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The present inygebksnog el ates generally to communi cation systgeBusHiesssy 5
particularly, the present invention relates to the decoding of encoded
digital communi cation signals transmtted over a fading channel by
generating side (reliability) information at the receiver.

1 |
METHODS FOR GENERATING SIDE INFORMATION
IN THE PRESENCE OF TIME-SELECTIVE FADING

Field of the Invention |

The present invention relates generally td ;¢QMMcaﬁon systems. More

5  particularly, the present invention relates to th__f_ef_gj-@ecoding of encoded digital

communication signals transmitted over a fadizlé:__channel by generating side
(reliability) information at the receiver.

' ound of the Invention ,
In TDMA (time-dimension multiple access) and other communications
10  system, Rayleigh fading can present significant problems Reliable communication

over fading channels requires a large bit energy to noise ratio %, It is known
o

that when communicating over a fading channel, the uncoded bit error rate (BER)

decreases inverse linearly, rather than exponentially, with % . See, for
0
example, Wozencraft et al., Principles of Commun{iqﬁq{ion Engineering, John Wiley
15 and Sons (1965). While a desirably low error probablhty of 10”° can be achieved
with a signal margin of only 13.4 dB for a noncoherent channel with no fading
using binary orthogonal signaling, a signal mar
required for a fading chanmel. See, for exampiﬁ:"% Viterbi et al., "Advances in
Coding and Modulation for Noncoherent Channels: Affected by Fading, Partial-
20  Band, and Multiple-Access Interference,” Advances in Communications Systems,
vol. 4, pp.279-308. Fading can also cause a loss xh. capacnty and a reduced channel
cutoff rate, as described in Stark, "Capacity and Cutoff Rate of Noncoherent FSK
with Nonselective Rician Fading," IEEE Trans. Commun vol. COM-33, pp.1036-
44 (Sept. 1995).

of approxima;ely 50 dB is




Ba:ckgfround of the Invention In TDVA (tinme-dinmension nultiple
access) and ot her communi cations 10 system Rayl eigh fading can present

significant problens. Reliable comunication over fading channels
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5 Trepetition coding scheme can reduce the required signal margin necessary to achieve
an error probability of 10° from 50 dB to about 22 dB.

In a fading time-selective TDMA communication system, more than one data
symbol is transmitted per time slot. If the system uses some form of coding, it is
desirable to obtain information concerning the reliability of the symbols in a

10 particular time slot, erase unreliable symbols, and use errors-and-erasures correction
decoding. Such reliability information can include, for example, information
indicative of the number of errors in a particular transmission, "soft" information
used to decode the transmitted information, and other types of information. Thus,
it is desirable to develop practical techniques for generating reliability information

15  during each time slot.

The most common techniques for obtaining reliability information about a
channel for coded communications systems fall generally into two categories: pre-
detection techniques and post-detection techniques. Such techniques are described
in for example, Pursley, "Packet Error Probabilities in Frequency-Hop Radio

20  Networks- Coping with Statistical Dependence and Noisy Side Information," IEEE
Global Telecommun. Conf. Record, vol. 1, pp.165-70, (Sec. 1986). Pre-detection
techniques are usually complex, involving methods such as energy detection or
channel monitoring, and are therefore undesirable. ~Among Post-detection
techniques, McEliece et al., "Channels with Block Intefference, * IEEE Transaction

25  onInform. Theory, vol. IT-30, no. 1 (Jan. 1984) suggested the transmission of test
bits to learn about the channel. This method was applied to frequency-hopped
multiple access channel to detect the presence of a bit in a given time slot in
Pursley, "Tradeoffs between Side Information and Code-Rate in Slow-Frequency
Hop Packet Radio Networks,"” Conf, Record, IEEE Int’l. Conf. on Communications

30  (June 1987). Similar techniques have been used to generate reliability information
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To conpensat e (f 05, I;g; signal and capacity | oss of fad| ng, NMD$fer,

conmmuni cati on systens use some formof error-correction coding. "ﬁgr Padl ng
channel s, nost of the loss incurred fromfading can be recovered usi ng

di versity (repetition) coding with some optimally-sel ected cos
rate. For exanple, a 5 repetition coding schene can rdRuge Sq.qggrr\-%ﬁ
signal margin necessary to achieve an error proball

from50 dB to about 22 dB. 3

concerning a hop in a frequency-hopping spread-spectrum communication system

in the presence of fading, as suggested in Hassan, "Performance of a Coded FHSS
System in Rayleigh Fading,” Proceedings of the 1988 Conference on Information
Sciences and Systems. Similarly, test bits can be used for carrier recovery and

5  synchronization purposes. All of these methods described above involve making
"hard" decisions on the test bits, resulting in a loss of power. In a conventional

hard decision case, the receiver makes hard decisions on the test bits T. If more

than a threshold number or percentagé of the test bits in a timeslot are in error, then

the detector declares all of the data symbols D transmitted during that slot as "bad”,

10  and generates erasures for all symbols in the bad slot. If fewer than the threshold
number are in error, then the detector declares all symbols transmitted during the

slot as "good", and delivers the corresponding estimates to the decoder. The
performance measure of interest in the hard decision case is the probability of bit

error, and the threshold must be chosen to minimize this probability. It would be

15  desirable to reduce power loss in a practical, relatively simple method for generating

reliability information.

Summary of the Invention _ _
According to exemplary -embodiments of the present invention, side
(reliability) information indicative of the reliability of the data transmitted in a time
20  slot in a coded TDMA communication system subject to time-selective Rayleigh
fading is generated by performing soft decisions to decode test bits. According to
a first method, transmitted test bits known to the receiver are included in each slot,
and a mathematical distance, such as the Euclidean or Hamming distance between
the transmitted known test bit sequence and the corresponding received sequence,
, 25  is determined by the receiver to decide whether the corresponding slot is reliable or
not reliable.  Alternatively, the channel state during 2 slot interval can be
determined in a system which uses concatenated codes. According to this
embodiment, the inner code is used to generate the information about the reliability
of the data received over a chamnel. Significant enhancement in system
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In a fadi ng tine-selective TDMA communi cation system nore than one data
synmbol is transmitted per time slot. If the systemuses some form of
coding, it is desirable to obtain i nformati on.concerning the

reliability ynbol s i 10 s m ez tfe sl ot | i abl e
synbol s, and Hgkggﬁors and- &Pé"LPFEg“ ﬁa@éﬁk?ﬁl&ﬁ decodlén'gﬁgyg}w%ﬁ
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i ndi cative of the number of errors in-.a particulaf transm ssion, "soft"

i nformation used to decode-the transmitted information, and ot her
types of information. Thus, it is desirable to devel op practi cal
techni ques for generating reliability i nf ordrati on 15 during each ti rre

sl ot . The nost .c echni s for, ohtai n| .reliabil
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FIG. 3 is a block diagram of an exemplary communication system employing

concatenated coding, in which the method of the present invention can be used.

Detailed Description of the Preferred Embodiments

15 Referring now to FIG. 1, an exemplary .communication system for

transmitting encoded digital communication signals, in which the method of the
present invention can be implemented, is shown. The system includes 2 channel
encoder 10 for encoding digital data bits or symbols to be transmitted, a modulator
12 for modulating the encoded data symbols and transmnung the symbols over a
20  transmission channel 14 to a receiver, a detector 16 for detecting/demodulating the
transmitted symbols at the receiver, and a decoder 18 for decoding the detected data
symbols. The encoded, modulated symbols are preferably transmitted using time-
division multiple access (TDMA), in which the symbo]s are transmitted in frames,
each frame including multiple time slots. In a TDM__A system, a communication
25  channel is defined as one or more time slots in each frame which are assigned for
use by a communicating transmitter and receiver. Each ‘_tjime slot contains numerous
encoded bits or symbols. It will be appreciate'd that the present invention is
applicable to other communication methods as well. ?.'-:i' :
According to a ﬁrst embodnnent of the present invention, reliability

Thxs Sheet .Has Been Replaced




30 (June 1987). Similar techniques have been used to generate reliability
i nformation concerning a hop in a frequency-hoppi ng

spf ead- spectrum comuni cation systemin the presence of fading, as
suggested in Ro§9mkhmes Performance of a Coded FHSS System in Rathsdo@ivser

Fadi ng," Proceedings of the 1988 Conference on Information Sciences and

Systens. Simlarly, test bits can be used for. carrier recovery and
synchroni zati on purposes. Al of these nmethods 5 descri bed above

i nvol ve maki ng "hard" decisions on the test bits, resulting in a | oss of
power . In a conventional hard decision_case, the receiver makes hard

: nor e éhan a threshold nunber or

| f
percentage of the.test bit.s f E{El ﬁ;". ' , Flgﬁﬁ
det ect or decl ares “é'l%fm%tfont'ﬁg%d ymmo sl@rqelfdé’nél a{%gﬂu“tﬁ;&&% OISS’I%' as
"bad"™, and gener atusing soft decisioms b adecdder tha|test hjtshoAs exemplary paitrs lofitsymbbls
fewer than the t hrtl('aaipmoitt%d r%xllj gbt?nrle S (r)te isls ov%rrx ril? E‘IG.t f.erkuch a pattern can be encoded in

channel encoder 10, modulated in modulator 12, and transmitted over transmission

decisions on the test bits T.

5  chamnel 14. Three types of symbols are transmitted in each time slot: information
symbols, redundant symbols, and a set of known binary test symbols T.
Collectively, the infdrmation symbols and the redundant symbols are referred to as
data symbols D. The detector 16 determines the mathematical distance (e.g.,
Euclidean or Hamniing) between the known pattern of transmitted test bits and the

10 received test bits, compares the distance to a threshold, and generates an indication
of the reliability of the data symbols in that time slot, based on the comparison.
This indication of reliability can be used to indicate to the decoder that the data bits
contained in a time slot are mnéct or incorrect. Thus, a mathematical distance
measure between the test bits as transmitted and as received is used instead of hard

15  decision trellis pruning. The test bits are most preferably interleaved within each
time slot, as shown in FIG. 2. Interleaving and deinterleaving can be performed by
a suitable known interleaver and deinterleaver (not shown in FIG. 1).

Each symbol output by the detector 16, in addition to the reliability
information, to the decoder 18 is one of three types: a correct symbol, an erroneous

20  symbol, or an erasure (loss of data). The decoder 18 preferably corrects the errors
and erasures, and outputs information estimates for conversion to speech signals.
If the error-and-erasure correcting capability of the particular code or codes is
exceeded, the dedode_r fails, and the receiver outputs the information symbols of the
vector received from detector 16, including errors and erasures.

25 Alternatively, two decoders can be used in parallel, with a selector to choose
the output of one of the decoders. According to such an embodiment, one decoder
is used for errors-and-erasures correction, and the other decoder is used only to

. correct errors. Using such a scheme, when the error-and-erasures decoder fails to

decode because the ‘-'ferror and erasure correcting abilities of the code have been
30 exceeded, the error éorrection decoder is selected to output the correct codeword,



10 the detector declares all synbols transmtted during the slot as

'!good", and delivers the corresponding estimates to the decoder. The
per f or mance neasure of interest in the hard deci sion case is the

probability @loddshiegrror, and the threshold nust be chosen &E‘W"We this
probability. EP 0 664 625 di scl oses a . system es hard

deci sions and/or "soft" decisions 1 5 using a trai'ni ng sequence.
Reliability information is generated based on the anplitude of the

recei ved signal and the dispersion, the anplitude and the di spersion being
determ ned partly from soft deci sion yariabl es. It
woul d be desirable to reduce power IOSS||1%1pract|caI relatively sinple

met hod f or ' Su f. the
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P %ammmg distance of the inner code. In the soft decrston decoding scheme of the
present invention, the inner code corrects all codgwords within a threshold
mathematical (e.g., Euclidean or Hamming) distance A from a codeword, and

15  otherwise outputs an erasure. The inner decoder may be used for detection of
errors, correction of errors, or both. If the inner decoder is used for detection of
errors only, then each erroneous symbol of the mner code will cause the outer
decoder to generate an erasure. To correct errors that are not detected nor corrected
by the inner code, the outer code preferably also corrects errors and erasures. The

20  outer code is preferably a Reed-Solomon code, but it wnll be appreciated that other
suitable codes can be used. .

An example will now be described where a stream of data includes a fraction
o which is channel encoded with a rate r, code andafractmn 1 - o encoded with
a rate r, code. Then the effective total rate r, is:

r¢=_~L_
e 1-a
r r,

25 It will be appreciated that this example can be extended to a muiti-rate coding
scheme is straightforward using this equation. The stream of data is assumed to be
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4. : performance, particularly with respect to the signal-to-noise
ratio, is possible using t he techni ques of the. present invention.
Brief Descripti@urfiod N Draw ngs The present | P ASdoNessAN De
under st ood nore P ﬁ‘y by reading the following 5 Det ai | ed Description of

the Preferred Enbodi nents in conjunction with the attached dr awi ngs,

in which |ike reference indicia indicate |ike elenents

and i n which:

FIG 1 is a block diagramof an exenplary communi cation system for

transmtting encoded digital comunication S|7gnal s, 'in which the nethod of

t he

10

15

20

25

a frame in a time slot assigned to a single user in aDMA system. For a half-rate
coder in a TDMA system, a bandwidth expansio gf;l;or of 1/0.7 (6.5/4.5) or less
is tolerable; i.e., r, = 0.7. If only a portion of:'thg___fiiam is to be protected, then r,
= 1 and o

3+7wx

If ¢« = 1/4, then a code rate r;, = 037 can be used. Thus for a
concatenated coding system with a Reed-Soloniqiiz;outer code and an extended
Hamming (8,4) inner code, capable of correcting one error and detecting 2 errors,
the Reed-Solomon code rate is around 0.74 (037/05)

Such a scheme can be implemented as folki\:y;__'é. Outer encoder 10b encodes
every fourth bit with a Reed-Solomon (15,11) oute '..cfode. This code operates over
Galois-Field GF(2*) with 4-bit symbols. Each outéi' code symbol is further encoded
by inner encoder 102 using an extended Hammmg code which corrects one error
and detects two errors. If the inner decod:f 8a detects errors, then the
corresponding Reed-Solomon symbol is considered: imfeliable, and the inner decoder
18a informs the outer decoder 18b of this um'elxabillty The outer decoder 18b uses
this soft information to correct ¢ errors and r erasures suchthat 2¢ + 1 < 4. A
suitable algorithm is the Berlekamp-Massey bounded-distance decoding algorithm
including Galois field calculations as described in e.g., Lin and Costello, Error
Control Coding: Fundamentals and Applications, Chapter 6, available from Prentice
Hall Publishers. It will be appreciated that other dccodmg algorithms can be used.

The inner decoder 18a can be implemented t ya
likelihood decoder.

While the foregoing has included manjf d
understood that these are merely for purposes'

oft decision or a maximum-

ils and specificities, it is to be
okt lanation, and are not to be
construed as limitations of the invention. Many modificatlons will be readily
apparent to those of ordmary skill in the art which 'do ot depart from the spirit and




present invention can be used; 10 FIG 2 is a diagramof an
exenpl ary test bit pattern contained in a TDVA burst; and

FIG 3 is a block di agram of an exenpl ary comuni cati on systen1enp|oy|ng
concat enat edwoosisgigs i N Whi ch the nethod of the present |n\r:€(ﬂ[{,@n can be
used. Det ai | ed Description of the Preferred Enbodi 19807
Referring nowto FIG 1, an exenplary communication system for
transmtting encoded digital comunication S|gnals -in which the nmethod of

t he present invention can be inplenented, is ‘shown. The system
i ncl udes a channel encoder 10 for encodlng digital data bits or
synbols to be transmtted, a nodul ator 12 for nDduIatlng t he encoded

data symnbol s an a épe xggﬁl ansn155|on channe
14 to a recei VegchE 5‘; ect’%‘?gﬁf of 8$ 'é'(sztb?'ng'f’d ”B\‘ﬂ!‘lgaf‘ 7 apd their legal
transnmitted symeguisalentst he recei ver, and a decoder 18 for decoding the
detected data synbol s. The encoded, nodul ated synbols are preferably
transmtted using time- division multiple access (TDVA), in which the
synbols are transmtted in franes, each frame including nultiple tine
slots. In a TDMA system a communication 25 channel is defined as one or
nore time slots in each frane which are assigned for use by a

comuni cating transmtter and receiver. Each tine slot contains numerous
encoded bits or synbols. It will be appreciated that the present invention
IS applicable to other comunicati on nethods as well.

According to a first enbodi nent of the present invention, reliability
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information is generated: bu u"bﬂmm known pattern of test bits or
synbol s, and yyooyseissl N9 S Mmmldecode the test bipgnsiiiosser
exerrplary pattern of sy ols t"rahsmtted inatine slot is show in

FIG 2. Such a pattern can be encoded in channel encoder 10,
nodul ated in nodul ator 12, and transmtted over transm ssion 5 channel

14. Three types of synbols are transmtted in each tine

sl.of . inf.oretten

synbol s, redundant synbols, and a set of kno bi nary t
Col l ectively, the information synbols and thé redundant

referred to as CLA[\Q%{a synbols D. The detector 16 detlef
e

mat hemat i cal di stanc e.g.

STHIS BMEET $1AB, BEEN
sy ThOREPIACGED

||; 1ITCS lile -

1.A method for generatmg reliability information indicative of the reliability

of data transrmtted over a TDMA comnmmcatlon channel, comprising the steps of:

transmlttmg one or more of a sequence of test bits i

in each time slot of the

5 TDMA commumcatlon chanpel, _the test bits being known to the receiver prior to

the step of transmnung

determining, at the- recelver, a mathematical -distance between the sequence

of test bits as _k_nq_wn_to the receiver and the sequence of test bits as received by the

receiver; and .

10 genereting, at the recei\fer; reliability information indicative of the reliability
of data transmuted over the TDMA communication channel based on the
mathemancal dlstance and mfonnatlon estimates of the transmitted data.

2. The method of claim 1, wherein the mathemnatical distance is a Euclidean

distance.

15 3. The method of claim 1, wherein the mathematical distance is a Hamming

distance.

4, The method of claim 1, further comprising the steps of:
mterleavmg the test bits with information symbols within each time slot prior

20

5. T-he mém&a of claim 1, further comprising the steps of:
generatmg a sequence at the receiver, the sequence including correct

symbols, errors, and erasures, and

. correctmg ¢ errors' and erasures to generaxe the information estimates when

25  the number of errors d era

the sequence as-

his Sheet"Ha., Been R,

L Il!ﬁll

_ures does ‘not exceed a threshold value, and outputting
ormauon estunates when the number of errors and erasures




Eucl i dean or Hanmi ng) between the known pattern of transmtted test bits
and the 10 received test foi"tS""'con"pares -t+he—di stance to a threshold, and

generates an indication DU ity of the data synbol s in
that tinme sl ey d onth l ﬁm m (l Thi s indi catgQnsdsh
reliability can eusedtorn coder -t hat the ata

contained in a tine slot are- correct or |ncorrect_ hus, a mat hematrcal
di stance measure between the test bits as transnitted and as received
I's used instead of hard 15 decision trellis pruning. The test bits are

nost preferably interleaved within each ti neisl TFHBSSWS%F&(

2. Interleaving and dei nterl eaving can be f:ﬂerformed by REBLAM
known i nterl eaver d %g@%er (not shown in FIG

Each synbol out ﬁﬁ‘f “'Fﬁt’eﬁ%"i T 16, in addition to the reliabili ty
I nformation, to the decoder 18 is one of three types: a correct synbol, an

erroneous 20  synbol, or an er SpLe |l oss of dat.a).. The decoder 18
preferably corrects hﬁﬁwg?"(éo? gg{gpggng MEFEIOFut s i nf or mat i on

estimates for converg ﬂﬂ% §p®qﬂh¢:§|:ﬂrﬁesrecewer, éfse(iﬂéﬁcee'iﬂcﬂfdn?g‘%ﬁﬁésure
correcting capablllty of the particular code or codes is exceeded,

the decoder fai [¥mbelBderrors, andesaspess; out puts the information synbols of t he

vector receigyed from.ge
Al ter natlvel%;, two decoder canq’tl)'el usel ﬁgg{ta Flaﬂﬂmtet&g%@&?cec@

4y

choose t herasutep,uand)t:ormang)fermtsemdaeemw siecotiex whein the dnoéeﬂckeqaence
enbodi nent , one d [ r - - sur C ion,
and the ot her g‘?@? “Pseftfé‘%"a "63’('#}3?"% J r agﬁggisﬁtggc@gygﬁo g‘ig (ﬁrgtilggitc
schenme, when thdear&nhasalr&nexmwdes decoder fails to decode because

the error and erasure correcting abilities of the code have been 30
exceeded, the error correction decoder is selected to output the correct

codeword. 7. A method for transmitting, comprising the steps of:
10 ' performing a first coding of bits to be transmltted, using a first code, to
generate first coded bits; o
performing a second coding of the first coded bits, using a second code, to
generate second coded bits; -
transmitting the second coded bits over a TDMA communication channel to
15  areceiver;
receiving the second coded bits at the receiver and decoding the second
coded bits to gcnerate one or more codewords; -
correcting, in a first decoder, all codewords wit_l_tin a threshold mathematical
distance; and
20 generating, in the first decoder, erasures for all codewords not within the
threshold mathematlcal distance.

8. The method of claim 7, further compnsm :""the step of correcting, in a
second decoder, errors and erasures generated by the 5

9. The method of clmm 8, wh : m the step of cortectmg errors and erasures
25  is performed using a Berlekamp d'f. e

I'hls Shcet Has Been Rep l
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both decoders fail, the receiver preferabl out | uts the information symbol s
of the w6 sPkes vector, Emluut“ !ﬂm nd -er asur es.peT/UST/09807
According to an alternative enbo 'FIG 3, a concatenated

codi ng schene is used. That is, two encoders 10a b .and two decoders 18a,b

are 5 used to performencodl ng and decoding in two st -
The second (i nner) encoder 10a further encodes the [STHISSHEESiASIBEEM,
first (outer) encoder 10b ‘i n each sl ot,, The concat egnat edRéBti%f:Dsyster
of FIG 3 preferably interl eaves the outer code, and—each—

i nner -codeword is transg ty@dn@He of clainf e wheRéR the fifdd Vecoder is § ¥6dftCdEeision
preferably uses the inner code to detect and correct errors, as wll now be

10 described. | rdegodednventional hard decision decoder, the inner code
corrects e errors

»

11. The method of claim 7, wherein the first decoder is a maximum
likelihood decoder.

5 12. A communication system, comprising:
a receiver; and
a transmitter for transmitting a TDMA communication signal including one
or more of a sequence of test bits to the receiver in each time slot of a TDMA
communication channel, the test bits being known to the receiver;

10 wherein the receiver determines a mathematical distance between the
sequence of test bits as known to the receiver and the sequence of test bits as
received by the receivér, generates reliability information indicative of the reliability
of data transmitted over the TDMA communication channel based on the
mathematical - distance, and generates information estimates of the TDMA

15  communication signal.

13. The system of claim 12, wherein the mathematical distance is a
Euclidean distance.

14. The system of claim 12, wherein the mathematical distance is a
Hamming distance. '

20 15. The system of claim 12, further comprising:
an interleaver for interleaving the test bits with information symbols within
each time slot of the TDMA' communication channel prior to being transmitted by
the transmitter; and
a deinterleaver for deinterleaving the reliability information and the
25  information estimates.

Sheet Has Been Replaced .
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and detects f errors (e < f) provided e + f < d[err], where d[err] is t he
ni-ni fum Hamm ng di stance of the inner code. In the soft decision
decodi ng schene of the present invention; the inner code corrects al

CHg?ran\Mr)uE]?Sd\lMs ance em]esp(r)logn a||mmf“ﬁmﬁm (eot hér\lfz\nuglai,ou pJ{aé"‘%n

erasure. The inner decoder fay be tised ﬁorsdefectlon of errors,
correction of errors, or both. If the-inner decodeyf: i s-used for detection

of errors only, t hen each erroneous symbol of:t hg oY

cause the outer decoder to generate a erasure. Jw]%%i TEW'@tsr‘%ér@‘
that are not detected nor corrected 5 t he i nner {code, He oater cpde
preferably al so corr t ar u T er e LS
preferably a Reed- Solef(;ﬁrm %g{eﬁl ??‘aﬁ{laﬁ vf‘h%geéngifé @%‘?’%ﬁ'#%ﬁ?g

sui tabl e codes ciacluide corsent! data symbols, erroneoﬂmdaxaymb@s vand ermresbandi%eﬂeid)tEd
where a streamo t& data incl udg@ea fracti imgersgll whi ch |s channel
encoded with a rifEECFVEL qorrects meg“sfsﬁﬁ’gﬂsaﬂd ures Ip gpnezafe thedpfopmation

a rate r2 code. chhifftes Micf iHeaminbueof epiond ankiatBurel 86dsinot Siceed d MFdshold valud5

It will be appreciated that this exanple can be extended to a nulti-rate

codi ng schene is straightforward using this equation. The stream of
data is assuged to0 D&y A communication system, comprising:

a first encoder for generating first coded bits using a first code;

a second encoder for generating second coded bits from the first coded bits
using a second code;

a modulator for modulating and transmmmg the second coded bits;

10 a first decoder for decoding the transnntted second coded bits to generate one
or more codewords, correcting codewords thhm a thrcshold mathematical distance,
and generating erasure for all codewords not within the threshold mathematical
distance; and

a second decoder for correcting errors and erasures generated by the first

15 decoder. -

18. The communication system of claim 17, wherein the first decoder is a

soft decision decoder.

19. The communication system of claim 17, wherem the first decoder is a
maximum likelihood decoder.

20 20. The communication system of clann 17 wherein the threshold
mathematical distance is a Euclidean distance. '

21. The communication system of clalm 7 wherein the threshold
mathematical dlstance is a Hamming dxstance L
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frame in a time slot assigned to a single user in a TDVA system For a
hal f-rate in a TDVA system a bandw dth expanS|ogCB%§ f
1/0.7 (6.5/4. gs or ﬁé is tolerable; i.e., rferr] =0.7. If only a

portion of the data is to be pr ot ect ed, tQ?P r2
[err]

= 1 and

FIG. 1

| cnammes
= Gwoes [T MOOULATOR

J 3
10 12

TRANSHISSION
CHANNEL

~——  oECoOER |  DETECTOR

S )
18 E 16




5 . If [err] = 1/4, then a code rate r[err] > 0.37 can be used.
Thgé‘for a concat enated codi ng systemw th a Reed- Sol onon outer code
and an extended Hamm ng (8,4) inner code, capable of correcting one
error and det axopTISMIIB errors, t he Reed- Sol onon. code r atpgrnssowbsgpnd
0.74 (0.37/0.5). .Such a schene can be i nplenmented as foll ows.
Quter encoder 10b encodes 10 every fourt2/2bit with a Reed-Sol onon (15, 11)
outer code. This code operates over " CGalois-Field GF(2[err]) with
4-bit synbols. Each outer code synbol is further encoded by i nner
encoder 10a using an extended Hanm ng codezwhich corrects one error

and detects two errors. |If the inner 18a detects errors, then the
correspondi ng Reed- Sol onbn synbol is ¢ d unreliable, and the inner
decoder 15 18a inforns the outer decpd® .18 of this unreliability. The
out er decoder 18b uses this soft]i tion'to correct e errors and
r erasures such that 2e +r < 4. A algorithmis the

Ber | ekanp- Massey bounded-di st ance decofi @<al gorithm i ncluding Gal oi s
field cal cul ations as described in, e. and Cogtello, Error

Control Codi ng: Fundanent al ? avail abl e from
Prentice 20 Hal | Publi she gt ot her decodi ng
al gorithms can be used. The i nner dgcoed 1Ba can be

i npl emented by a soft decis RBX T Mum | kel | hgod decoder.
Wil e the foregoing has inc| ud&l ny details and sp&ciffcTties, it is to
be under st ood that theselare nerely for purpdsaﬁ of explanation, and
are not to be 25 construed as lifitations of tHe i®ven}fion. Many
modi fi cations will be readi!l T

CHANNEL
ENCODER
)

10a
INNER
DECOVER
3
18a

FIG 3

CHANNEL
ENCODER
)

10b
UTER
DECODER
5
18b

INFORMATION
SYNBOLS
ESTIMATES
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“apparent to those of ordinary skill
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spirit and WO 97/ 50198
PCT/ US97/ 09807 scope of the i nvent ion, as defined by the

following clains and their |egal equi val ent s.

19

15

30

concetning a hop in a frequency-hopping spread-spectrum. édiiimumca:iun sysiem in the
presence of fading, as suggested in Hassan, “Performance of a Coded FHSS System in Rayieigh
Fuding," Proceedings of the 1988 Conference on Information S(.' m.c.s and Systems. Similarly,
iest bits can be used for carrier recovery and sync.hronuauon purposcs All of these methods
described above involve making "hard" decisions on the test bits, resulting in a loss of power.
In a conventional hard decision case, the réceiver makes hard'c_!e;:_':i_sions on the test bits T, If
more than a threshold rumber or preentage of the tesi bits in a dmesio: are in error, then the
detector declares all of the data symbols D fransmitted during that siot a3 "bad”, and generates
arasures [or all symbols in the bad slot. If fewer than the threshold nuraber are in error, then

the detector declares all symbols transmitted during the slot as "good”, and delivers the

cOr responumg estimates to the decoder. The performanc: measure of interest in the hard

scision case is the probability of bit error, and the rhrcshnld_muﬁ_ be chosen to minimize this

probabilicy.

EP 0 664 625 dlscloscb a system which makes hard deﬂsmm and/or “soft” decisions
using a training seyuence, Relmbmry .mormalxon is generated bused on the amplitude ol the
received signal .md the dxapersxon the ampumt.e and the dﬁperston bc.ng determined partly from
soft decision varubles. L '

It would be desirable to reduce power loss'in a prat.uc.al."‘f'relat1‘/ely simplc m.mod for
generating reliability mronmnon. o
Summary of the Invention

According to exemplary embodxments of the present iovention, side (reliability)

information indicative of the reliabidity of the data transmitted in 4 time slot in a coded TDMA

communication system subject to time-selective Rayleigh fading is generased by perforramg soft

decisions to decode test bits. According i0 a first method, transmitted test bits known tw the
receiver are included in ea..!t slot, and a m.tthemat'cal dlstance “such as the Euclidean or
Hamming distance between the tranmmtted known test bit sequcnce and the corrasponding
received sequence, is determined by the receiver o decide wh*ther the corrcspondmg slot is

reliable or not reliable. Alternatively, the channel state- durmg a alot interval can be determined

in a system which uses con"atenated codes Act.urdmg 0 thxs embodlment the innet code is
used to generate the 1mormauon abouc the reliabilicy of the d' a received over a channel.

Significant ephancement in system per tormanc.. parm.ularly ."'jtl; espec: 10 the signal-to-noise

ratio, is possible using the techniques of the present imventio;
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9" CLAIMVB: 1. A nmethod for generating reliability information
iEdl cative of ~the-retiabt frty—of—da’ta transm‘tted over a TDMA comruni cati on

annel , conpri S : transmtting one or nore of a-
sequence of te EIH IB i‘m ﬁlﬂm
the test bits

me slot of the TDMA.communi cati on channel,
1e receiver prior to the step of

transmtting;: det ermi‘ni'ng,” at the receiver, a nmathematical distance

bet ween t he sequence of test b| ts as knovzp to the r.ecei ver an

of test bits as received by the receiver;” and, gen SBQEE*&HAS!&E N

receiver, r%LAaIR«k ity--information . REPLACED

Remsame

- 1. A method for generating r‘.lm'nhty information muxcanw of the reliability of
data transmitted over 2 TDMA communication channel, bompnems. {ne steps of:

transmitting one or more bits ot a sequence of test bits in each time siot of the

W

TDMA communication channel, the test bits being known to the receiver prior w the step
of transmiiting; _ ,
determining, at the réceiver, a mathematical disrancg:_;gémccn the sequence of test
bits as known to the rec:;"ive-r und the sequence of test hits as f¢¢¢ivcﬂ by the receiver, and
generating, at the receiver, reliability information ifx'_d_icati'v'«;' of the rcliability of _
10 dama transmitted over thé TDMA communication channél’_*‘ﬁased on the mathematical’

distance, and information estimates of the transmitted data.

2. The methed of claim 1, wherein the mathematical Jdistance is a Euclidean

{istance.

-

3. The method of claim 1, wherein the mathematical distance is a Hamming

distance.

4. The method of claim 1, further comprising the siéps of:

[
<

interfeaving the test bits with information symbois within cach tie slot prior to the
step of transmitting; and b

deinterleaving the reliability information and the in_fbrmation estimates

5. The method of claim 1, further comprising the steps of:

)
n

generating a sequence at the receiver, the sequence: including correct symools,
crrors, and erasurcs; and

correcting the errors and erasures to generate the information estimates when the

number of errors and erasures does not exceed a thresl;_o!.d value, acd outputting the

T . [REPLACEMENT SHEET
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indicative of the reliability of data transmtted over the TDVA
cormunl cation channel based on the mathematical di stance, and information

éstimtes of the transmitted d ie met hod of claiml,
wherein the mathematical distang nlll "II&"“IIH IIcHe‘ di st ance. 3. The
met hod of claim1, wherein the mathensat ¢al sd|=stanc_e is a.Hamm ng di stance.

FlLE D b RY RTINS W PR

R

4. The nethod of any one of the preceding clains, -furthgr—ecompri-strg—i-he
steps of: interleaving the test bits with infor WS%%T\MA&BEEN
each time slot prior to the step of trad8nmitting; and | dei nREPLACED ng

the reliability information and the information estimate
scqucnce as the information estimates when the number of exrora and erasures exceeds the

threshold value.

6. ‘The method of claim 1, further comprising the steps of:
5 generaring a sequence at the recciver, the se'qucnce.includ*rig correct symbols,
errors, and erasures, ,
correcting errors and erasures in a first decoder when tke sequence imcludes
erasurss, and correcting errors in a secord decoder when the decoded sequence inciudes
1o eraseres or when an error and erasure correction capacity of the {irst decoder tas been

10 exceeded.

4 method for transmicting, comprising tae steps of; .
performing a first cud.ing of bits to be ransmitted, usmg a tirst code, to generate
first coded bits; '
i5 performing a second coding of the first coded bits, usmg a second cude, o generate
second coded bits; _
transmitting the second cuded bits over a TDMA _co’.r_nmunicati_on channel to a
receiver; |
receiving the second coded bits at the receiver and decoding the second coded bits
20 to generate' one or more codewords; o | |
correcting, in a first decoder, all codewords wnthm 4 threshold mathematical
distance,
generating, in the first decoder, erasures for all codewords not within the threshold
. mathematical distance; and '

25 correctmg, in a second decoder, errors and erasures genem’wd by the first decoder.

8. The methed of claim 7, wherein the step of correcting errors and erasures is

performed using a Berlekamp decoding algorithm.

T R
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~T0 5. The nethod of any one of the preceding clains, further -
conprising the steps of: generatl ng a sequence at the receiver, .the

sequence i ncluding correct synb m] ﬁn ma“matm‘erasures and

correcting the errors and erasux “‘ E he information estimates
when the nunber of errors and era‘suf'es dots fnot' exceed a threshol d val ue,
and outputting the sequence as the inf.ormation esti mat es when the nunber__of

errors and erasures exceeds.the threshold val ue. .
any one of clains 1 to 4, further conprilding the step-s

S
REPLACED

9. The method of claim 7, whercin the first decoder is a soff Gecision decoder.

10. The method of claim 7, wherein the first decoder is a maximum likelthood

decoder.

11, A communication sysiem, comprising:
a receiver; and
4 transmitter for. transmzt'xng a TDMA communication 51gna1 including ofe or more
bits of a sequence of test bits to the receiver in cach time slot qt a TDMA communication
10 ¢hannel, thc test bits hemg known to the receiver; . " ]
wherun the receiver determines & mathematical dmauce perween dhe sequence of
west bits as known to the receiver and the sequence of test bxt;-_-i_gs_- received by the receiver,
generates reliability informarion indicative of the reliability ot datz transmitted over the
TDMA communication channel based on’the mathematical dis:ance, and generates

1S information estimates of the TDMA communication signal.

12. The system of ciaim 11, wherein the mathematical distance is a Euclicean

distance.

20 13. The system of claim 11, wherein the mathematical distance is a Hamming

- distance.

14. The system of claim 11, further comprising:

an interleaver for interleaving the test bits with information symbols within each

being transmitted by the

25 time slot of the TDMA communication channel prior t
transmitter; and | ’
a deinterleaver for deinterleaving the reliability informaticn and the information

estimates.
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-"generatl ng a sequence at the.receiver, the sequence including correct
synbols, errors, -and erasures; correc”tl ﬁg‘“errors and erasures in a
first decoder when the sequengﬂl’"mu ~and correcting errors in
- a second decoder when the dec H@” Iudes no erasures or when an
. error and erasure correction capality ts e |rst decoder has been
exceeded. 7. A nmethod for transmtting, conprisi the steps of.
performing a first coding of bits to be transnmitted, usi 1Q‘Ht8 SHEBT HAQCBE,EN
to generate first coded bits; perfo’r-m ng a second C)dl ng RE‘PLy\bEDfI rst

coded bits, usi n& a.second code, to generate second codet—btt-s
transmtting Thesyslgm elydaim 1h waereigibe recawcrrmmmmmms owiwlirannel
to a receiv of A, Vi e C, 0 ; rec |ver .as one
or nore poscgz‘lE ”g/d‘c“grs g.%lslesde@g&ée%rdg 8 8& qggl d“ ‘kﬁ’i‘“@?&b THRd

bits by corgoeriiste efrondvubisymbols dﬁ@eﬁlewrss w:g)metﬂﬁ &!é mfb@@l@m{ dﬁma% tWieR @
‘t hreshol d

the number of crrors and erasures does not cxceed a threshold value.

16. A communication system, comprising:

a first encoder for: generating first coded bits using a first cude;

a second encoder for generating second coded bits from the first coded bits using
a second code; | _ |

0 a mod.xla:or for modulatmsz and transmitting the semnd coded bits;

a first decoder for decoding the wansmitted second coded bits 10 generate one or
more codewords, corrcctmg codewords within a threshold I_I_x_athcmaucal distance, and
generating erasure for all codewords not within the threshold mathematical distance: and

a second decoder for correcting errors and crasures generated by the {irst decoder.

,__
W

" 17. The communication system of claim 16, wherein the first decoder is a soft

-decision decoder.

18. The communication system of claim 16, wherein the first decoder is a

20 maximum iikelihood decoder.

19. The t.ommumcanon system of uazm 16, wherem the threshold mathematical

distance is a Eacl;dﬂan dxsmnce

25 © 20. The communication system of claim 16, wheremthe “hreshold mathematical

distance is a Hamming distance.
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11 .. mat hemati cal dfstaﬁee-er-generatlng,ir1the first decpdeﬁzﬁag?ixbgiéﬁgé

1y _corrupted cod the threshol d mat hemati cal v
ori¥ in a ﬁmﬂE II&UH% ‘Errors and erasures generated Dy the first
decoder. - claim 7, wherein theREPSACEMENY SHEET

correcting errors and erasures is perfornmed using a Berle
al gorithm . The nmethod of claig7 or 8, whereinthe

CLAIMS:

1. A method for generating reliability information
indicative of the reliability of data. transmitted ovef a
TDMA communication chénnel, comprising the steps of:

transmitting one or more of a sequence of test bits
in each time slot of the TDMA communication channel, the
test bits being knoﬁn to the receiver prior to the step of
transmitting; ' '

determining, at the receiver, a mathematical distance
between the sequence of test bits as known to the receiver
and the sequence of test bits as received by the receiver;
and

generating, at the receiver, reliability information
indicative of the reliability of data transmitted over the
TDMA communication channel based on the mathematical
distance, and information estimates of the transmitted
data. |

2. The method of claim 1, wherein the mathematical

distance is a Euclidean distance.

3. The method of claim 1, wherein the mathematical

- distance is a Hamming distance.

4, The method of any one of the preceding claims,
further comprising the steps of: |

interleaving the test bits with information symbols
within each time slot prior to the stép of transmitting;
and

deinterleaving the reliability information and the

information estimates.
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decoder is a-soft_decision decoder. 10. The net hog—ef =ttt
wherein the first decoder is a maX| mum | i kel i hood decode REPLACEMENII'lSHEET
comuni catlon m tﬂmummm" a receiver; -and a transnrttryr

for transmtti i cation signal incl ud_i ng e Oﬁ%&ﬂ&a |
sequence of test its tb tthe* receiver in each tine slot [of

communi cati on channel, the test bits bei known to;the AT A
wherein the receiver determnes a nathematical:i-di stjance between the

sequence of test5pitsThs keeWsd ot hanyecrie/esr abet - TTRIF CcPEIREST
bits as received by the receiver, generates reliability information

i ndi cative BArgher ?@¥P§b$¥ngyth©fSt§§§a°ffransn1tted over the TDMA

conmuni cati on chwg% on?%%e ﬁ%&@té&gl rgbéiggge, tef': d Sg&ﬁlgrat es

i nformati on comunt catron &
including correct symbols, errors, and erasures, and

correcting the errors and erasuréé% to generate the
information estimates when the number of errors and
erasures does not ekceed a threshold value, and outputting
the sequence as the information estlmates when the number

of errors and erasures exceeds the threshold value.

6. The method of any one of claiﬁsll to 4, further
comprising the steps of: “;

generating a Sequence at the recei#er, the sequence
including correct symbols, errors, and.eresures;

correcting errors and erasures ig] a first decoder
when the sequence includes erasures, andtcorrecting errors.
in a second decoder when the decoded sequence includes no
erasures or when an'error and erasure correction capacity -

of the first decoder has been exceeded.

7. A method'for transmitting, comprising the steps
of: o

performing a .first coding of bitsito be transmitted,

using a first codeﬁgﬁo generate first code
performing a second coding of theé' ' first coded bits,

using a second code;”to generate second ded bits;

transmitting the second coded blts over a TDMA
communication channel to a receiver;

the receiver as

receiving the second coded bits L

one or more possibly corrupted codewordi and

correcting, in. a

decoding the‘second coded bits b
within a threshold

first decoder, co fupted codewords




12 12. Fhe-system of--cl-aim 11, wherein the mat hemafi 2
Eucl i dean di st apce. Thé system of claim 11, \hg Aﬁﬁk@ﬁ@?%ﬁmtf

Iﬁn’ ng di st ance. - 14. The system of an}y
h

gﬁtth][ratC: gﬁlm 1 ml@mﬂ I“,LH‘I er conpri sing: —an i pt pr REnDEC 2080

interleaving the test bitswith information synbols withlnfeach tine sliot

of the TDVA conmuni cation channel prior §p being transmfted by tne

transmtter; and ' _
mathematical distance or generating, in the first decoder,

erasures for all corrupted codewords not within the
threshold mgthematical distance; and
correcting, in a second decoder, errors and erasures

generated by the first decoder.

8. The method of claim 7, wherein the step of
correcting errors and erasures 1is performed using a

Berlekamp decoding algorithm.

9. The méthod of claim 7 or 8, wherein the first

decoder 1is a soft decision decoder.

10. The method of claim 7 or 8, wherein the first

decoder is a maximum likelihood decoder. -

11. A communication system, comprising:

a receiver; and

a transmitter for transmitting a TDMA communication
signal including one or more of a sequence of test bits to
the receiver in- each time slot of a TDMA communication
channel, the test bits being known to the receiver;

wherein the receiver determines a mathematical
distance between the sequence of test bits as known to the
receiver and the sequence of test bits as received by the
receiver, generates reliability information indicative of
the reliability of data transmittéd over the TDMA
communication channel based on the mathematical distance,
and generates. " information estimatés of the TDMA

communication signal.
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aJdeinterleaver*~#0ﬁ~dekﬂterLeaMLng the reliability infgt
I nformati on esti *The system of any }o
11 to 14, wher “ ,j H ﬂ nformation estimates ingl jde correct da}a
synbol s, erron -- ﬂn_ and erasures, and whér r
corrects the erroneous synbols and erasures to generate th

i . Y
22 eC 200
esti mat es when the nunber of errors and asur es does not
t hreshol d val ue. A commruni catrT on systen1 comyri si ng: a

LALE.%S UL allu

&mesur SHRET

first encoder fouzgenqmt Isy;tfenr Of comteth bils WHEPEiA theShat®dfaticald
second encoder for generatin second coded bits fromthe first coded bits

usi ng a secdigtapge; is a Fu agx slistagce.npdul ating and transnmitting
t he second coded bits over a TDVMA conmuni cati on channel ; . a first
decoder for decoding the transmtted second coded bits to generate one or
nmore possibly codBupt &@the system of claim 11, wherein the mathematical

distance is a Hamming distance.

14. The system of any one of claJ.m 11, 12 or 13,
further comprising: ;

an interleaver for interleaving the test bits. with
information symbols within each time' $lot of the TDMA
communication channel prior to being fransmitted by the
transmitter; and  ;

a' deinterleaver for deinterleaviéé_ the reliability

information and the information estimatésl

15. The system of any one of c¢laims 11 to 14,
wherein the receiver information estimates include correct
data symbols, erroneous data symbols,iénd erasures, and
wherein the receiver corrects the errﬁneous symbols and
erasures to generate the information estimates when the
number of errors and erasures does notfgxceed a threshold

value.

le. A communicati¢n-system, compriéing:
a first encoder foi generating first coded bits using
a first code; .

a second encoder for generating ‘second coded bits

from the first coded bits using a second:code;

a modulator for ?modulating an transmitting the
second coded bits over a TDMA communication channel;
a first decoder for decoding thewiiansmitted second

coded bits to generate one or more. §§ssib1y corrupted



W

1§'codemords, .correcting corrupted codewords wthifn esng
mat hemati cal di stance, and generatlng erasure for a Iﬁgﬂﬁ& @E@ %@ égwords

not within the ﬂ"m H m jafgpt i cal di stance; and a second decogdef
for correcting ﬂ l’”m' "Ees generated by the fjr$t 2de06d=2000

17. The communi tat§ ont systeh1o_ claim 16, wherein the first decoder js| a
soft deci sion decoder- - _ The g@muni cation § ,
wher ei n ) 2

codewords, correctlng corrupted do&ewords 'within a
threshold mathematlcal distance, and iéenerating erasure
for all corrupted- codewords not within the threshold
mathematical diéfance; and

a second decoder for correctlng errors and erasures

generated by the flrst decoder.

17. The c§ iinication system of ¢laim 16, wherein

the first decodéi $ a soft decision decoder.

18. The cdmmﬁﬁication system of :elaim 16, wherein

19. The coﬁmuﬁication system of-aﬁ& one of claims 16

to 18, whereln the hhreshold mathematlcal distance is a

Euclidean dlstance_“"

'20. The eeﬁmdhiCation system of any one of claims 16
to 18, wherein the threshold nmthematlcal distance is a

Hamming dlstance.f




t he-fi.rst ‘decoder is a maxi num likelihood decoder. 19. ThEF6] g /05?65

Gommnl cation systemof any one of clains 16 to 18 V\/nerel n the thresho d

mathenati:cal- di stance is a Euclidean distance. -20. The corgs (

- system of any one of clainms 16 to 18, wherein the threshold mat R cal
di stance is a Hamp@Qydi stancewommmmcmumormwommmmn '
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