on the
correct values for the inserted errjor detgct} on bits af bl@ck }116, the
resul ti ng decoded sequence 82 will {h hphsk% out the inéﬁr:g(x i nserted
error D5 e O =2
EY° sg
:
< O
- 8y B
O] = £ &
™ 228
oE S
O u
Q
-
{
~1 =
IN § =z |3
' w
o=
z
DS
7
El =
m -
wi =z
g9
m *
g ~ 3
=]
ol L3
z L
< |0
1w ]
O 2|0
] = T
> 4
g8 e By z &
m\o mg b=
K 2o E &
o % O a
2 5 2
g = oo
= Lo |
r




L

WO 97/ 42716 PCT/ US97/ 07345 - 30-
detection bits and, therefore, nmasked out the indicated error in

transm ssion. Consequently, at block 118 in the illustrated enbodi nent of
the present invention utilizing the 5 optional constrained cggﬁeéHkgggal
decodi ng opemai®mn7®t bl ock 116, the second candi date bit seqlience from
bl ock 116 nmay be selected as the received nessage if no error is indicated
at block 114. Alternatively, the first &8#Rdi date bit sequence 78 may be
selected as the 10 received nessage if no error is indicated as both

candi date bit sequences woul d be expected to be the sane. If an error is

i ndi cated at bl ock 114, second candidéSe{ i, sequence 82 may be sel ected as
the received nessage as it may provi dg &p é%roved estimte 15 of the

recei ved nessage. Block 114 operates r2€pbnsive to the non-constrai ned
convol utional decoding output at blockK711 1 this manner, both an

i nproved convol utional decoding oq?pgt provi ded at bl ock 116,
benefiting fro he determ nate val ugs 20 inserted error detection,
bits while mai nTdining the error det¢gct i cati on capability so that
when uncorrectqﬂjg errors are encountier Comuni cati ons,
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t he receiving comunication system40 will be able to determ ne that such
errors have occurred. 25 Anot her enbodi nent of the present
invention is illustrated in the flowhart of FIG 8. The enbodi nent
illustrated i %5'9‘9"4 795 provi des both the benefits of the constrained
convol uti onal decoazl ng method of the present invention as wel PCTUSAHORS or
30 detection indication without the need for having convol utional decoder
72 as well as convolutional decoder 80 assA? lustrated in FIG 5. At bl ock
130, "error detection bit generator 50 calculates first error detection bits
53, 53" as a predeterm ned function of 35 subsets of the data bits. At
bl ock 132, error detectiogn bit generator 50 intersperses first error
detection bits 53 @_vﬁhthe data bits in WO 97/ 4
PCT/ US97/ 07345 -31- predeterm ned | ocations to provide = sage bit sequence
54. At block 134, error coryectioh-enrcods 6600 Orah | y encodes
iBA phacoded nessage for 5
e _proyided parity bits
48. 102

Z

Interspersing first error detection bits

104
i Z
Convolutionally encoding
- 106
v Z
Transmitting on communications medium
108
y Z
Receiving estimates from
the communications medium
110
) Z
_Convolutionaﬂy decoding
112
| yd
Determining second error detection bits
114
Z
Comparing error detection bits
" to provide an error indication
116
Y ' ye
Constrained convolutionaily decoding
: 118
i Z

Selecting the received message




As with the description of the nethod in connection with FIG 6, it is to
be understood that the 10 transmt and receive operation are generally
bet ween comruni cati on system 40 and a renote comruni cation- system 40' (not

shown) . Howeveyo oAf@nePur poses of relating the operations desciih .Q&S‘\%n
to the block diagrams already described, the follow ng operatlons il i ch
represent the receive side will be descrl bed for a nessage whi ch has been

recei ved by communication system 40. At BVéck 138, receive circuit 42
receives the transnmtted parity bits via antenna 48 and deggdul ator 20 70
denodul at es thmg_’ew? provide estimates of the parity bixs 71. At bl ock
140, constrain ut ifomrat—decoder 80 decodes the estimatkes of the
transmitted parity bits 71 using Déeodingeriarcetectiondits convol piti onal

decodi ng process described previ Ougk}hdéleﬁﬁmﬁfé‘aﬁﬁtbl@ with FfG- 7, to
provide a candidate bit sequence 82 having bits 1pn locations Forrespondi ng
to the predeterm ned | ocations of “first error] detection bj 53, 53

sel ected whil e decodi ng usi ng t he predeterm ed function subsets of 30
the data bits of block 13¢—Howevers—Tm te—ambodmert—of4tt pr esent
invention illustrated in Kl G CicuatingsécontPerrtihdetectibrebitef t| nes any
decodi ng sequence was di sdarded at blaock 124 s evaluated tol provide an
error indication. 124

i Z
Disbarding mismatched decoding sequences

130
Z

FIG. 8

Calculating first error detection bits

_ 132
¥ Z
Interspersing first error detection bits

134
i yd

Convolutionally encoding

136 -
\ yd

Transmitting over a communications medium

138
i Z

Receiving estimates from
the communications medium

140
{ Z

Constrained convolutionally decoding

142
{ Z

Evaluating discards to provide
an error indication




35 In other words, the nunber of tinmes that the determ nate bit limtation
on the convol uti eonal decodi ng process forced deci sions which would not have
-32- otherw se been the sel ected decodi ng sequence path of the
unconstrai ned convol uti onal decodi ng al gorithm provides an indicat-i on of
how many tines the decoding operation at block 5 140 had to be "pulled.’
back" to the "correct"” state. A large nunber of occasions on which the
decodi ng process had to be "pulled back"-by the constraint indicates a

l'i kel i hoog; £ hat 1 3R UNCLe&taE & erLor heen ounter. ' was
si nply nggkgdaéyargréFggfihe dé%%drﬁg“o%ggaf?%ﬁtggﬁbFB%%r%gﬁﬁg%%

sel ect a ewhdibat e TrensTE@fdRse swehs i navcheedssumeds 6o s deesiomlat ect ed.
Wil e FI Gy; 8elk ALes., 5ﬂﬁ)“'§g%%=o gsh eqt 1Nt ' only
a const rgilinegl clgﬁ\égﬁut i or?gln d’e“CS%er W Er%O%?rgr EI§glt g;étlilon@%lltét %g%l%é are

dat a depehd#éatvf GRcOCORE Gt 15e sampseit PPsthécdaia B Majanitys afo the .
undeg st ood-that, as with the embodi ment of FIG ‘6, the benefits of the

present invention may |ikew se be obtained where the predetermined error
det ecti on bit SASBNEIN LEEFOFOICURIIC HePRnEARRIJNE ERi sopyed uttiianadper at i on

at bl ock 139: 48" ek} LAY ehdlelQrdN N 0GR coal | kibwil LY/ pReleg) R i LS
53, 53" as a predeterm ned function 1 ndependent of the data bits. Likew se,
t he const?BEEnégtermined based on the message bits. The message bits
are considered L bits at a time, and r parity bits are
10 transmitted for every L message bits. For éxample} the parity
bits may be calculated as certain Boolean combinations of
variocus bits of the message. The transmission of
convolutionally enccded paxrxity bits distinguishes
convolutional coding generally from alternative coding schemes
15 such as, for example, block coding, in which a small number of
message bits is converted to a redundant block codeword and
several such block codewords are transmitted to convey the
whole message. A general description of known convolutional
coding techniques is given below as an aid to understanding
20 the background of the present invention.
One known form of convolutional error correction
technique is discussed in United States Patent No. 5,349,589
("the '589 patent”). The approach of the '589 patent separates
the data bits into key bits, critical bits and unprotected
25 bits. The key bits are provided with CRC type error detection
coding and both the key bits and critical bits are provided
convolutional error correction encoding. The key bits with
CRC bits-are added to the critical bits and fed to the .
convolutional encodexr. t the receiving end, a frame merger
30 cémbines the decoded key bits and critical bits with the
received unprotected bits. The 'S89 patent further suggests
the use of tail biting to initialize and close out the Viterbi
convolutional algorithm.

An example of convolutional coding will now be discussed

35 in connection with FIG. 1. Illustrated in FIG. 1 is a

REPLACEMENT PAGE
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convol uti onal decodi ng operation at block 140 is based upon the data

i ndependent predeterm ned function and not a function of subsets of the
data bits. 25 I n the -enbodi nent of the method of the present
invention illustrated in FIG 8, the decoder has been allowed to test only
dat a sequences conform ng to the encodi ng process, which.is the nost--energy
efficient neans to transmt and receive data. Nevertheless, the extra bits
inserted were able to 30 provide an-8yLer indication as when the |ess
energy efficient i 0 hod of dec u | n. the_ -

dr awi ngs f %E?Fcé?aéﬁVl?He?ecﬂﬁvg Bgéﬁn (ﬁQ%;%Ftwéfe??%ﬁ*%hbbgiﬂénts
of the preseifd nveq is@ar the:Bbough- WRichs®ARS FE the-d;ﬁwm@@mbebég set
forth in the %élovvln -34 _THAT \WHI CH I.S _Anethod

of comurfifteR %?%Igﬁkfb?ggatghﬁng EEORFEASORF (IR C%?e%s tW :
conwol ut ipnddy BnepdbNgsa ORSSAGRbEY DI BWhter PEldwy &8 tShe constraint

1eﬁgth of the code because the code is constrained to be
considered L bits at a time. At any instant, the bits in the
shift register 24, which may be labeled B,, B,, B;, B,, . . . ,
B,, are applied to a combinatorial logic network 26 that

10 generates two or mores different Boolean combinations of the
bits. As illustrated by FIG. 1, the bits in the shift
register 24 may be provided by a CRC error detection generator

28 that receives message

REPLACEMENT PAGE



representing the encoded nessage for transm ssion; 5 transmtting
the parity bits over a communi cations medi unm receiving estimtes of the
transmitted parity bits fromthe comruni cati ons nedi um and convol utionally
decoding the estimates of the transmtted 10 parity bits to provide a
candi date bit sequence corresponding to the nessage, the nethod being.
characterized in that it includes the follow ng steps: determning first
error detection bits for the block of dat@2bits using a predeterm ned

function (100.. ; . the soldUELSRH | h i ~€ tegtion

bits withi %Qf‘ﬁég’%%que%f dat a jb‘?lf%mép‘?eée‘?i%‘?%?% Sehpibarbagh 68 Er%vi de
t he messagenREEDgLradzed gemaiaduilimpalciacrdirdratigeetthonpbpridésoant he
candi date bh: cehasgd n. T I 4 ; AMNSLLP (

122); and goﬁpgggggﬂtﬁg seconJ‘8§p§¥“%§S§%$i%%1 ité§m§%% ?ﬁgggi?g %%gFﬁe
candidat e b#P sadusrcde N'ouddad deckorrespendi egrrecthespagdet eAnlaede

(114, 142) 25008 RE Sl iind T Ui O RS ORI 00000 Bha B BR L 17

wher ei n salpusieg bhRc#st avnithiengdrigttaint cindlietates oa bikslibopdi sksatt Ar

SLeP Of ICLREBLRLRYLIES A0 ndlP Al Wndbdited £ha ' IR: BhOGks OL1figlg P 1S
masked by forcing the decoding operation at block 140 to

10 selact a candidate kit sequence which indicates no error has
-been detected.

While FIG. 8 illustrates an embodiment of the present
invention using only a constrained convolutional decoder where
error detecticn bits 53, 53’ are data dependent functions of

15 subsets qf the data bits, it is to be understood that, as with
the embodiment of FIG. 6, the benefits of the present
invention may likewise be obtained where the predetermihed
error detection bits 53 53’ are not data dependent. In this
case, the operation at block 130 merely involves determining

20 first error detecticn bits 53, 53’ as a predetermined function
independent of the data bits. Likewise, the constrained
convolutional decoding operation at block 140 is based upon
tHe data independent predetermined function and not a function
of subsets of the data bits.

25 In the embodiment of the method of the present invention
illustrated in FIG. 8, the decoder has been allowed te test
only data sequences conforming-to the encoding process, which
is the most .energy efficient means to transmit and receive
data. Nevertheless, the extra bits inserted were able to

30 provide an error indication as when the less energy efficient
priocr art method of decoding CRC's is used.

In the drawings and specification, there have been

disclosed preferred smbodiments of the present invention, the

35
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-35- 5 predet erm ned data i ndependent function. 3. A et hod of
communi cating data bits according to Claiml, wherein said step of
determning first error detection bits includes the step of cal cul ating
each of the first error detection bits as a predeterm ned function'of a 5
di fferent subset of data bits of the block of data bits to provide data..
dependent first error detection bits and wherein said determ ning second
error detection bits step includes the s¥3®p of cal cul ati ng second error
detection hits L 1S:Q e.candi.d i t. sequence i n | ocations
expect edgtéca)’lsi:eorﬁ%%ﬁélgﬁ‘pé%gfgﬁb%%“%s?%(5‘ t%%%tgfarfe Gl|ot§1(L§L"de SRR £ unct i on
of subsetdadfisgata bits of the block of data bits as used by said step of
determning first error detection bits. 4. A net hod of conmuni cating data
bits according to Claim1, wherein said determ ning second error detection
bits step and said conparing step are perfornmed when a bit is decoded in

sai d convolutionally decoding step which 5 ~corresponds to a
predeterm ned |location of a first error detection bit to provide an error
i ndi cati on before said convolutionally decoding step is conpleted. 5. A

met hod of comunicating data bits according to aim1l, further
characterized in that the nethod includes the steps of: constrained

convol uti.onal ly decoding said estinates to 5 provi de a second candi date
bit sequence in which bits in

L ICMNETY QLTI
REPLACEMENT PAGE AHIENDED SHFS




| ocations corresponding to the predeterm ned |ocations of the first error
detection bits are constrained to equal values REPLACEMENT PAGE - 36-
comput eﬂ“mmﬁlnllallmmt erm ned function of said determning first error
det ecti ied to the received 10 estimates of the-
transmitfed pdrity Bits (116, 140); and selecting either said first '
candi date bit sequence or said second candi date bit sequence as the’

recei ved nmessage (118, 124). 6. A nethod of communi cating data bits
according to Claim5, wherein said seleCting step conprises selecting the

first candidate bit sequence , I e eif no error is
indicated in said conparing st iﬁﬁigéﬁggﬁ3533§@€%5. ~second candi date
bi t sequence as the rRABIUED MEESHNS: | fallngr BOblbeud H Rl 4. sai d _
conparing step. 7. A nmet hod of communicating data bits according to Caim
5, wher ecompaiic iswt adte mFegepTonpri ses sel ecting the second candi date bit
sequence as the received ssage if , no error is indicated in said caonparing

step. 8. A MODWGHHFW | MM Yk SMBFPEIGC O RTRY 4P @by Pits
uherel n $8b0.CANAL A ddcARES hdll 2ePSOMRLLAGR IA gt ep of per f orm ng

a sequential ‘maxi nu sequenc stimation pr ion of the
message to betrdegeieidtting the parity bits over a ccmmunications

medium;

receiving estimates of the transmitted parity bits from
the communications medium; and

convolutionally decoding the estimates of the transmitced

10 parity bits to provide a candidate bit sequence correspondin
to the message, the method keing characterized in that it
includes the following steps:

determining first error detection bits for the block of
data bits using a prédetefmined function (100, 130);

15 interspersing the first error detection bits within the
block of data bits in predetermined locations to provide the
message (100, 132);

determining second error detection bits from the
candidate bit sequence based on the predeterxmined function

20 (112, 122); and

comparing the second error detection bits with the bits
of the candidate bit sequence in locations corresponding to
the predétermined locations of the first erxor detection bits

to provide an error indication (114, 142).

2. A method of communicating data bits according to
Claim 1, wherein said step of determining first error
"detection bits comprises the step of determining first error

detection bits for the block of data bits using a
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od of communicating a block of data bits, conprising the steps

of : convolutionally enc
odi ng a ness ' i
t age to pro i .
he encoded nessage for transm ssion; 5 g V'd?rgﬁ;h$¥chgstLepresent|ng
e parity

bits : :
tLansnmluml‘ﬁm[l!H!l‘!sopfogeglhgmcoamnrgni caE i37- recetving estimates of the
gaﬁgﬁfg?{er?llh that it includes the follomfgz gfglgwllghe et hod bei ng
cubset < O?gdaL;SLifrror detection bits3ias a predetefn{ned functi
the first error detz ff the block of data bits (100, 130); intelgneOf'
pr@dete?ﬁ?ﬁé&QQmﬁﬂﬁénéégaf%#%Eg%ﬁé%éFt%ﬁ?¢ﬂbmk-Of data bits in e
con i - e me :
Constr /e comvl ut ol Gecoatng The-cstimies o inertanem et
: " didate bit_se i Bswhi ; -

corres Z e I .
R e LT i
v o e e i, B oY Samm oS v o orm ned
alculating first g . : - ock of data bits of i

i ction [£or;detgebsoanki tsept Pl pai d
esti mat SRt H PERSmittad parity bi t§ e[f gﬁ@?:el@ct’d‘q RETRRT Ve

first error detection bits as a p&e%éteré@ned function of a
£ the block of data bits to |

S different subset of data bits ©

provide data dependent first error detection pits and wherein

said determining second error detection bits step includes the

step of calculating second error detection bits from the bits
of the candidate bit sequence in jocations expected to contain

10 data bits using the same predetermined function of subsets of

data bits of the plock of data bits as used by said step of

determining first error detection bits.

4. A method of communicating data bits according to

Claim 1, wherein said determining second erroxr detection bits

step and said comparing step are performed when a bit is

deccded in said convolutionally decoding step which

5 corresponds to a predetermined location of a first erroxr

detection bit to provide an error jndication before said

convolutionally decoding step is completed.

5. - A method of communicating data bits according to
method includes the

Claim 1, further characterized in that the

steps of:
es to .

constrained convolutionally decoding said estimat

5 provide a second candidate bit sequence in which bits in

locations corresponding to the predetermined locations of the

first erroxr detection bits are constrained to equal values

REPLACEMENT PAGE o g
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10. A“ﬁérh0d~eicngﬂnyglgﬁting data bits according to Claim9, wherein said
constr convol utionafrly decoding step includes the steps of: decoding
t he bi g@i@ orrespondlng to the 5 predet erm ned | ocati ons of
the fir @on bits as indetermnate data bits (120); .

cal cul ating secdndserf

r detection bits fromthe bits of the candi date bit
sequence in |locations expected to contain data bits using the predeterm ned
function of subsets of data 10 bits &s+he block of data bits of said
calculating first error detection bits step (122); and, discarding any

decodi Nngcoeguenee ddindi chet becseteehngtded Zud@tibid M hilddOfmining

corresponding to one of the predetern1ned | ocations of the first error

det ect i ofi LiSts aftrar rdetanttant hets5stepcabpdligded v dihfe ncained
second_error_detection_bit (124);. and, ai d. nmet hod of

s ondi_n erel S
nPcSF:trrg‘ad‘atsa s ‘f‘m‘t'f\’é?“%‘ﬂé}:acfie??fedybflttﬁe l\l,ég; cne'vffrr&fjdtl ng the
nunber of tinmgg % Al 00- 5EAUEREE £$rE0 candiigeddes d QL awidde an error

i ndi cati.on (142). nmet hod of communicating a bl ock of data bits,
conpr|3|eglhheeﬁ&¢m cﬁndt@mwelhitoseﬁhgneacadlm@eancaemugdtmbggagede

arity bits
parity klls, 124) .

5. A method of communicating data bits according to
Claim S5, wherein said selecting step comprises selecting the
first candidate bit qeque ce as the received message if no
exrror is indicated in said comparing step and selecting the
5 second candidate bit sequence as the received message if an

error 1s indicated in said comparing step.

7. A method of communicating data bits according to
Claim 5, wherein said selecting step comprises selecting the
second candidate bit sequence as the received message if no

error is indicated in said comparing step.

8. A method of communicating data bits according to
Claim 1, wherein said convolutionallyldecoding step comprises
the step of performing a sequential maximum likelihood

sequence estimation prediction of the message to be decoded.

9. A method of communicating a block of data bits,
comprising the steps of:
convolutionally encoding a message to provide parity bits
representing the encoded message for transmission; |
S _ transmitting the parity bits over a communications

medium; and

REPLACEMENT PAGE



repr esent+ng-the-encoded nessage for transmssion; 5 transmtting

t he arltﬁ bits over a communications nedium receiving estimtes of the

transmt Hllfr"m”ﬂut,ﬁmrom t he conmuni cati ons nedium the net hod be| ng
charact i ncludes the follow ng steps: 10

|ntersper5|ng pre det&rnmined bits within the block of data bits in spaced
predeterm ned | ocations to provide the nessage (102, 132); constrained
convol utional Iy decoding the estimtes~ 8f-the transmtted parity bits using
a determnate state 15 convol utional decoding process to provide a

candi date bit *§§Qt}e’r16’§ WW%‘Q LT onse riaraeant b tede Paxdtty dfigshefrom

det d bit d I di
P01 ho pf BHcr S RATTR0EA GHEC 01t He br BEERE nPREBSD P By (LT Bl b any

decodi Ng: §£UERCE i 12 tmmmmge@@égg.but in a location
corresponding to one of the predetermined | ocations of the predeterm ned

bit® does not cREPUAGENENT RAGE er=39-deta¢chidhebsitat asofa tdreedarewsipondi ng

predetern1ned bit (116, 140) ;_and, accumul tlng t he nunher_  of tinmes a
decodi ngt $REE&RBe Of s SEPSEL i A3t R Hr aR18FFoPT FRTGR T (142) .

(100, 130);
interspersing the first error detection bits within the
block of data bits in predetermined. locations to provide the
1S message (102, 132);
constrained convolutionally decoding the estimatss of the
transmitted parity bits to provide a candidate bit sequence in
which bits in locaticns corresponding to the predetermined
locations of the first error detection bits are constrained to
20 equal values cdmputed using the predetermined function of
subsets of the data bits of the block of data bits of said
calculating first error detection bits step applied to the

received estimates of the transmitted parity bits (116, 140).

. 10. A method of communicating data bits according to
Claim 9, wherein said constrained convolutionally decoding
step includes the steps of:
decoding the bits in locations corresponding to the
S predetermined locations of the first error detection bits as
indeterminate data bits (120);
calculating second error detection bits from the bits of
the candidate bit sequence in locations expected to contain
data bits using the predetermined function of subsets of data
10 bits of the block of data bits of said calculating first error
detection bits step (122); and,

discarding any decoding sequence in which the selected

-
‘_
a (2% 2t

\\"
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12. A co temincluding a convolutional encoding neans for
encodi ng ssage, transmtting neans (58) responsive to said

convol uti 3@ % ' Hmumlrs for transmtting said encoded nessage,.

recei ving receiving an encoded nessage, and * -,
convol utional decodl nd nfans (72) responsive to said receiving means’for-
decodi ng sai d recei ved encoded nessage, characterized in that said
communi cati ons systemincludes: error det®ttion bit generating neans (50)
for generating 10 a plurality of determinate error detection bits based
on porti ¢ ot & bl ekt bPRdEPHETBEFONEdnhe tor gAeniah ddaamrgdrtermireder si ng

said detgrmnate error_detection bits wthin.said.block of data bits at_ a
plurali t?oggfarlg'ﬁg%se %r%ﬁ%t gjr‘ﬁsheﬁ‘p&i \fqlﬁgﬁg“'t‘gnprp |sded<qehse Nesduxye™f ore
tragsm sgsaruibted value€sf oenénabge«bgganaa&@r AR ITRANG K R edESHRNSI Ve
to said convol uti onal decoding neans (72), for generating an error

i ndi cati dithaséd®)on a conpari son of the decoded bits of the received
encoded nessage corres onding.éo the predeterm ned positions of the
deterninate e - JHRLEEIBNSSY mebPPg Rt FOPFUGLEREE S (Rt et AT ¢ s
gener at ed. Rased O degoded. étﬁtQE Lie received encoded message
corresponding to portions of the Teceived encoded nessage contai ni ng data
bits; and, wheailusaingcohechuhberabfendndisng HeanslifMaf)sdd@uience is

20 discarded to provide an error indication (142).

11. A method of communicating a block of data bits,
comprising the steps of:
convolutionally encoding a message to provide parity bits
representing the encoded message for transmission; |
5 transmitting the parity bits over a communications
medium;
receiving estimates of the transmitted parity bits from
the communications medium, the method being characterized in
that it includes the following stéps:
10 interspersing predetermined bits within the block of data
bits in spaced predetermined locations to provide the message
(102, 132);
constrained convolutionally decoding the estimates of the
transmitted parity bits using a determinate state
15 convolutional decoding process to provide a candidate bit
sequence having bits constrained to the state of the |
predetermined bits from said interspersing step in locations
corresponding to the predetermined locations of the
predetermined bits by discarding any decoding sequence in
20 which the selected bit in a location corresponding to one of

the predetermined locations of the predetermined bits does not
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- 40 —25——respoensive—t o0 said error detection bit generating neans for-

encodi n ' 13. The system according to claim 12, further
characiﬂ"lﬂﬂ u ﬁ EH rai ned convol uti onal decodi ng nmeans (80) responsive
to sai d% (70) for decoding said received 5 encoded * .

nmessage based on a determ nate state convol utional decoding process, said
constrai ned convol uti onal decodi ng nmeansyd.ncl udi ng, nmeans for generating
predi cted error detection bits generated based on decoded bits of the

recei ved fl} c» the state osneageeoggggg%dmg%;% é’zgnj'.[r%cp%ja% ops; of the

recei ved encoded nessage containin a bits; means for scar di ng
any decodi4td ;sexpuince in which the selected bit in a location correspondi ng
to one of the predeternined | ocations of the 15 ) determ nate
error detecti AFBIPELYypsRI nbhenpriRerhefbtimes ge dCadn T FeBRHRIFY
predi cted. tecty | 4 s m rding to claim 13,
mhggein gﬁ%ra%%%volﬂ%i%%%YP%écégi%6ré?gé§?$ﬁ%¥?§%a(g%%ﬂéntiaI maxi num

| i kel i hood sequence estinmation technique. 15. The system according to claim
14, wherein said decoder (72) includes nmenory for storing postulate bit
states, a history of selected bits for each of said postulate bit states,

and a confidence Tagt o, 1ohi860o05 395€eROShELAE Y & convolutional

encoding means for encoding a message, transmitting means (58)
responsive to said convolutional encoding means for
transmitting said encoded message, receiving means (70) for

S . receiving an encoded message, and convolutional decoding means
(72) responsive to said receiving means for decoding said
received encoded message, characterized in that said
communications system includés:

error detection bit generating means (50) for generating

10 a plurality of determinate error detection bits based on
portions of a block of data bits to be transmitted and for
interspersing said determinate error detection bits within
said block of data bits at a plurality of spaced predetermined
positions to provide the message for transmission;

15 error indication generating means (74), responsive to
sald convolutional decoding means (72), for generating an
error indication based on a comparison of the decoded bits of
the received encoded message corresponding to the
predetermined positions of the determinate error detection

20 _ bits with predicted error detection bits generated based on
decoded bits of the received encoded message corresponding to
portions of the received encoded message containing data bits;
and,

wherein said convolutional encoding means (S6) is
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5 dilglgg___,_lﬁfwA—eennunications system including convol utional
ncoding neans for encodlng a nessage, transmtting neans (58) responsive
to sai m‘ Hu I“fuwcodl ng means for transmtting said encoded nmessage,

recei vﬂmm recei ving an encoded massage and o
convol uttorfal ‘decodi ng means (72) responsive to said recei ving means for

decodi ng said received encoded nessage,-&iraracterized in that said

comuni cations systemincludes: error detection bit generating neans (50)

f opsgenefakivdgislitre td B id adttyrofedotetBnnalie garmrelef indainditsrand

i nterspersing said determ nate error detection bits within a bl ock of data
bits to BacPAdmSisaicl w@ssaPRural ity of predeternined spaced positions to
provi de a nmessage for transm ssion; 15 error indication generating
nmeans (74)responsive to said convoluti onal decodi ng means for generating an

error indicatihan bagpd HPsvekofPaLLa9Ag0E !t Beadacaded Ritshof the received
encoded nessage corresponding to the predetern1ned p03|t|ons of the

det er m naherecteridsdcyon bits with 20 predi cted error detection bit
val ues; and, wherein said convol utional encodln neans 5§i | S-responsi ve

to said error COBSETRGIEPDi FORYEP LT 2t PRBLnEGRSUH (P Yai tp SRy

to said receiving means (70) for decodlng said received
S encoded message based on a determinate state convolutional
decoding process, said constrained convolutional decoding
means including,
means for generating predicted error detection
bits generated based on decoded bits of the received
10 encoded message correspvonding to portions of the
received encoded message-containing data bits; and,
means for discarding any decoding sequence in
which the selected bit in a location corresponding
to one of the predetermined locations of the
15 determinate error detection bits does not match the
bit value of the corresponding predicted error

. detection bit (84).

14. The system according to claim 13, wherein said
convolutional decoding algorithm is a sequential maximum

likelihoQd sequence estimation technique.

15. The system according to claim 14, wherein said
decoder (72) includes memory for storing postulate bit étates,
a history of selected bits for each of said postulate bit
'states,'and a confidence factor for each of said postulate bit

5 states.
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17. The system according to claim 16, further characterized by: constrained
convOTGTT%HET*HEEGHTng*ﬁeanS (80) responsive to said receiving neans (70)
for degﬂl' ' pved 5 encoded nessage based on a determ nate
state "HFHWIM#!EHKHEACENENT PAGE -41/ 1- decodi ng process, said
constrai*ned cenvol UL | | decodi ng neans .i ncl udi ng, neans for determ ning
expected error detection 10 -11pits based on expected val ues of
said determnate error bits for |ocations corresponding to said
predeterm ned positions of the determ nate error detection bits; and, neans
for discarding any decodi ng sequence in 15 ‘ whi ch the sel ected
bit in a | ocatfon oCCESHEHEAFTE WS ofies BEMt hénpruddner wose® lusdatiadns of-
t he detegn&gggg error detection bits does not maich the bit value Of‘th
correspondrng-expected error geredty oh BFESEBT)y. “REPS pEgEs (58
responsive to said ccnvolutiocnal enceding means for

transmitting said enccded message, receiving means (70) for

receliving an encoded message, and convolutional decoding means
. g

[04]

(72) responsive to said receiving means for decoding said
received encoded message, characterized in that said
communications system includes:

error detection bit generating means (50) for generating

10 a plurality.of determinate error detection bits and
interspersing said determinate erxror detection bits within a
block of data bits to be transmiﬁted at a plurality of
predetermined spaced positions to provide a message for
transmission;

15 error indication generating means (74)responsive to said
convolutional decoding means for generating an error
indication based on a comparison of the decoded bits of the
received encoded message corresponding to the predetermined
positions of the determinate error detection bits with

20 predicted error detection bit wvalues; and,

wherein said convolutional encoding means (56) is
responsive to said error detection bit generating means for

encoding .said message.

17. The system according to claim 16, further
characterized by:

constrained convolutional decoding means (80) responsive
to said receiving means (70) for decoding said received

5 encoded message based on a determinate state convolutional
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decoding process, said constrained convolutional decoding
means including,
means for determining expected error detection
bits based on expected values of said determinate
error bits for locations corresponding to said
predetermined positions of the determinate error
detection bits; and,
means for discarding any decoding sequence in
which the selected bit in a location corresvonding
to one of the predetermined locations of the
determinate error detection bits does not match the
bit value of the corresponding expected error

detection bit (84).

REPLACEMENT PAGE
' AMENDED 3HZET



PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Burcau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) Internationsl Patent Classification 6 : (11) International Publication Number: WO 97/42716
A

HO3M 1312 1 (43) International Publication Date: 13 qucmber 1997 (13.11.97)

(21) International Application Number: PCT/US97/07345 | (81) Designated States: AL, AM, AT, AT (Utility model), AU, AZ,

(22) International Filing Date: 1 May 1997 (01.05.97)

(30) Priority Data:

0B/642,056 3 May 1996 (03.05.96) Us
(60) Parent Application or Grant
'(63) Related by Continvation .
us 08/642,056 (CON)
Filed on 3 May 1996 (03.05.96)

(71) Applicant (for all designated States except US): ERICSSON
INC. [US/US]; 7001 Development Drive, P.O. Box 13969,
Research Triangle Park, NC 27709 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): DENT, Paul, Wilkinson
[GB/US]); 637 Eagle Point Road, Pittsboro, NC 27312 (US).
RAMESH, Rajaram (IN/US]; 403 Danton Drive, Cary, NC
27511 (US).

(78) Agents: BIGEL, Mitchell, S. et al; Myers, Bigel, Sibley &
Sajovec, P.O. Box 37428, Raleigh, NC 27627 (US).

BA, BB, BG, BR, BY, CA, CH, CN, CU, CZ, CZ (Utility
model), DE, DE (Utility model), DK, DK (Utitity model},
EE, EE (Utility model), ES, FI, FI (Utility model), GB, GE,
HU, IL, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS,
LT, LU, LV, MD, MG, MK, MN, MW, MX, NO, NZ, PL,
PT, RO, RU, SD, SE, SG, 8], SK, SK (Utility model), TJ,
T™, TR, TT, UA, UG, US, UZ, VN, ARIPO patent (GH,
KE, LS, MW, SD, SZ, UG), Eurasian patent (AM, AZ, BY,
KG, KZ, MD, RU, TJ, TM), European patent (AT, BE, CH,
DE, DK, ES, Fl, FR, GB, GR, IE, IT, LU, MC, NL, PT,
SE). OAPI patent (BF, BJ, CF, CG, Cl, CM, GA, GN, ML,
MR, NE, SN, Tb, TG).

Published
With international search report.
Before the expiration of the time limit for amending the
claims and to be republished in the event of the receipt of
amendmentis.

(54) Title: DATA COMMUNICATIONS SYSTEMS AND METHODS USING INTERSPERSED ERROR DETECTION BITS

Ny DATA BIT SEQUENCE

/=2
B 0, qu ves ln,, ;
. 4“4
7
50 56 PARITYBITS s
Vi 57 Z
Zon | | N1 +No MESSAGE BIT SEQUENCE f:-_[-_-—_:]
”E'?“m" = 91["2 €4 pOns-1) anlﬁugj‘wmnm MODULATOR -
N N ENCODER
GENERATOR Y o
COMMUNICATIONS
MEDAM ANTENNA |—
<
48
(S7) Abstract

A communication system and method for communicating data

bits includes generating error detection bits for interspersing within

a sequence of data bits to be transmitted to provide a message to be transmitted. The interspersed data bits may be dependent on the

data bits or determined independent of the data bits. The message to

be transmitted is convolutionally encoded and transmitted through a

communications medium. The received message is convolutionaily decoded by a convolutional decoder which is operably connected to an

error indication logic circuit. The interspersed error detection bits may

be used to detect an uncorrected error in transmission or to constrain

the convolutionally decoding to provide an improved efror correction operation based on the detenmnate values of the interspersed error

detection bits.




