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POST PROCESSING METHOD AND APPARATUS FOR SYMBOL
RELJABILITY GENERATION
Technical F‘iéld
This invention is a method and apparatus for post-processoring to
5 provide reliability information for decoded data symbols at the output of a decoder.

Background of the Invention
The Viterbi algorithm (VA) is well known as an efficient maximum
likelihood (ML) sequence estimator of data encoded by a finite state machine and
corrﬁptcd by white noise. See, G.D. Fomey Jr., "The Viterbi Algorithm," Proc.
10 IEEE, vol. 61, no. 3, pp. 268-278, Mar. 1973. In many applications, the output of the
Viterbi decoder is further processed by a second decoder in a concatenated coding
) system: FIG. 1 shows a concatenated coding system in which outer encoder 121
transforms an information sequence a(k) into sequence b(k). Inner encoder 123
further encodes sequence b(k) to produce a sequence to be transmitted. Inner
15 decoder 125 decodes the received sequence r(k) to produce an estimate 5(k) of the
sequence encoded by inner enqoder 123.. Outer decoder 127 then uses E(k) to
generate an estimate (k) of the information sequence. Table 1 lists four examples of
specific coder combinations typical for the concatenated system of FIG. 1. In all of
these, the optimal decoder should operate on the joint state space of the outer and the
20 inner code to obtain an estimate of the information sequence. However, in the ﬁrst
coding combination, i i.e. the combined speech and channel coding scheme, of
“Table 1, it is not yet known how to describe such a decoder. In the other three cases,
such a decoder may be too complex to implement especially when powerful codes
 are used for inner and outer codes.- Hence a practical approach is to first perform the
25 decoding of the received data by the inner _dccoder followed by outer decoding.
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Thé Viterbi algorithm (VA is well known as an efficient maxi mum |ikelihood
M) sequence estimator of data encoded-by a finite state nachi ne and
corrupted by white noise. See, G D. Forney Jr., "The Viterbi Al gorithm"
Proc. IEEE, vol. 61, no. 3, pp. 268-278, Mar. 1973. In many applications,
the output of the Viterbi decoder is further processed by a second decoder
in a concatenated coding system FIG faplgagws a concat enated codi ng system
in which outer encoder 121 transforns an i nformation sequence a(k) into
sequence b(k). Inner encoder 123 further encodes sequence b(k) to produce a

sequence to be trapsnmited. Inner decoder 125 d the recei guence
r(k) to produce aﬁ‘%%rtblrf}ﬂg"é' b( k?ﬂﬁg‘:ﬂﬁ@géqum@ ed b_y_ﬁmﬁt der
123. CQuter decoder 127 then uses b(k) to generate an estinmate a (k) of the

i nformation gequegisch Eaddder 1 | iConbolufsrial exanfitegsi of specigpesciroder
conbi nati ons typical for the copcatenated sys{emof FIG é? Iog all of
oi nt stal®

these, theSoptimal decoder shout®® &rate on °ﬁ8d?r f)race of the

outer and the inner code to obtain an _estimte of the info ti on seguence.
However, in Zhe fEmatDelselany cofommeluriopal i &iterbine conbi Y@ ch and’

channel codi ng schgdgder Of Tabl eEhcodek i S not Deebddenown hovDdécedetescri'be such
a decoder. In the other three cases, such a decoder nmay be too conplex to-

i mpl ement  esgeci aphyyohionaPover ik Cradels ar e vieest for i nneyitgpd out er
codes. Hence a prggéoldglgl appr Oa%ﬂax'u?elto fi rs%qﬁgﬁzlgrmthe Decoder

10 4. Reed-Solomon Convolutional Viterbi Errors and
Encoder Encoder Decoder ' Erasures Decoder

Typically, the inner decoder produces bu:st_ errors. If the outercode is a
random error correcting code, then an interleaver/deinterleaver pair 222,226 as
illustrated in FIG. 2 may be inserted in the coding 'sys;cm of FIG. 1. The pair will

- 15 help to pseudo-randomize the bur_ét of errors so as to facilitate the outer decoding
process. If the outer code/interleaver/innér code combination is thought of as a new
code, then its optimal decoder, which requires exhaustive search, is even more -
difficult to implement. - _ :

-Several techniques have been developed to improve the performance of

20 concatenated coding systems. One such technique is the generalized Viterbi
algorithm (GVA). See T. Hashimoto, "A List-Type Reduced-Constraint |
Generalization of the Viterbi Algorithm," JEEE Trans. Inf. Theory, IT-33, pp. 866- -
876, Nov. 1987; N. Seshadri and C-E. W. Sundbefg, "Generalized Vitc;bi : '
Algorithms for Error Detection With Convolutional Codes," in Proc.

25 GLOBECOM’ 89, Dallas, Texas, pp. 1534-1538, Nov. 1989. The GVA generates a

- list of the L > 1 best estimates (also called candidate séqﬂences) of 5(k) at the inner
decoder output according to a metric that describes the inner channel. Each of these
candidate sequences is decoded by the outer decoder according to a metric that best
describes the outer channel. The best of the L decoded candidate sequences is |

30 selected as the final estimate of the information sequence. For example, in a
combix;éd speech and channel coding system of Table 1; the metric for decoding the
outer code may make use of speech based properties such as pitch information,
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decodlng of the received data by the |9ner decoder foll owed by outer
decodi ng. -2-

Table 1 Qut er Encoder | nner Encoder | nner Decoder Qut er
Decoder ' : '
spectral information, and inter-frame correlation in order to select the of the L
candidate sequences from the inner decoder. In the second case in Table 1, the outer
decoder chooses the candidate with zero syndrome from the L best candidate
sequences that are released by the inner decoder. See Seshadri and Sundberg, supra.
5 Alternatively, soft (symbol)-dutput Viterbi algorithms (SOV As) have
been proposed to replace the VA at the inner decoding stage. See G. Battail,
"Weighting the Symbols Decoded by the Viterbi Algorithm," Abstracts of the IEEE
Int. Symp. Inf. Theory, Ann Arbor, California, p. 141, Oct. 1986; J. Hagenauer and P.
Hoeher, "A Viterbi Algorithm With Soft-Decision Outputs and its Applications,” .
10 Proc. GLOBECOM’89, Dallas, Texas, pp. 1680-1686, Nov. 1989; J. Huber and
Rueppel, "Reliability-Estimation for Symbols Detected by Trellis-Decoders,” (in
German), AEU, vol. 44, pp. 8-21, Jan. 1990. In the SOVA, the inner decoder
reieascs the best path estimate at the output of the inner decoder along with the
reliability information about each symbol in the sequence decoded by the inner
15 décoder The outer decoder then uses the reliability information in soft-decoding the
output sequence of the inner decoder. Maximum a posteriori symbol-by-symbol
detection techniques (also known as optimal symbol-by-symbol detection
techniques) can also be used. However, their complexity is much hlghcr than soft-
output Viterbi algorithms.
20 ~ The soft-output techmques for post-decision reliability generation suffer
" from shortcomings. First, the best data sequence clearly passes through only one
state in the Viterbi decoding trellis at every time instant, and these decisions are .
_ available with a certain delay. Hence, if one introduces a delay in computing the
soft-outputs, then the decoded symbols are available and the reliability needs to be
25 computed only for those symbols. However, the SOVA evaluates a reliability value
at the same time as the data is being decoded and thus has to compute a reliability
value for each state at each time. "Two step algorithms" are more computationally
efficient, but their drawback is the amount of memory required - typically, about
50% of the area of an integrated circuit designed to implement the method is
30 consumed by the additional delay units needed to store metric differences. See J.
Hagenauer, P. Hoeher, and J. Huber, "Soft-Output Viterbi and Symbol-by-Symbol
MAP Decoding: Algorithms and Applications," submitted to JEEE Trans. Comm.:
O. Jorgensen, M. Vaupel, and H. Meyr, "High-Speed VLSI Architectures for Soft-
 Output Viterbi Decoding,” Proc. Int. Conf. Appl. Specific Array Processors
35 (ASAP'92), Berkeley, Aug. 1992. Second, whenever the inner decoder makes an
error the errored sequence is likely to be from a small subset of all possible data
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inserted i he ﬁlg: :§ Tppm Nﬁ:lfvP

pseudo- raﬁg%etrtﬁ (?g agzrlp(j?(?gg%segs m%\ﬁtate he outer decodi ng
processs I f the ouﬁé¢0§5§b7 W&?&@NH%BWP@W%MW FPPRMEHought of
as a New e ML path and the best path among alternatives in "A Weighted-Output Variant of

the Viterbi Algorithm for Concatenated Schemes Using a Convolutional Inner
Code,” Proc. EUROCODE' 90, Udine, Italy, Nov. 1990. However, this method has
several disadvantages: (i) computational efforts grow exponentially with the memory
10 in the inner coding process, which implies more complexity and memory for
implementation; (ii) the technique is based on event length rather than propertics of
the code; and (iii) the tcchmque is restricted to Viterbi decoding. Thus, thcrc isa
need for a method and apparatus for post-processing to provide reliability
information about decoded data symbols at the output of decoders that are efficient
15 and that may be extended beyond Viterbi decoding.

Summary of the Invention
The present invention discloses a method and appa.tatus for post-

processing to prov1dc reliability information for decoded data symbols at the output -
of a decoder that avoids many of the dlsadvantages of prior methods. The invention

20 utilizes a suboptimal implementation of the optimal symbol-by-symbol detection
(OSSD) method. Instead of taking all possible paths at each time instant into
account as done in the OSSD, only one decoded path (which is the maximum
likelihood path for an inner Viterbi decoder) and a finite number of error paths are
computed. Hence, both the amount of computation and storage may be small

. 257 compared to ptesent techmques
The method and apparatus is first used for an inner decoder that is based

on the Viterbi algorithm. The method advantageously determines the probabilities
of a list of likely alternatives that differ from the decoded sequence at least in the
symbol for which the reliability information is being computed and uses the most

30 probable of these as a basis for computing the reliability. The method and associated
apparatus potentially have a smaller complexity than those using previously
proposed soft output Viterbi a.lgorithms because, unlike in p_revious techniques the
reliability information is computed for all states at each time instant, the réliability '
informat:_ion is evaluated only for the ML sequence. Second, the method and

35 associated apparatus advantageously recognize that the functions of likelihood '
evaluation and decision, which are inherently combined in the VA, could instead_\be
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code, ‘then its optimal decoder, which requires exhaustive search, is even
m)re difficult to i npl ement . 5. Several techni ques have been
devel.oped to i nprove the perfornance of concatenated coding systens. (One
such technique is the generalized Viterbi algorithm (GVA). See T.

Hashi not o, "A List-Type Reduced- Constrai nt General | zation of the Viterbi
Al gorithm™" IEEE Trans. Inf. Theory, |T-33, . 866- 876, Nov. 1987; N.
Seshadri asepar@e, This @Mb%mﬂmsﬁﬁ@é aPPli‘é%bﬂﬁ toanydsuboptgal or Error

Detecti on v 3R applfcaderss with # glleadike FhoRERAMISE. Fiaally,ane Texas,
pp. 1534- fi%%%uﬁgﬁ&ké&dr %p glgelnergﬂs alist of the L >ii best

esti mat es @@W%%Y&F@&ﬁ@‘ﬂ%@r BRATESPAF b (k) at the inner decoder
out put accor.dj ng t.o a tﬂ t hat descrl bes the inner channel. Each of

t hese candBHS TA¥M%8ed by the outer decoder according to a
metric tat best de)aberrlﬂmsrckbmdammmagesmﬁthelinvcﬁhenbelibcmmett;matcmlecoded

candi dat © SeRiED gem%m&e%zc%zageg o BB T o
Tabl e 1, the netri FlGol ilbewads mgonch@n@tgdsadmadﬁsmy make use of speech
based properties sgg RfRirdieda bHcaleARed @Bding system with interleaving and
deinterleaving. '
10 FIG. 3 illustrates a concatcnatcd coding system with a post-processor.
FIG. 4 illustrates the operation of a post-processor.

Detailed Description

I. Introduction
FIG. 3 illustrates an embodiment of the invention in which post-

15 processor 310 is used in a concatenated codmg system. Post-processor 310 accepts
the received sequence (k) and the output b(k) of inner decoder 308 and generates a
signal representing reliability mformatxo_n for use by outer decoder 312 in
determining d(k). The principles of the invention may be described as follows -
instead of constructing an optimal detector which combines likelihood evaluation

20 and decision making by the VA, both of these functions can be separated. In many
applications, it is too expensive to optimize the likelihood function (e.g., if the E
number of states is excessive). But a suboptimum (hard decision) decoder/detector
is often implementable. Also the likelihood function for the given problem is
assumed to be known. The hard decisions of the arbitrary decoder/detector are fed

25 into a likelihood function evaluator. To obtain reliability information for a particular
decoded bit, that bit alone is flipped, and the likelihood is evaluated. The ratio of the
likelihoods is then the reliability associated with this information bit. More |

generally, rather than ﬂipping a single information bit alone, we may choose to flip
some of the other bits too (e.g. neighboring bits) to compute the reliability of that bit.

30 Section II describes the proposed method in detail. Section III presents
illustrative embodiments of the method in different applicaiions indicative of the

. broad spectrum of possible applications.
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-3 + spectral .information, and inter-frame correlation in order to sel ect
tHe -of the L candi date sequences frgmthe inner decoder. In the second case

in Tabl e

1, the outer decoder chooses the candidate with zero syndrone from

the L best candi date sequences that are released by the inner decoder. See

Seshadri
synbol)

and Sundber g, supra Al ternatively, soft
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communications system with binary signaling and alphabet +1. Although binary
signaling is assumed, generalization to more than two levels is straightforward. The

' MAP (maximum a posteriori) detector at time k computes the likelihood or

10

conditional probability

P(be=j{re})

Here {r;} is the recetved sequéncc and j takes on values +1. The detected symbol is
the value with the higher probability and is denoted by. It is assumed that this
probability can be computed. See L. R. Bahl, J. Cooke, F. Jelinek and J. Raviv,
"Optimal Decoding of Linear Codes for Mininiizing Symbol Error Probability,"
IEEE Trans. Inf. Theory, vol. IT-20, pp. 284-287, March 1974. The reliability
associated with symbol b £ is

P (btl[ re})
1=P(bilri} -

Since the complemty of this mcthod is }ugh simplified or subopumal approaches are
desired.

Ly=

An alternative representation that is amenable to simpliﬁc':atioq isas
follows. Let the output of the outer code of Figure 1 be the data sequence {b(k)},
which is encoded by the inner code 10 produce the ransmitted data sequence

{5(b,k) }, where kis the time index. The received sequence {r(k)} is {s(b,k)}

" corrupted by the noise sequence {#(k) }. The noise random variate nk'is assumed to
- bean ii.d. (independent, identically distributed) zero mean Gaussian variate with

probability density function given by

1 -n}r2c?
e

2%

pa(ng)=

| where o2 is the variance of the Gaussian variate. Then the conditional likelihood of

the received scquc';lce conditioned on {&(k) } is
p((r b 3) = T palrtr-sa.001 .
k

Let S, (k) be the set of all sequences of {b(k)} for whicﬁ the data cétimate at nme k

b
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Hoeher; "A Viterbi Al gorithm Wth Soft-Decision Qutputs and its -
Applications,” Proc. G.OBECOM 89, Dal las, Texas, pp. 1680-1686, Nov. 1989;
J. Huber and Rueppel, "Reliability-Estimtion for Synbols Detected by
Trellis-Decoders,” (in German), AEU, vol. 44, pp. 8-21, Jan. 1990. In the
SOVA, the inner decoder releases the best path estimate at the output of

i the sequeiivh B (B bE ple e SEall Skccl of B 0N Tibl PiGR A5 has? Bl 00
the reliabil iat gme kﬁmhakbﬁclcnﬂsmdmmw prababiliticsibe B¢bypankP 4 ) he
i nner decodet, %“ﬁ]ﬁn}’cﬂéflﬂ‘c&hﬁﬁddﬁ ofithe @)‘S@Mucﬁﬁl qué@?@le&?BP ' ques

(al so known as opt| {W ynoo etection te can al'so be
used. However-l wasdrans@iied s gIved bys” much hi gher than soft- output Vit er bi

al gorithms. The soft-output techniques for post-decision
reliability generation suffer fromZhgyy&&f+hgs. First, the best data
sequence clearly passes EtfloggK-log ¢ in the Viterbi decoding
trellis at every tine.instant, and _wp c{sions are available with a

certain delay. Hence, if one i ntroduces a del ay in-conputing.the

sof g -out pgt S wheRER I%Mﬁﬁﬁf@d@kime’%hkﬁnﬁmlﬁcﬁ\i@ihb%ﬂné féﬂﬂl &Eske csAsSrb albi lity
ol 1abi ity gengon e the ol AR o A pRcuro oS, T e btdring T hus
has to conputrezussivety ardbqutqs block-processing, estimating of the noise variance 62, and ,
avoidance of numerical problems. See J. Hagenauer, P. Hoeher, and J. Huber, supra.
10 - Afirst step towards simplification of OSSD is as follows: let the
maximum likelihood estimate of the data sequence, which can be found cfﬁcxcmly
by the Viterbi algonthm be denoted by

(b} = arg max p [_{r(k)n{b(_ku]-

" (where arg.ma-x denotes the argument, i.e. that data sequence, which minirmzcs the
15 probability) and let the conditional probability associated with the ML decoded data
sequence be P(b) Consider a sequence {d(k) } that differs from { b(k) Jinbit
position k. In the presence of additive white Gaussian noise, this probability is given
by p({r(k)}l{d(k)}). Among all such sequences {d(k) }, only the one with the
highest probability is chosen. Let this sequence be {d* (k) } and let the associated
20 a postenon probabxhty be P(d *). Then, the likelihood function reduces to

L (k) K log 20.

L P(b)

P(d* _ _
. This task of generating an alternative hypothesis for the decoded symbol is done at

each time instant, and the reliability for that symbol is evaluated. However, the list
of altematives to be considered grows exponentially in the length of the data

- 25 sequence {b(k)}. A second smplxﬁcauon is to consider only the nearest neighbor
alternatives or the nearest ncxghbors and the neighbors at the next smallest distance,
etc. The number of nearest neighbors and the exact séquence structure can be
derived one the inner encoding process is specified. Let there be N nearest nelghbors
For each neighboring sequence d(k) we compute the a a posteriori probability P(d)

30 and choose the one with the largest probab:.hty This probability now appro:umates
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val ue .for each state at each tine. "Two step algorithns"” are nore
conputationally efficient, but their8drawback is the anount of nenory
required - typically, about 50% of the area of an integrated circuit
designed to inplenment the nmethod is consunmed by the additional delay units
needed to store netric differences. See J. Hagenauer, P. Hoeher, and J.

Huber, ” 50}{ UHBoudly!the Rirgeikk ﬁ)ﬁiﬁ&?'of'&kerﬁ!ﬁ%@'th%&t@%&@c{w ty $Or i thirs
and Appl i ca ns," submtted to é]ﬂlgEE Trans. Conmm : O. Jorgensen M Vaupel ,

and H. Meythe SOfFﬂ'lfﬂmoat\}f_"éfosk? Freate igcomppinong) complyxity, Noge thet b

Decodi ng, "y, Ph&Gerntdite ofhiefOS SIPp pannobpe epproschéd wwneraeféagﬁ@fép&bﬁﬁAP' 92)
Ber kel ey, 'ﬂg never the. i an error the

errored scepRsd 92 S‘ﬁ%’lg‘)i/nm&b’émég ¢ Ofihe W%ngﬂgi ‘Br“‘gaﬂ%‘ggm e data

5 respecuvely Howcver, the generalization is straightforward by taking multiple
paths into account and applying the high-SNR rule. See J. Hagenauer, P. Hoeher,
and J. Huber, supra. ' -

- In some applications, especially in time-varying situations, the distance
properties of the inner code are not given a-priori, such as for time-varying ISI
10 channels. It could be too time-consuming to compute this distance property. Then, a
further simplification is to consider the 22P alternatives that differ only within a
finite window from instant D to k +D. Let the output of an arbitrary inner
‘decoder be b(k). Let the associated a posteriori probability be P(5). For each
alternative sequence d(k), determine the a posteriori probability

P({r(k) }ifd(k)})

and choose the largest one. Let it be d* (k) and let the associated a posteriori

probability be P(d*). The likelihood at time , i.e. the reliability value of the k* bit

s |

L= ' P(b)

P(d*)

20 As an example, let us assumme that the smglc information bit is the most likely error,
and if D =0, the error table consists of only one entry, namely that sequence which
differs from the decoded sequence at time k and is the same everywhere else.

. Applzcanons
Qvervzew

. 25 Examples A and B consider concatenated cdding systems consisting of an outer
parity check code and an inner code, which is a binary intersymbol interference
channel with a memory of two channel symbols and a memory tworate R =1/2
convolutional code, respectively. The first stage of the inner decoder is a Viterbi
decoder with four states for both examples. Without reliability information from the

| inner decoder, the outer decoder can only perform error detection. In the presence of |
;chabuny information, howeyer, Wagner decoding can be performed to obtain 1~

dB gain for the two examples. The third example considers a coded synchronous

s

30
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« G Battail, supra; J. Hagenauer a

4 - sequences especially at noderate and high signal-to-noise ratios.

- Pri ot approaches nmake no use of tﬂi s property to reduce the conplexity. See
d P. Hoeher, supra; J. Huber and Rueppel,

'supra; J. Hagenauer, P. Hoeher, and J. Huber, supra; and 0. Jorgensen, M

Vaupel , and H Meyr, supra. Additionally, Sfez and Battail

have proposed a method which conputes the M. path and the best path anong

~al t er ngyg-CBMArsyStamNkithy b zsto-foreipg multiysendeteebr ¢*Hecovielasionidemictast). t hm f or

Concat e atrﬁﬂmégbhﬁéiﬁﬁcggﬁmemsao@wmmh'aaa Eﬁkigﬂhag everalaffe&c EUROCCDE' 90,

udi ne, However, this net di sadvant ages:

(i) cortﬁ@D‘dAl,tsmﬁiltaﬁﬂﬁé?b@%ov@@%ﬁ@néﬂl@ﬁﬂ%%@@wtﬁfﬁm)ry in the inner
codi ng (%%8,?9()” StSon QUM drd BbitSirocHRted WISIBR L&Y bé inFBRenBAWith lidar

I mpl ene (1i) the technique is based on event |ength rather than
pr opey taffast igiK ‘the code; and (iii) the technique is restricted to Viterbi

bost - privaewl & 1T el G QuEF PR GRER o about decoded dat a
synbol s at the Cuhgider thd excharpielof an dutet coddeeoasikting efrat single parity bit

added to 8 information bits. The output of the outer code is interleaved and

antipodally transmitted as + 1 or — 1-over an ISI channel. The ISI channel impulse
10 response is h(0)=0.26, h(1)=0.93, and £(2)=0.26. The noisy received data is

decoded by a 4-state Viterbi decoder performing maximum likelihood sequence

estimation. As described in J.G. Proakis, Digital Communications, McGraw-Hill,

2nd ed., 1989. Reliability information is generated by considering error sequences

which result in the smallest and the next to smallest Euclidean distances. There are 4

15 such error patterns. These are
020, 0,.,0, e©) =2, 0.
(@] =0,0,..,0, e0)=2, edl)=-2,0,.
) =0,0,..0, e®=2, e(l)=—2, £(2)=2, 0,.. (1)
{e® }=0,0..,0, e(0) =2, . e(1)=-2, e(2)=2, &(3)=-2, 0,..

20 A zeroin the error vector indicates no error, while a 2 indicates that+1 is decoded as
~ —1. Similarly -2 md1cates that ~1 is decoded as + 1.
The error patterns should be added or subtracted from the decoded
sequence dependmg on the sign of the decoded data symbol for which the reliability
is being computed. Without loss of generality let it be a* (k). If the sign of the
25 decoded symbol is negative (positive), then the error sequence should be added
(subtracted) to the decoded data sequence. Also, the error pattern is listed in such a’
way that the error symbol ¢(0) should be added to or subtracted froma ), e(l)to
a®(k+1), etc. Further, a valid error pattern for consideration is the one which when |
added or subtracted yields a legitimate alternative information sequence. For
30 example if the decoded data symbols in a window centered around a (k) are all -1,
then the only error sequence from the short list in (1), that yields a legmmate
alternative information sequence is { e(l) }. In general, two types of error events
should be considered. The first one is where the error event starts at time k. The

This Sheet Has Been Replaced

T




-~

and that may be extended beyond Viterbi decoding. Summary of the Invention
The present invention discloses g nmethod and apparatus for post- processing
to provide reliability information for decoded data synbols at the out put
of a decoder that avoids nmany of the disadvantages of prior nethods. The

I nvention utilizes a suboptimal inplenentation of the optinal

synbol - by-synbol detection ((OSSD) t hod. . Instead of, taking all possible
pat hs sdcorchene isiwhers e £RE SYEHt Sa%ggﬁmc%erd@ﬁﬁ@tiandhﬁ%n%ssa, only one
gecoge %d(dﬂ’ﬁhﬂf: _kdn&ﬁhthl&tﬂ%ﬁ% Anieprdr dozhishie Gehed@tOnliyahe formenner \/|bt eLbi )
ecoder) and a finit.e nunber. of erraqr S..are conput.ed. ce, both the
anount r@ﬂ“%‘fﬁ%??gf‘%ﬁtyacﬁ' gﬁxg{lg saaxgc?rggy ;8'@’5:&%%5 CS%%”SH’ %[tg ld?)é: esent |

t echni guessitation would have btem eveluated tefiereapparatus is first used for an inner
decoder that i : t | | g&tpgg?g ant ageousl y
det efmi nes the%&ggggfeﬂgﬁlggt%f?‘fgé Pl&s(tﬁkg?%ufeﬁge%ayn gﬁfer nati, Sggé(t hat differ

f rom t beft théorotaign seqperese thearipeissompytadfvesy biss. ¥oke PMIEES the reliability

i nformat j i ' wihetiedt bilitg & fliffediost probabl e of these as a

basi s f‘}?pﬁg%’rr%ﬁ?imr?lﬁ he reIi@éaibi?dIm?t yﬁThebrret hod and associ at ed appar at'us
pot ent igghl Ve BevRinar SombligionsiCadeatid GuiehParit Okeek Codeg previ ously

This examplé considers a rate R =11/12 parity check outer code and a
10 rate R =1/2 inner convolutional code. The overall rate of the concatenated code is
R=11/24. The convolutional code has memory M =2 with free distance djs., =5.

The total number of incorrect neighbors at distance d is denoted a 4. _
ay=a,=0a3=0a4 =0,as5=1,a¢=2, aq ==4, etc. Foreach neighbor at a distance 'd',
there are ¢4 information bits in error. ¢; =¢c3=c3=c4=cs=1,cg=4, c7=12, etc.

15 The soft outputs were produced with an error table consisting of error patterns with
Hamming weight d =5, 6, and 7.. At any.given time k, seven (as +a¢+a7=7) new
ﬂte@ﬁves need to be evaluated. (This is the number of list elements actually to be
stored.) However, in order to account also for error events starting at earlier instants,
‘one needs to consider all seventeen (¢ s +cg+c7=17) alternatives.

20 Parameter in this figure is the number of alternatives in the error table.
When the list size is ¢5 =1, only the Hamming distance 5 event is considered. When
the list size is c5 +c5=35, all events up to distance 6 are considered, and when the
listsizeiscs+cg+c7= 17, all events up to distance 7 are considered.

Exézmple C - Coded DS-CDMA System with ZF Multiuser Detector and Likelihood
25 Post-Processor ' ' t |
' . This last example demonstrates that the post-processor is not only
applicable to obtain reliability information in combination with a Viterbi decoder,
but can be more generally used to obtain reliability information given hard decisions
of any (inéiudihg 'suboptimuxh)‘dccodcr/dctector, if a likelihood function can be
30 formulated for this problem. This also leads to a new class of suboptimum
decoder/detectors. _ . : ' :
' The particular example considers coded synchronous DS-CDMA
system. The optimum multiuser detector delivering symbol reliability information is
an OSSD; see S. Verdu, "Minimum Probability of Error for Asynch:onous Gaussian

35 Multiple-Access Channels," JEEE Trans. Inform. Theory, vol. IT-32, pp. 85-96, .
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propased soft output Viterbi algorithms because, unlike in previous
“techniques the reliability informatjjon is conputed for all states at each
“time instant, the reliability information is evaluated only for the M.

~ sequence. Second, the-nmethod and associ at ed appar at us advant ageously
recogni ze that the functions of |ikelihood eval uation and deci si on, which

nge_ ' nher ]i:;]:[ 1|9>§6C %hng I<:¢.r':]r(rax(ljnlcxﬂy ??hxy é‘em&gy lhgw'ewr)csrt ﬁcrca?cs exponentially in the
qumber of users, K, and hence is impractical even for moderate X. The zero-forcing
(ZF) multiuser detector ("decorrelation detector") belongs to the class of linear
multiuser detectors, with a complexity which is only linear in K. This detector is
5 easily to implement when the signature sequence is known. However, since this
detector inverts the channel (analog to a zero-forcing equalizer inverting an ISI
channel), the outputs do not contain valuable rehablhty information, e.g. large
amplitudes do not necessarily represent reliable decisions. Therefore, this
embodiment illustrates a post-processor followin g the zero-forcing multiuser
10 detector or any other multiuser detector.
The basic method to obtain reliability information from any (hard
decision) detector for a problem with a given likelihood function is to substitute hard
- decisions into the likelihood function, and to flip successively only a single
information bit given the remaining decisions are fixed. This method can easily be
15 extended by flipping all permutations with two information bits, three information
bits, etc., or to evaluate the most likely error events. Thus, in the limit the optimum
detector is approached.
Consider a coded synchronous DS- CDMA system with X' =32 active
_users. The signature sequences are fixed consecutive chunks of length N=64of a
20 22 -1 PN sequence. The encoder is a rate 1/2 convolutional code with memory
M =2, i.e. four states, and the corresponding decoder is a soft-decision Viterbi
decoder with 32 symbols delay. The encoded bits are spread by a (B,M)=(64,24)
convolutional interleaver to (almost completely) randomize error bursts in the
receiver. The transmission format is binary antipodal signaling.' Each user is
25 transmitting over a Rayleigh fading channel with a normalized Doppler frequency of .
0.01. These channels are mutually independent, and are assumed to be pérfectly ’
tracked by the receiver.
Fmally, a class of new suboptimum decodcr/dctectors, e.g. multiuser
detectors, can be desxgned. The idea is to run any decoder/dctector with a following
30 post-decision unit, to sel;ct the, let say k, least reliable bit decisions, and to run
finally an optimum (post) decoder/detector for only these k information bits given
the remaining decisions to be fixed. Hence; the complexity of the post decoder is
only exponential in k instead of in K.

..
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separat ed. This inplies t Hat The p post processor is applicable to any
ptirat—tard-out put ). detector in applications with a given |ikelihood

funct i 0 mmmﬂu““ ‘Iﬁﬁﬂ chni ques may be generalized for an arbitrarya

coder. of the Brawi ngs Qt her features @d

.advant age"s §f the"invention will becone apparent fromthe foll ow ng

detai | ed description taken together with the draw ngs in which:

FIG 1 illustrates a concatenated codi ng system . FIG 2
illustrates a concatenated coding systemw th interleaving and

dei nt er (@a¥Shg. di ng system
with a post- probeéﬂﬁ‘h"d fmgemm%@% %@Jé%ﬁﬁﬁé%hﬁﬁﬁ?{ ?é@%ﬁgr g.lf[;)l on of a
post - pr g&ctgg&g#s s@a{ ahéreﬂ seidlatecoding eystern comprises@ufirst degoder, wherein FIG 3

il lustr L I essor 310 is
used in saiddostdacasls ’él G&Ir:%%slg% P%rg?at%?ggésggﬂpgﬁ%%ﬁgts

s comprising the steps of:
determining a likelihood function representing the likelihood of the

received signal given the first signal,
selecting a set of nearest neighbor to said first signal;

determining a set of 1,0</<L, likelihood functions representing the
likelihood of the received sequence given the set of nearest neighbors;

selecting the nearest neighbor [ with the greatest likelihood;

generating a signal representing a reliability value for the k™ bit in said

10

gy
(S S

 first signal wherein said reliability valie is a function of said received signal, said
first signal and said nearest neighbor.

15 | 2. The method of claim 1 wherein said first signal is a maximum _ * '
likelihood sequence estimate generated by a Viterbi decoder. .

3. The method of claim 1 wherein said reliability signal is input to a
second decoder.

4. The method of claim 1 wherein said set of nearest neighbors is
' 20 generated from knowledge of a code and the distance properties of said code wherein
said code was used to encode said received signal.

S. The method of claim 1 wherein said set of nearest neighbors is.

generated by selecting a pcrmutauon of bxt valucs for bits within a window around
said {th bit.

) 6. A system for generaung a signal comprising reliability information in
a decoding system wherein said decoding system comgrises a first decoder, wherein
' lace!

=
il



—_— e . st shaBe e e e e e e i
_the geceived_sequence r (k) and the output b(k) of inner decoder 308 and ‘“}

_gener at i esenting reliability information for use by outer
decod%{l@'ﬁﬂﬂﬂjﬂ ﬁ‘mi ng a(k). '_I'Ee_ principles of the invention may be
* 7 descri tf Oly : instead of constructing an optimal detector which

combi nes |ikelihood eval uation and deci sion maki ng by the VA both of these
functions can be separated. In nmany applications, it is too expensive to
optim ze the likelihood function (_e.%.d, i f the nunber of_ states is
excessi VGQ% But dedoder teqpdesairaceived HEadldp gPesmte ddesdigplistid S5t s of t en

a

I mpl enent €., Also the likelihood function for the given problemis
assurmed temPES¥Eown. The hard .deci.sions ,of the arbitr.arﬁdﬁ%giger det ect or
are fed into a | iednsforsisterpmripg 8 ikelihgaddpaguon Fepraspating they ty
i nformation, far .. | Athedtawligadlbit;, that bit alone is flipped, and
the IikeI‘Pff’rBeoﬁ’c?lssbdeEv%IIalug?Fd.. Thed Bk ellncldiBol held digpdands then the
reliabidity assocmeansdonsets i Pht NS mat | _%I r. re generally, rather
than flipping a siedsfor detarmining 8 setnftl.QR/Ghelikelihond fundtionse to flip some of
the other bits toq (g. E&efgﬁﬁbﬁg 1:064 BigusncelovenQRP st D hbGegie! 1 abi ity of
t hat bit.fePfcscnu"g%elﬁ(egréc |don Eécfesc%la%qbes tgﬁve proposed nethod in detail.
Section |\dishdoRRsents illustrative enmbodi ments of the nethod in different”
applications indi caf & Qiectii@mineadsiieagibbtMvith tiogeatkidikeiRdddeat i ons.
means for generating a signal representing a reliability value for the k™
bit in said first signal wherein said reliability value is a function of said received _

10

signal, said first signal and said nearest neighbor.
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”i:;G"- 1T A Met-hedsshor..Post - Processor Rellablllty CGener ati on
= G. 4 illustrates the steps perforned by post-processor 310 to generate
ignals containing reliability information for use by outer decoder 312.
sune a-.communi cations systemw th finary signaling and al phabet 1.
-Al t hough binary signaling is assuned, generalization to nore than two
l'level s is straightforward. The MAP (maxi mum a posteriori) detector at ti
k conputes the |ikelihood or conditional probability

POST PROCESSING METHOD AND APPARATUS FOR SYMBOL
RELIABILITY GENERATION '
Abstract
A method is disclosed for a post-processor for providing reliability
5 information about every decoded data symbol at the output of an arbitrary decoder.

This reliability information is generated by comparing the decoded sequence to a
small list of alternative sequences which differ from the decoded sequence at least in
the symbol for which the reliability is being evaluated. It is shown that this algorithm
is a simplification of the optimal symbol-by-symboi detector (OSSD).
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iz
P(b[err]=j(rlferr])) " Fere {r[err]} is, the received sequence and j takes on
val ues 1. Thﬁ det ected symbol is the val ue wifh the hi gher probability and
i's denoted bk. It is assunmed that this probability can be conputed. See L.
R Bahl, J. Cooke, F. Jelinek and J. Raviv, "Optiml Decoding of Linear
Codes for M.nimzing Synbol Error Probability,"” IEEE Trans. Inf. Theory,

vol . IT-20, pp. 284-287, March 1974. The reliability associated with synbol

[err]. is [err] Since the complexity of this nmethod is high, sinplified
or suboptinmal approaches are desired. An alternative '
representation that irs anenable to sinplification is as follows. Let the
out put of the outer code of Figure 1 be the data sggﬂfnce {b(k)),

121
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which is encoded by the inner code to produce the transmtted data sequence
“{s(byk)}, where k is the tine index. The received sequence {r(k)} is
.{s(b,k)} corrupted by the noise sequence {n(k)}. The noise random vari ate
‘nferr] is assuned to be an i.i.d. (independent, identically distributed)
zero nmean Gaussian variate with probability density. function given by

[err] where [err] is the variance of the Gaussian variate. Then the

condi tional |ikelihood of the received sequg zge conditioned on {b(k)} is
[err] Let S[err](k) be the set of all sequehces of {b(k)} for which the

data estinate at tinme k
f FIG. 4

G

RECEIVE INPUT {ry} AND OUTPUT by}
SIGNALS OF INNER DECODER

|

DETERMINE UIKELIHOGD

S o P(Ir{)Hib(k
-9 | | B . (ir{kHt (.)i)

) 4

GENERATE LIST OF N NEAREST NEIGHBORS |
fdi(k)} OF OUTPUT SIGNAL OF
INNER DECODER, i=N

- DETERMINE LIKELIHOOD OF INPUT SIGNAL
- GIVEN EACH NEAREST NEIGHBOR

P(tr(i)iia i(R)

¥

SELECT NEAREST NEIGHEOR WITH
LARGEST PROBABILITY, d*(k) =

" DALIATE RELLBIY VAj\.UEl —
L= PR
P(ir(k)ffa*(k)})

4

GENERATE SIGNAL COMPRISING INFORMATION
- ABOUT RELIABILITY VALUE '

L
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‘- Tx is +.1, and let S_(k) be the set of all sequences of {b (iksszer zre'
whi ch the data estimate at tine k is -1. Let the coresponding sequence
probabilities be-P(b[err]) and P(b_), respectively. Then, the |ikelihood
function of the GSSD under the hypothesis of a + 1 was trans_rritted is given
by L(k) = K log [erlr]

POST PROCESSING METHOD AND APPARATUS FOR SYMBOL
RELIABILITY GENERATION

Technical Field _
This invention is a method and apparatus for post-processoring to
provide reliability information for decoded data symbols at the output of a decoder.

Background of the Invention _
| The Viterbi algorithrn (VA) is well known as an efficient maximum

likelihood (ML) sequence estimator of data encoded by a finite state machine ‘and
corrup.ted by white noise. See, G.D. Fomney Ir., "The Viterbi Algorithm," Proc.
IEEE, vol. 61., no. 3, pp. 268-278, Mar. 1973. In many applications, the output of the
Viterbi decoder is further processed by a second decoder in a concatenated coding
system. FIG. 1 shows a concatenated coding system in which outer encoder 121
transforms an information sequence a(k) into sequence b(lc)' Inner encoder 123
further encodes sequence b(k) to produce a sequence to be transrmtted Inner
.decoder 125 decodes the received sequence r(k) to produce an estimate b(k) of the
sequence encoded by inner encoder 123. Outer decoder 127 then uses b(k) to’

~ generate an estimate 3(k)_-of the information sequence. Table 1 lists four examples of -

- specific coder combinations typical for the concatenated system'of FIG. 1. Inall of
these, the optimal decoder should operate on the j Joint state space of the outer and the
inner code to obtain an estimate of the information sequence. However, in the ﬁrst

'codmg combmauon ie. the combined speech and channel coding scheme, of

Table 1, it is not yet known how to describe such a decoder. In the other three cases,
_ sucha decoder may be too complex to implement especially when powerful codes ‘
are used for inner and outer codes. Hence a practical approach is to first perform the
decoding of the received data by the inner decoder followed by outer decoding.
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mhere Kis an arbitrary positive constant which is the same for all bits.
CBSD deci sion requires the conputation of all path probabilities. This may
be done recursively and requires bl ock-processing, estimating of the noise
variance [err], and avoi dance of nunerical problens. See J. Hagenauer, P.
Hoeher, and J. Huber; supra. -2-Afirst step towards
sinplification of OSSD is as follows: let the maxi mum|likelihood estimate
of the data sequence, which can be found efficiently by the Viterb

al gorithm be denoted by {[err](k)} = arg max p
[r(k)}{b(k)}], (where arg max denot es 4y grgunent, i.e. that data
sequence, which mnimzes the probability) and let the conditional
probability associated with the M. decoded data sequence be P(b). Consider

a sequence {d(k)} that_differs from{b i n.bit tion In.th
presence of addi t AAEFTRTCPEeT Gausgf"?ﬁ{éﬂ?g’é%é? m&l i tv@gergpeféﬁer
byp({r(k)}]{d(k)}). Among all such sequences {d(k)}, only the one with the
hi ghest probgbi | Isae_enﬁeﬁéu&en-_t&invbtuuannequevnerbbe {d* (k)Spegid let the
associ ated a posteriori probabi ll-fnthdeb P (d*. D hen, the |ikel |good function

reduces to er . ecoder

2. Error Detection Convolutional Viterbi - Syndrome

‘Encoder ~ Encoder Decoder Decoder
3. Convolutional  ISIChannel  Viterbi Viterbi
- Encoder Channel ) - Equalizer . Decoder

4.  Reed-Solomon ~ Convolutional  Viterbi . Emorsand

Encoder Encoder Decoder ~ Erasures Decoder

" Typically, the inner decoder produces burst errors. If the outer code is a
randomerror correcting code, then an interlea\ier/deinterleaver pair 222,226 as.
 illustrated in FIG. 2 may be inserted in the coding sy_stem of FIG. 1. The pair will
" help to pseudo-randcnﬁie the burst of exTcr_s S0 as to facilitate the outer decoding
process. If the outer code/intérleaver/inner code combination is thought of as a new
- code, then its optimal decoder, wh1ch reqmres exhaustlvc search, is even more .
difficult to implement. ' .
~ Several techniques have been developed to improve the performance of
concatenated coding systems. One such technique is the generalized Viterbi
' algonthm (GVA). See T. Hashimoto, "A List-Type Reduced-Constramt
Generalization of the Viterbi Algorithm," IEEE Trans. Inf. Theory, IT-33, pp. 866-
876, Nov. 1987; N. Seshadri and C-E. W. Snndberg, "Generalized Viterbi
Algorithms for Error Detection With Convolutional Codes," in Proc.
GLOBECOM' 89, Dallas, ‘Texas, pp. 1534-1538, Nov 1989. The GVA generates a
list of _the L > 1 best estimates (also called candidate sequences) of b(k) at the inner
decoder output according to a metric that describes the inner channel. Each of these
candidate sequences is decoded by the outer decoder according to a metric that best
describes the outer channel. The best of the L decoded candidate sequences is
 selected as the final estimate of the information sequence. For example, in a
combined speech and channel coding system ‘of Table 1, the metric for decoding the
outer code may make use of speech bascd properties such as pitch information,
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L*(k) = K log [err] O This task of generating an alternative hypothesis
for the decoded synbol is done at each tinme instant, and the reliability
for that synbol is evaluated. However, the list of alternatives to be

consi dered grows exponentially in the Ifngth of the data sequence {b(k)}. A
second sinplification is to consider onfy the nearest nei ghbor alternatives
or the nearest neighbors and the nei ghbors at- the next smallest distance,
etc. The nunber of nearest neighbors and the exact sequence structure can
be derived one the inner encoding process is specified. Let there be N

near est nei gipeotrsl infanmagimohandeintgntftamencprecdafioario @rdrriy selectabeplithe hhe a a

posteriori p{:‘,% DR kéx%teg&{yf{cﬁ‘ﬂ%eclm&s@ecw@' RNfRe YdoRAd A& naFA8S 1, the outer

probability now appr oxi nat es
decoder chooses the candtdate w1th zero syndrome from the L best candidate

sequences that are released by the inner decoder. See Seshadri and Sundberg, supra.
Alternatively, soft (symbol)-output Viterbi algorithms (SOVAs) have
been proposed to replace the VA at the inner decoding stage. See G. Battail,
"Weighting the Symbols Decoded by the Viterbi Algorithm," Abstracts of the IEEE
Int. Symp. Inf. Theory, Ann Arbor, California, p. 141, Oct. 1986; J. Hagenauer and P.
Hoeher, "A Viterbi Algorithm With Soft-Decision Outputs and its Applications,"
Proc. GLOBEC OM'’89, Dallas, Texas, pp. 1680-1686, Nov. 1989; J. Huber and
Rueppel, "Reliability-Estimation for Symbols Detected by Trellis-Decoders," (in
German), AEU, vol. 44, pp. 8-21, Jan. 1990. In the SOVA, the inner decoder
releases the best path_ estimate at the output of the inner decoder along with the
reliability information about each sytnbol in the sequence decoded by the inner
“decoder. The outer decoder then uses the reliability information in soft-decoding the
output sequence - of the inner decoder. Maximum a postenon symbol-by-symbol
detection techniques (also known as optimal symbol-by-symbol detection

techmques) can also be used. However, then‘ complex1ty is much higher than soft-
output Viterbi algonthms . _ :

- "The soft-output techmques for post-decision rehabthty generatton suffer
from shortcormngs 'First, the best data sequence clearly passes through only one
state in the V_1terb1 decoding trellis at every tune instant, and these decisions are
available with a certain delay. Hence, if one introduces a delay in computing the
soft-outputs, then the decoded symbols are available and the reliability needs to be
computed only for those Symbols.' However, the SOVA evaluates a reliability value
at the same time as the data is being decoded and thus has to compute a reliability
value for each state at each time. "Two step aigorithms" are more computationally
efficient, but their drawback is the amount of memory required - typically, about
S0% of the area of an integrated circuit designed to implement the method is,
consumed by the additional delay units needed to store metric differences. SeelJ.
Hagenauer, P. Hoeher, and J. Huber, "Soft- -Output Viterbi and Symbol-by-Symbol
MAP Decoding: Algorithms and Applications,” submitted to /EEE Trans. Comm..:

O. Jorgensen, M. Vaupel, and H. Meyr, "High-Speed VLSI Architectures for Soft-
Output Viterbi Decoding,” Proc. Int. Conf. Appl. Specific Array Processors _
(ASAP’92), Berkeley, Aug. 1992. Second, whenever the inner decoder makes an
error the errored sequence is likely to be from a small subset of all possible data
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P (d*¥). Qobviously the |arger the nunber of alternatives, the better is the
quality of the soft information at the cost of increase in conputationa
conplexity. Note that the perfornmance of the OSSD cannot be approached as

| ong as only one path is considered in the numerator (because of the prior
decision) and in the denom nator, respects.vely. However, the generalization
Is straightforward by taking nmultiple paths into account and applying the
hi gh-SNR rul e. See J. Hagenauer, P. Hoeher, and J. Huber, supra.

I'n some applications, especially in tinme-varying situations, the distance

properties of é{i‘@enﬁ%@s@e&gﬂf af"fn%d?xgte zgidvlﬁgh SieRALl B doise X6 8s. aisndxnar roaches

ti me-varying | cou trme-consum ng%ﬁo [oY0) ute t hi
di st ance” pr opanake. nonyseref this properertosedysrithe eqmplerity- sSaed s Rattilaprand 2[err]

al ternatives t}!ﬂﬁg%nmefrfaﬁa POBlo¥heM, §idpirh; B Hbat bt RidppeY siipaTi MisdenbberkP: D to K
D Let the Olﬁc?e Ear, ?Jl g'l .Eurp?zrzy atndr| 8 forgensen, M. Vaupel, and H. Meyr, supra.
Addmonally, Sfez and Battail have proposed a method which computes
the ML path and the best path among alternatives in "A Weighted-Output Variant of
the Viterbi Algorithm for Concaténated Schemes Using a Convolutional Inner
Code," Proc. EUROCODE’90, Udine, Italy, Nov. 1990. However, this method has’
several disadvantages: (i) computational efforts grow exponentially with the 'memory
in the inner coding process, which implies more complexity and memory for
implementation; (i) the technique is based on event length rather than' pfo;ietties of
" the code; and (iii) the technique is restricted to Viterbi decoding. Thus, there is a
need for a method and'apparatus for post-processing to provide'reliability
informatior about decoded data symbols at the output of decoders that are efficient
.and that may be extended beyond Viterbi decodtng '

Summary of the Invention . _

. - The present invention dtscloses a method and apparatus for post-
processing to prov1de rehab1hty mformauon for decoded data symbols at the output
ofa decoder that avoids many of the d.tsadvantages of prior methods. The invention
utilizes a subopnmal nnplementauon of the opumal symbol- by-symbol detecnon

" (OSSD) method. Instead of taking all possible paths at each time mstant into

" account as done in the OSSD, only one decoded path (which is the maximum
 likelihood path for an inner Viterbi decoder) and a finite number of error paths are

computed Hence, both the amount of computation and storage may be small

: compared to present techniques. :

The method and apparatus is first used for an inner decoder that is based
on the Viterbi algorithm. The method advantageously determines the probabilities
of a list of likely'altemat.ive's that differ from the decoded sequence. at least in the

.symbol for which the reliability information is being computed and uses the most
probable of these as a basis for computing the rehabﬂny The method and assoclated
apparatus potentially have a smaller complextty than those using prevxously
proposed soft output Viterbi algonthms because, unlike in previous techniques the
reliability information is computed for all states at each time instant, the reliability
information is evaluated only for the ML sequence. Second, the method and
associated apparatus advantageously recognize that the functions of likelihood
evaluation and decision, which are inherently combined in the VA, could instead be
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decoder be b(k). Let the associated a posteriori probability be P(b). For
each alternative sequence d(k), determne the a posteriori probability
P({r(k)]|{d(k)}) and choose the |argest one. Let it be d* (k) and let the
associated a posteriori probability be P(d*). The likelihood at tine k

I.e. the reliability value of the k[err]. bit is

[err] As an exanple, let us assune thgt the single information bit is the
nost likely error, and if D= 0, the error table consists of only one
entry, nanely that sequence which differs fromthe decoded sequence at tine

k and is the same everywhere else. |1I1. Appli catlong .
separated. This implies that the post-processor is applicable to any (suboptimal

hard-output) detector in applications with a given likelihood function. Finally, the
' techniques may be generalized for an arbitrary coder. .

N

Brief Description of the Drawings
Other features and advantages of the invention will become app'lrent
from the following detailed description taken together with the drawings in which:
. " FIG. 1 illustrates a concatenated coding system.
FIG. 2 illustrates a concatenated coding system with interleaving and

demterlcavmg
- FIG. 3 illustrates a concatenatcd codmg system with a post-processor.
FIG. 4 111ustrates the operauon ofa post—proccssor

Detailed Descrlptlon '

I Introduczzon
FIG. 3 illustrates an embodlment of the invention in wh1ch post- -
processor 310 is used in a concatenated coding system. Post-processor 310 accepts |
the received sequénce r(k) and the output l;(k) of inner decoder 308 and géne_fates a
's1gna1 representmg rehablhty information for use by outer decoder 312 in
| detenmmng a(k) ‘The principles of the mvennon may be described as follows -
instead of constructing an optimal detector which combmes likelihood evaluation
and decision making by the VA, both of these functions can be separated In many
applications, it is too expensive to opnrmze the likelihood function (e.g., if the
number of states is excessive). But a suboptimum (hard dec1s1on) decoder/detector
~ ~'is often 1mplementable Also the likelihood function for the given problem is
assumed to be known. The hard decisions of the arbitrary decoder/detector are fed
into a likelihood function evaluator. To obtain rehab111ty information for a pamcular
decoded bit, that bit alone is flipped, and the likelihood is evaluated. The ratio of the
* likelihoods is then the reliability asso_cmted with this information bit. More '

generally, rather than flipping a single information bit alone, we may choose to flip -
some of the other bits too (e.g. neighboring bits) to compute the reliability of that bit. -

~ Section I describes the propased method in detail. Section III presénfs
illustrative embodiments of the method in different applications indicative of the
broad spectrum of possible applications. '
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Overvi ew Exanples A and B consi der concatenated codi ng systens consisting
of an outer parity check code and an inner code, which is a binary

i ntersynbol interference channel with a nenory of two channel synbols and a
menory two rateR = 1/2 convolutional code, respectively. The first stage of
the inner decoder is a Viterbi decoder-g+th four states for both exanples.
Wthout reliability information fromthe inner decoder, the outer decoder
can only performerror detection. In the presence of reliability

i nformati on, however, Wagner decoding can be perfornmed to obtain aferr]- 2

gangﬁ'r ntor iq ORI PhEFroddiSor RISy TBkRufANS| der's a coded
' FIG. 4 illustrates the steps performed by post-processor 310 to generate
signals containing reliability information for use by outer decoder 312. Assume a
communications system with binary signaling and alphabet +1. Although binary
signaling is assumed, generalization to more than two levels is straightforward. The
MAP (fnaximum a posteriori) detector at time k£ computes the likelihood or
. conditional probability "

P(br=i\{re})

Herc {ry} is the received sequence and j takes on values *1. The detected symbol is
the value wnh the higher probability and is denoted b k- Itis assumed that this
probability can be computed. See L. R. Bahl, J. Cooke, F. Jelinek and J. Raviv,
"Optimal Decoding of Linear Codes for Minirfxizing Symbol Error Pfobability;"
IEEE Trans. Inf. Theory, vol. IT-20, Dp. 284- 287 March 1974. The reliability
assoclated with symbol b ¢ 1is

P(bil(re})
I‘P(5k|{rk}

Smce the complexxty of this mcthod is high, sunphﬁed or subopumal approaches are
desired.

-Lk='

An alternative representation that is amenable to sunphﬁcauon isas .
follows Let the output of the outer code of Figure 1 be the data sequence {b(k) ],
+ which'is encoded by the inner code to produce the transmitted data sequence
{ 5(b,k)}, where k is the time index. The reccwed sequence { r(k) }is{s(b,k)}
' corrupted by the noise sequence {n (k) } The noise random variate n; is assumed to
"be an i.i.d. (1ndependent, identically distributed) zero mean Gaussian variate with
probébility density function given by

-n}r2¢?
e

' _ 1
Pnng)= 0"\/——

where o2 is the variance of the Gaussxan variate. Then the condmonal likelihood of
the received sequence conditioned on {b(k)} is ‘

P (o ®)) = T patr-so.1 .
k

LetS +_(k) be the set of all sequences of {h(k) } for which the data estimate at time &

This is the replacement sheet

2 9 OCT 19%

Date:



-9- DS- CDVA systemwith a zero-forcing nultiuser detector

(*"decorrel ation detector"). A conbined |ikelihxperinmentsood eval uati on and
decision, e.g. by nmeans of the (SO VA, is not applicable for K= 32 users.’
Therefore, the outputs of the decorrelation detector are post-processed
whi ch can be inplenented with linear effort in K Exanple A - Inner 1Sl
Channel and Quter Parity Check Code Consi der the exanple of an
outer code consisting of a single parity bit added to 8 information bits.
The output of the outer code is interleaved and antipodally transmtted as
+ 1 or - 1 oyer hedls |

Z0.26. h(1)- Ql-lgf?t'ﬂd h§ _C(%‘?Bgﬂ{e >cTBﬁalh§é ‘g?e@é}gf |b\$e dpf&%ﬂ@gﬁg;h@gmﬁnm
4-state Vit etbimeikiodér 5éhxﬁspwwrw FRUHENGeREP msé@c{ﬂ@m)@nédwnﬂtmn
As descri bedy, w&w@v AriRakins [ikPliRbdPtuncRENENIE TS S and itk Aypdthddis oRnd ed.

1989. Rel i abi 1| ty i nf or mation is generated by considering error sequences
+1 was transmitted is given by

log—— ,
Z s_(k)P.(b_)

L(k) =

where K is an arbitrary positive constant which is the same for all bits. OSSD
decision requires the computation of all path probabilities. This may be done _
recursively and requires block-processing, estimating of the noise variance 62, and
avoidance of numerical problems. See J. Hagenauer, P. Hoeher, and J. Huber, supra.

A first step towards simplification of OSSD is as follows: let the
maximum likelihood estimate of the data sequeﬁée, which can be found efficiently
by the Viterbi algonthm, be denoted by o

(b06)} = g g p[{r(k)}l{b(k)}]

(where arg max denotes the argument ie. that data scquence, Wthh minimizes r.he
probability) and let the conditional probabxhty associated with’ the ML dccoded data
sequence be P(b) Con51der a sequence {d (k) J that differs from {b(k)}in bit
position k. In the presence of additive white Gaussian n01se, this probablhty is given
by p({r(k) }|{d(k)}). Among all such sequences { d(lc) J, only the one with the
highest probability is chosen. Let this sequence be {d™ (k) } and let the associated
a posteriori probability be P(d™). Then, the likelihood function reduces to '

P(b)

L(k)"‘Kl
*®rua

20.
This task of generating an altemauve hypothesis for the decoded symbol is done at
each time instant, and the reliability for that symbol is evaluated. ‘However, the list
of alternatives to be considered grows exponentially in thé length of the data
sequence {b(k)}. A second simplification is to consider only the nearest neighbor
alternatives or the nearest neighbors and the neighbors at the next smallest distance,

~etc. The number of nearest neighbors and the exact sequence structure can be
derived one the inner encoding process is specified. Let there be N nearest neighbors.
For each neighboring sequence d(k) we compute the a a posteriori probability P(d)
and choose the one with the largest probability. This probability now approximates
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which result in the smallest and the next to snmall est Euclidean di stances.

There are 4 such error patterns. These are {e[err]} =0, 0,....,0,
e(0) =2, O0,... {e[err]} = 0, O0,...,0, e(O2, e(1) =-2, 0,...
{el[err]} =0, O0,....,0, e(0)=2, e(1)=-2, e(2)=2, O,... (1) :
{el[err]} =0, 0, ...,0, e(0) = 2, e(.R-=2, e(2)=2, e(3)=-2, 0,... A

zero in the error vector indicates no error, while a 2 indicates that + 1
is decoded as -1.. Simlarly -2 indicates that - 1 is decoded as + 1.
The error-patter ns shoul d be added or subtracted -fromthe decoded sequence

dependi ng on N‘f&%@@ioﬁh{yj tﬁflagﬁﬁqgcegurqﬁé | t%ﬁhvé@ Ehevﬁytﬁflsttﬁg q{xﬁt'v%l?' lity

I s being conpute enera the sign
of the decodebe ssfhindprmationslydly east ebwgmes&/m)cormm)éﬁlqnﬁbcmpl@mmeuomét

shoul d be adqgd &&Max*@@h?% &S f&@mﬂﬁ%@‘iﬁﬁm@@ﬁﬁ RAGMERCELy s Parhlife error
pattern is Ilstg I n.such a
c0n51dered in the numerator (because of the prior decision) and in the denominator,
respectively. However, the generalization is straightforward by taking multiple
paths into account and applying the high-SNR rule. See J. Hagenauer, P. Hoeher,
- and J. Huber, supra. ' a
In some applications, especially in time-varying situations, the distance
properties of the inner c_ode. are not given a—pridﬁ, such as for tirné-varying ISI
channels. It could be too time-consuming to compute this distance property. Then, a
further simplification is to consider the 22P altefnativeS that differ_ only within a
finite window from instant £ —D to k+D. Let thé output of an arbi&ary inner
decoder be b(k). Let the associated a posteriori probability be P (b). For each
alternative s_equeﬁcé d(k), determine the a posteriori probability -

.f([r(k)}l{d(k_)})_ :

and choose the largest one. Let it be d* (k) and let the associated a posteriori
probability be P(d*). The likelihood at time k, i.. the reliability value of the k** bit
is - I o S
L, = PGy
. .P@Y)

As an example, let us assume that the singlé information bit is the most likely error,
and if D =0, the error table consists of only one entry, namely that sequence which
differs from the decoded sequence at time & and is the same everywhere else.

III. Applications

Overview

Examples A and B consider concatenated coding systems consisting of an outer
parity check code and an inner code, which is a binary intersymbol interference
channel with a memory of two channel symbols and a memory two rate R =1/2
convolutional code, respectively. The first stage of the inner decoder is a Viterbi
decoder with four states for both examples. Without reliability information from the
inner decoder, the outer decoder can only perform error detection. In the presence of

reliability information, however, Wagner decoding can be performed to obtain 4 1-
2 dB gain for the two examples. The third example considers a coded synchronous
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way that the error synmbol e(0) should be added to or subtracted from a*
(k), e (1) to a* (k + 1), etc. Further, a valid error pattern for
consideration is the one which when added or subtracted yields a legitinate
alternative information sequence. For exanple - if the decoded data synbols
in a wi ndow centered. around a * (k) are%l - |, then the only error
sequence fromthe short list in (1), that yields a legitimate alternative

i nformati on sequence is {e[err]} . In general, two types of error events
shoul d be considered. The first one is where the error event starts at tine
k. The DS-CDMA system with a zero-forcing multiuser detector ("decarflation detector™).

A combined likelihxperimenisood evaluation and decision, e.g. by means of the
(SOIVA, is not applicable for & =32 uysers. Therefore, the outputs of the
decorrelation detector are post-processed which can be implemented with linear
effort in XK.

Example A - Inner ISI Channel and Outer Parity Check Code
" Consider the example of an outer code consisting of a single parity bit

added to 8 information bits. The 6utput of the outer code is interleaved and
antipodally transmitted as + 1 or — 1 over an ISI channel. The ISI channel impulse
response is h(0)=0. :26 h(1)=0.93, and #(2)=0.26. The noisy received data is
decoded by a 4-state Viterbi decoder performing maximum likelihood sequence
estimation. As described in J.G. Proakis, ngztal Commumcatzons McGraw-Hill,

~ 2nd ed., 1989. Reliability information is generated by considering error sequences
which result in the smallest and the next to smallest Euclidean distances. There are 4

such error pattems These are

e} =0,0,.,0, _'e(0) =2, O,

(e®} =0, 0,..0, .-'e(0)=__2_? (1) =-2,00.
(e} 20,050, e@)=2, e()=-2, (2)=2, 0. (1)
(e} =0, o...,'o,, e(0) =2, e(1)=-2, e(2)=2, &(3)=-2,0...

A zeroin the error vector 1nd1cates no error, wh11e a 2 indicates that +1 is decoded as
- 1 Similarly -2 indicates that —1 is decoded as + 1. '

The error pattems should be added or subtracted from the decoded
sequence depending on the sign of the decoded data symbol for which the reliability
is heing cemputed Without loss of generality let it be a* (k). If the sign of the
decoded symbol is negative (posmve) then the error sequence should be added
(subtracted) to the decoded data sequence Also, the error pattern is listed in such a
way that the error symbol e(0) should be added to or subtracted from a *(k), e(1) to
a" (k+1),etc. Funher,_ a valid error pattern for consideration is the one which when
added or subtracted yields a legitirrrate alternative information sequence. For
example if the decoded data symbols in a window centered around ¢ * (k) are all -1,
then the only error sequence from the short list in (1), that yields a legirimate

(1)1

alternative mformauon sequence is {e* In general, two types of error events

should be considered. The ﬁrst_ one is where the error event starts at time k. The
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second one is where the error event started at an earlier instant and has
not termnated at time k and furthernore an error occurs at tine k. Only
the former requires new probability evaluations, since the probabilities
corresponding to the latter situation would have been eval uated before.
After deinterleaving both the decoded segyence and the corresponding soft

I nformati on sequence, the parity is conputed every 9 bits. If the parity is
incorrect, then the bit with the least reliability is flipped. Exanpl e B
- I nner Convol utional Code and Quter Parity Check Code Thi s

I siders a rate R = 11/12 parity check o ter code and a rate R =
i?gwnﬁefogon\%‘?‘lﬁq Yirf %ﬂ%‘“ﬁﬁ@%%‘r‘é‘%ﬁ&f%“ﬁf iptjastapiang hasackd code is

R = 11/ 24. Theemﬁnmﬁut tineal a:tzioﬁe 1hamraanefr¢r Mcr?rs?atVMrhc?L.L O@ﬂtw dxle%ﬁﬂ&e

dlerr] = 5. orrect nei r.s.a st a

denoted a[err ]r"qmﬁe[sélrg r‘] ngb‘? Iér’] ev&f P]“ SHE gmggblﬁflﬁsr?‘incspﬁndg% & Fhf =2,

aferr] =4, et dattd?crtumh\vnehdgmebeme\allmtat bafored, there are c[err]

information bits in ery

=c[err]=cl[err]=clerr]= {er d 1L1§errfe{1vm$ bOt thf gecﬁdegfe%{enm Zml%gle c8ﬁes%°tﬁdbrlﬁ S

wer e produced S(Afttllhfoama@@fl &ﬁquﬁmﬂ, Fhedlmé}' istqomputdd everpd bisat Ifehqpaniytlh
incorrect, then the bit with the least reliability is ﬂlpped - :

Example B - Inner Convolutional Code and Outer Parity Check Code
This example considers a rate R =11/12 parity check outer code and a
rate R =1/2 inner convolutional code. The overall rate of the eoncatenated code is
R =11/24. The convolutional code has memory M =2 with free distance d free =5.
The total number of incorrect neighbors at distance disdenoteday.
@1=as=az=as= =0,as=1, ag =2, a7=4, etc. For each nexghbor at a distance d,
there are cy4 mformanon bits in error. ¢, =Cy=C3=C4=Cs= 1, cg=4, c7=12,etc.
The soft outputs were produced with an error table con31st1ng of error patterns with
Hammmg weight =5, 6,and 7. At any given time %, seven (as +ag+ar= 7) new
alternatives need to be evaluated (This is the number of list elements actually to be
stored ) However,’ in order to account also for error events starting at earher instants,
 one needs to consider all seventeen (cs5+cg P 17) alternatives._
Parameter in this figure is the niurnber of alternatives in the error table
_ When the list size is c5 =1, only the Hammmg d15tance 5 event is considered. 'When
_ the list size isc 5 + ce= 5 all events up to distance 6 are considered, and when the
list size is ¢ 5 +C5 +c7=17, all events up to distance 7 are considered.

Example C - Coded DS-CDMA System with ZF Multiuser Detector and Likelihood

Post-Processor
_ This last example demonstrates that the post-processor is not only
applicable to obtain reliability information in combination with a Viterbi decoder,
‘but can be more generally used to obtain rclxabthty information given hard dec1sxons
of any (including suboptimum) decode r/detector, if a likelihood function can be
formulated for this problem. This also leads to a new class of suboptimum
decoder/detectors. :
- The particular example coasiders coded synchronous DS-CDMA

system. The optimum multiuser detector delivering symbol reliability information is
an OSSD; see S. Verdu, "Minimum Probability of Error for Asynchronous Gaussian

Multiple-Access Channels,"” IEEE Trans. Inform. Theory, vol. IT-32, pp. 85-96,
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Hanm ng wei ght d=5, 6, and 7. At any given tine k, seven (a[err] +aferr]
+alerr] =7) new alternatives need to be evaluated. (This is the nunber of
list elements actually to be stored.) However, in order to account also
for error events starting at earlier instants, one needs to consider all

seventeen (c[err] +cl[err] +c[err] =17) ghternatives. Par anet er
inthis figure is the nunber of alternatlves in the error table. Wien the
list size is c[err] =1, only the Hamm ng di stance 5 event is considered.

When the list size is c[err] + c[err]=05, all events up to distance 6 are

cvento-up.t o s e v torb bRl Gals e hanihE e a s Fibbusaiii &t em
wi th ZF Ml tinsebier DEusees, o, arddehiklinipoatichlostn Rsanedaae K. The zeroltorcug?'gi tso
ot cxampl € GeTR AL 53l b Leatals BLRSERT Rk Qb PO ofBRE 0L
can be nore gnmldus:lrld;taasml wich obozptextty|whibh isianjy lméarnmﬁ. i ‘Biris deteetor tsar d .
g T T R e
of subopt i wrﬁe@@wdqurgsetb@ghajmgl (analog to a zero-forcing equahzer mvertmg an ISI
- channel), the outputs do not contain valuable xjelxabxhty information, e.g. large
amplitudes do not necessarily represent reliable decisions. Therefore, this
‘embodiment illustrates a post—processor following the zero-forcing multiuser
detector or any other rnultiuser detector.
- The basic method to obtain reliability information from any (hard
dec1s10n) detector for a problem with a given likelihood function is-to substitute hard
decisions into the l_1kel1hood function, and to flip successively only a smgle
information bit given the remaining decisions are fixed. This method can easily be
extended by flipping all perrnutations with two information bits, three information
bits, etc., or to evaluate the most likely error events. Thus, in the limit the optimum
detector is approached |

Cons1der a coded synchronous DS- CDMA system with K = 32 active
users. The signature sequences are fixed consecunve chunks of length N =64 of a
222 —1 PN sequence. The encoder isa rate 1/2 convolutional code with memory
M= 2 i.e. four states, and the correspondm g decoder is a soft-declsxon therbx
decoder w1th 32 symbols delay The encoded bits are spread by a(B,M)= (64 24)
convolutional interleavér to (almost completely) randomize error bursts in the
receiver. The transmission format is binary antipodal signaling. Each user is
transmitting over a Rayleigh fadmg channel with a normalized Doppler frequency of
0.01. These channels are mutually independent, and are assumed to be perfectly
tracked by the receiver.

* Finally, a class of new suboptimum decoder/detectors, e.g. multiuser
detectors, can be designed. The idea is to run any decoder/detector with a following
post- -decision unit, to select the, let say k, least reliable bit decxsmns, and to run
finally an optimum (post) decoder/detector for only these k information bits given
the remaining decisions to be fixed. Hence, the complexity of the post decoder is
only exponential in k instead of in K.
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The particular exanple f‘ﬂnciders coded synchronous DS- CDVA system The

I ncreases exponentially in the GRANTED

-opti mum rmltl livering synbol reliability information is an
OSSD; see S ﬂ'l'n Probability of Error for Asynchronous Gaussi an
Mul tiple- Access nnel SS" tEEE Trans. Inform Theory..vol. 1T-32, pp.

85- 96, Jan. 1986. The conpizexity of [SHENGABORECPATENT{Owever,

Claims: , S
1. A methed for generating a signal comprising reliability information in
a decoding system wherein said decoding system comprises a first decoder, wherein
said first decoder decodes a received signal to generate a first signal, said method
comprising the steps of:
determining a likelihood function representing the likelihood of the

received signal given the first signal, -

selectmg a set of nearest neighbor to said first s1gna1
deterrnmmg a set of 1,0</<L, likelihood functions representing the

* likelihood of the received sequence given the set of nearest neighbors;

selecting the nearest neighbor / with the greatest likelihood;

generé.ting a signnl representing a reliability value for the k* bit in said
first signal wherein said reliability value is a function of said received signal, said
first signal and said nearest neighbor. |

2, The method of claim 1 wherem said first signal is a maximum
11ke11hood sequence estlmate generated by a V1terb1 decoder. '

3 The method of cla1m 1 wherem said rehab111ty 31gna1 isinputto a
second decoder. -

4. The method of clmm 1 wherein said set of nearest neighbors is

_ generated from knowledge of a code and the distance properties of said code wherein

said code was used to encode said received signal.

5. The method of claim 1 wherein said set of nearest neighbors is
generated by selectmg a permutanon of bit values for bits within a wmdow around
said Ith bit.

6. A system for generating a signal comprising reliability information in -
a decoding system wherein said decoding system comprises a first decoder, wherein
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nunber of users K, and hence is inpractical even for noderate K The

.-Zer o- fOI’CI n r detector ("decorrelation detector") belongs to
t he clas I@]‘ﬂ(ﬂm ser detectors, with a conplexity which is only

| i near i IS eaS|Iyt0|rrpIerrent when the signature
sequence |s knovvn However, since this.getector -verts—the—ehannel (anal og
to a zero-forcing equalizer inverting an ISl chgt OI?EngA'BENS ts do not
contain valuable -reliability information, e.g. |
necessarily represent reliable decisions. Therefore, this enbodi nent
illustrates q.: - f.Ql 1 0w : =f.or t tector
or  any ot hor “HOREY RE0EGIREyes N APSIERA 16 BRI E, SatP Bt 27
reliability kemprip8agi on from any (hard decision) detector for a problem -

with a given likeli h%@arfs%?&ét@ﬂnin%cl QIxﬁélhﬁioﬁtfHﬁd%mh%ﬁe%ﬁinﬁ'tR@ﬁkélﬂ{o%dt he
l'i kel i hood function, cessively only a single information bit

Ct
gi ven the reﬁﬁpﬁlrﬁiy"‘tﬂ%flgi“gr@’%‘r[@ E‘F%Eé&g“a}Fhl s method can easily be extended
by flipping all per numains@ossmddngta/\gbt bﬂfx&fr@tnbiyﬂb&i :stmdﬁtrseﬁgnzﬂf ormation
bits, etc., or to evaluat ae nost |o¥1?) IQL&ﬁQPB Thus, in the limt
the optimum det ect or T& ;e)ff Eﬁglgmgase g functiogye
synchronous Epréehving shetlikelihbodofthe réivecd seqeenes given thid setf gueatest e
sequences ar ‘ﬁeifgh%(&-g- consecuti ve chunks of length N = 64 of a

" means for selecting the nearest neighbor / with the greatest likelihood;

means for gerierating a s1gnal representxng a reliability value for the £
b1t in said first signal wherein said reliability value is a function of said received
signal, said first signal and said nearest neighbor. '
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222 1 PN sequence. The encoder is_a rate 1/2 convolutional code with
-menmory M =2, i.e. four states, and the correspondi ng decoder is a
soft-decision Viterbi decoder with 32 synbols delay. The encoded bits are
spread by a (B ,M = (64,24) convolutional interleaver to (al nost

conpl etely) random ze error bursts in the receiv .m..—“l on format
is binary antipodal signaling. Each uber is trang ING 2 IE % Rayl ei gh
fadi ng channel with a normalized Doppl er frequen e channel s
are nmutual ly i ndependent, and are assunmed to be- perfectly tracked by the
receiver. Finally, a class of new subogtl mum decoder/ det ect ors,

e.g. nultiuserPASTRROCESING DEETHH Y ND ATRRA $ FQR SYIYBLHy
decoder/detector with a foéi P B PESt (HESERIAGONIt, to select the, let
say k, least reliable bit decisions, and to run finally an optinmm (post)
decoder / detARSti@ct f or only these k information bits given the remaining

deci sions to be fi X‘Qdﬂ\,th@cﬂﬁ%sélbﬁd@@ﬁﬁ)b@é@lﬁrﬁcéégortfbﬁpﬂﬂi?dmg&Qﬁ@ﬂﬁyl s only

exponent almtjormauon .asbo%%‘gve?'y decoc{< d data symbol at the output of an arbitrary decoder.

This reliability information is generated by companng the decoded sequence to a

'small list of altémativc sequences which differ from the decoded sequence at least in
the symbol for which the reliability is being evaluated. It is shown that this algorithm
"is a simplification of the optimal symbol-by-symbol detector (OSSD).

FIGURE 4.
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-12-‘ W claim 1. A nethod fok .generating a signal conprising
reliability information for aglven synbol in‘a first signal in a decoding
system wherei n said decodi ng system conprises a first decoder, wherein said

first decoder decodes a received signal to generate said fi rst signal, said
met hod conprising the steps of: detergining the |ikelihood of the
recei ved signal given the first'sigkal, sai d recei ved signal having
been received over a comunications channel corrpted by noise;
FIG. 1
(PRIOR ART)
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selecting a set of L nearest neighbors to said first signal wher ein

;each nearest neighbor differs fromsaid first signal in the given
synbol ; determining a set of L |ikelihoods each representing the

| i kel i hood of the received signal given a respective near est nei ghbor
in the sel ected set of nearest neigh- bors; sel ecting the nearest
nei ghbour with the greatest |ikelihood, generating a signal representing
areliability value for the gi ver2 synbol in said first signal wherein
said reliability value is a function of said received signal, said
first signal and said sel ected rest nej ghbor. 2. The nmet hod of
claim1 wherein saird first signal igggfﬁgxinuéklikelihood sequence estinmate
generated by a Viterbi decoder. 3. The method of claim1l wherein said
signal representing said reliabity value-s input to a second decoder. 4,
The nethod of claim 1l wherein said set( ¢f\gt )near est
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We claim:

L Amcthodforgenemnngaszgnalcompnsmgmlmbzmy
information for a given symbol in a first signal in a decoding
system wherein said decoding system comprises a first
decoder, wherein said first decoder decodes a received signal
to generate said first signal, said method comprising the
steps of:

determining the likelihood of the received signal given the
- first signal, said received signal having been received

over a communications channel corrupted by noise;

selecting a set of L nearest neighbors to said first signal
wherein each nearest neighbor differs from said first
signal in the given symbol;

determining a set of L likelihoods cachreprcscunng the

. Gkelihood of the received signal given 2 respective
nearest neighbor in the selected set of nearest neigh-
bors;

sclecting the nearest neighbor with the greatest Hkelihood;

genmnngangnalmpxesennng a reliability value for the

given symbol in said first signal wherein said reliability
value is 2 function of said received signat, said first
signal and said.selected nearest neighbor. _

Z.Themethodofclaimlwhcreinszidﬁrstsignalisa
maximum likelthood sequence cstunatc generated by a.
Yiterbi decoder.

3. 'I'hemet.hodofclaxmlwheremsaxdmgnalrepzesennng
said reliability value is input to a second decoder.

4. The method of claim 1 wherein said set of L nearest
neighbors is generated from knowledge of a code, said code
having distance properties, and from the distance properties
of said code wherein said code was used to encode said
received signal.

5. The method of claim 1 wheremsaxd set of L nearest

- neighbors is generated by selecting an alternative set of

symbol values for svmbols. within a window around said
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6. The method of claim 1l wherein said first decoder is a suboptinmal decoder
+and f“rtQSHJEEHHJJﬂluLjiuLﬁuepS of : selecting a set of k symbols in said
first signa the |ikelihood of each second signal in a set
“of second s‘m‘\gﬁmﬁm ch second signal is forned by substituting
for said se sS kn.said first signal an alternative set of k
synbol s; and replacing said first signgl -by the second signal having

maxi mum | i kel i hood.

6. The method of claim 1 wherein said first decoder is a
suboptimal decoder and further comprising the steps of:
selecting a set of k symbols in said first signal;
determining the likelihood of each second signal in a set
of second signals wherein each second signal is formed
by substituting for said set of k symbols in said first
signal an alternative set of k symbols; and .
replacing said first signal by the second signal having
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We claim:
1. A method for generating a signal comprising reliability
information for a givea symbol in a first signal in 2 decoding
system wherein. said decoding system comprises a first
decoder, wherein said first decoder decodes a received signal
to generate said first signal, said method comprising the
steps of:
determining the likelibood of the received signal given the
first signal, said received signal having been received
over a communications channel corrupted by noise;

sclecting a set of L nearest neighbors to said first signal
wherein each nearest neighbor differs from saxd first
signal in the given symbol;

determining & set of L likelihoods eachreprescnnng the

likelihood of the received signal given a respective
nearest neighbor in the selected set of nearest neigh-
bars;

sclecting the nearest neighbor with the greatest likelihood;

gcneranngangnalrepmsennng a reliability value for the

given symbol in said first signal wherein said reliabitity
value is 2 function of said received signai, said first
signal and said.selected nearest neighbor, |

2. The method of claim 1 wherein said first signal is a
maximum likelihood sequence csnmate generated by a
Viterbi decoder.

3. The method of claim 1 whemnsazdngnalrepzesennng
said reliability value is input to a second decoder.

" 4. The method of claim 1 wherein said set of L nearest
neighbors is generated from knowledge of a code, said'code
having distance properties, and from the distance properties
of said code wherein said code was used to encode said
received signal.

5. The method of claim 1 wherein said set of L nearest
neighbors is generated by selecting an alternative set of
symbol values for symbols within a window around said
Given bit. '
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