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immunity of a digital information signal to the presence of noise. Such increased
immunity, in turn, increases the probability of accurately recovering the information
25 signal in the receiver unit of a data communications system. Error correction is
typically characterized as being either block or convolutional coding. Trellis coding
is one well-known error correction coding technique that utilizes convolutional
“ coding and does not affect the bandwidth required of the communications system.
In block coding, one or more error correction bits are transmitted along
30 with a "block" of one or more information bits. Each of these error correction bits
has a value which is determined by the value of the information bit or bits in the
associated block. This process of transniitting an expanded number of bits for error
correction is also utilized in convolutional coding but, unlike block coding, the value
of each bit in convolutional coding is a function of the information bits in the
35 associated block and a number of priorly transmitted blocks.
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25 According to another aspect _c)f this invention there is provided a method
of recoyei'ing data ina comr_nuhic‘ations syst’ein_, said method comprising the steps of
coupling said data to a decision feedback equalizer having an output, and coupling
said data at said output to a plurality of decoders in a cyclic fashion such that |
successive data outputs of said decisibp fcédbat_k equalizer are coupled to a different

30 decoder in said plurality of decoders. L

| A_c_:cording to a further aspect of this ihvent’i_on there is provided a
transmitter for use ina comrpuni'cations sys;em, comprising a first encoder for
coding data symbols using a first coding schem_e, said first encoder forming a
sequence of data symbols in a predetermined time order, a plurality of second

35 encoders for further coding the data symbols outputted by said first encoder using a

second coding scheme different from said first coding scheme, means for coupling
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of plural coders provides interleaving of the transmitted symbols and, accordingly,
20 each decoder is operative upon every Mth symbol, where M is the number of

;d

encoders or decoders. If M is properly chosen, the probability of noise impairing the
recovery of two successive symbols by any decoder is reduced. In addition, the error
propagation effect inherent in decision feedback equalizers is distributed across
different decoders. .

25 _ As a result of the foregoing considerations, the combined benefits of -
decision feedback equalization and coding gain associated with the utilized error
correction technique can be realized.

The invention will now be described with reference to the
accompanying drawings, in which: _

30 FIG. 1 is a prior art communications system incorporating a linear
equalizer with or without error correction coding;

FIG. 2 is an embodiment of a communications system incorporating the
present invention; and
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under st andi ng the present invention. %al | ed Description A prior.art,
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- channel Oor such an unco

C recel v
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Const ol | o554t bt G B f@é‘siql&ean@ﬁléﬁe B, aeRod. For
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receiver for such an uncoded signal would simply consist of a_dapnve linear
equalizer 110 and slicer 111 in receiver 103. Linear equalizer 110 compensates for
25 the linear impairments in the channel, and slicer 111 decldes which one of the
16 points of signal constellation 301 in FIG. 3 has been received in each symbol -
period. For example, if the output of equalizer 110 is complex point 303, then the
slicer will choose the point in the signal constellation that is closest in Euclidean
distance to point 303, which is point 304 in this illustrative example. After slicing,
30 the receiver performs a symbol-to-blt mapping operation (not shown) which recovers
a binary data stream of 9.6 kb/s from the received sliced symbols. It should, of
course;, be menuoned that a QAM signal requires modulation in the transmitter and
demodulation in the re'ce_ivéx; These operations, which are well-known, have been
omitted from the figures for purposes of simplicity. |
35 In yet another prior art implementation of transmitter 101, for a coded
modem, the incoming binary data stream is first passed through a trellis encoder 105
via the dotted line connections in licu of symbol mapping a_ppératus 104. For
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-equalizer 10, 1 Qi (ding, would'SbcBe Yoty sEisitiviito MhPadditve noise generated in the
25 telephone channel. Instead, one can keep the number of points to a reasonable
amount and increase the rate at which the symbols are sent through the channel.

o Unfortunately, an increase in symbol rate results in an increase of the bandwidth
used by the transmitted analog signal which, in turn, results in a severe amplitude
distortion of the signal at the lower and higher frequencies when it passes through

30 the telephone channel. Linear equalizei' 110, in FIG. 1, is notoriously bad at dealing
with severe amplitude distortion because of the so-called noise enhancement
problem. A linear equalizer essentially "inverts" the channel, that is, it introduces a
large gain in the frequency regions where the channel introduces a severe loss.

'While such an action equalizes the channel and removes intersymbol interference, it
35 also amplifies the noise, thus degrading the performance of the receiver. It has been
" determined that for data transmission at 19.2 kb/s, and more, over the public
switched telephone network, it is not desirable to use a linear equalizer, and that a
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25 eqmvalent to M parallel trellis encoders with each generating output symbols ata
rate, 1/MT, that is M times slower than the rate, 1/T, at which symbols are )
transmitted over the telephone channel. Tlme-dmsxon multiplexing, or mterleairing,' o
of the outputs of the M trellis encoders then produces the desired symbol rate of 1/T.

At receiver 203, the received signal is first equalized by DFE 210 whose

30 detailed operation will be explained hereinbelow. The output Samples of DFE 210
are rerouted by switch 215 to a paralle]l bank of M decoders 216, wherei=1,2, ..
M. The rerouting, or demterleavmg operation performed by switch 215 has to be
consistent with the interleaving operation performed by sw1_tch 207 at the transmitter.
That is, if interleaving was done by taking the outputs of encoders 206-i in a cyclic

35 fashlon, then switch 215 has to feed successive outputs from DFE 210 in a cychc
fashion to decoders 216-i.. Dustratively, each decoder 216-i may be mplemenwd as
a trellis decoder that generates decoded output symbols at a rate that is M times
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of the outputs of the Mtrellis encoders then produces the desired synbol
rate of 1/°T. At receiver 203, the recei\r? signal is first equalized by DFE
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slicer 213, a t 3
operates in tgﬁ%bﬂﬁs %l?&gqgg&a@dsllsﬁhé&é’ﬁ?mtaglg‘té{&cliﬁg TCh has u@@éd%%
decode the synh6kb/sgnodem. hbatdsdn o giverisymbabpesied itrselects the poiat in designak y nbol
period it 20 esnstellioMalis cladesdt!in Biicnaedn £9m&0&§meb ﬁglae?%a&xbﬁtﬂmﬁs

Cta i nput . VihGR BC YL bn stiet o} GAREAR erBt bt FIRDE BTG SE
this error w |thisprrorwilll genenaily influencetthe shdmg: oﬁgxbséqtmnbam]ﬂssrgeneﬂml
gener ated by sylibnapt 51> Zif1edth b ibihgWhicks, B dHpPddive wboboush

might not have generated these errors. This phenomenon, which is due to the
25 feedback path provided by feedback filter 214, is inherent in the operation of the
DFE and is called error pmpagation The effect of error propagation is to introduce a
K_/ strong, bursty, impulsive noise after sub tor 212.
| - Notice, from FIGS ./ that standard trellis coding neqmres an increase in
~the size of the signal constellation when compared to an uncoded system providing
' 30 the same bit rate. In the case of FIGS Ja goublmg of the number of points in the
signal constellation was necessary when going from the uncoded option to the
trellis-coded option. This increase in the number of points in the signal constellation
results in a decrease in the distance between adjacent points. It should be apparent
that if the outputs of linear equalizer 110 in FIG. 1 were passed through a slicer for
35 Dboth the coded and uncoded modes of operation, then the likelihood of making
~ wrong decisions, because of additive noise, would be significantly larger for the
coded system than the uncoded system. (In the illustrative example of the coded
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m ght not have generated these errors. This phenonenon, whi ch is due to the
25 feedback path provided by feedbac®™.ilter 214, is inherent in-the,
operation of the DFE and is called error propagation. The effect of error..
propagation is to introduce a strong, bursty, inmpulsive noise after
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handl e by dlecadeochasdo biandle @ sexalier amsount of ndite andde amte likely o correst forhi eved
orough  heeeaighe g rthe Ui AR oG AEGRNERGE 210,
the out put byFst §fineise:clt bas been found expesimentally that a parallel arrangement of
25 M trellis decoders (M > 1), for example, always performs better than a system using
only one trellis decoder (M = 1). However, it has also been found that, for certain
* channels, one of the trellis decoders, say 216-1 for illustration purposes, may still
have a noise sample at its input that is sn'ong enough to interfere with the decoding
process. In this case, the bit stream obtained after switch 217 consists of bursty
30 blocks of bits, generated by decoder 216-1, which are likely to-be in error and are
interleaved with other blocks of bits, generated by the other decoders 216-i, i # 1,
* which are generally not in error. There are well-known coding schemes, such as the
'various variations of the Reed-Solomon codes, which are well suited to handle this
type of bursty strings of errored bits. Encoder 204 at the transmitter and decoder 218
35 at the receiver implement such a coding scheme, and p__r_ovide a second corrective -
action that further mitigates the damaging effects of the DFE's error propagation
problem. It should be pointed out that the use of encoder 204 usually results in a
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sanpl'es of this noise are fed to differgnt decoders 216-i. As a result
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third technl que hat can e[ |rrprove erf.or er 203 in
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decoders. The HG@hwi que consists of inplementing a "smart" slicer whose
-deci si on- makgi ng proces &Qigd by
informationthat is regvevlh\ég rgiosm one %&tﬁd}q’ééeco ers %ﬁ{)@i@%ﬁ
illustration pﬁﬂmmlli pastitionedcintosiacreasingly smaller suhsetssasexplained; fo5d under
consi deration feRemple! MNCHahnd] (CVAiECWith ﬁﬂlﬁldvsvpmabﬁgﬁatshr@%bgéﬁoecﬁvm
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so forth. Bef odéscdssimr,iohlythe ﬁi'sepamubmngmecdsaolbelceﬁsldbred: lﬁmsmabf t he
operation 055 a ogﬁﬁéluﬁ%n 302 this partitioning can, for example, divide the 32 points into two

' . subsets A and B which have 16 points each, and the smallest distance between
W, adjacent points in a subset is the same as the smallest distance between adjacent
' points in uncoded constellation 301. For example, if points 305 and 307 belong to
subset A, then points 306 and 308 belong to subset B. In any given symbol period,
30 only one of the two subsets, either A or B, can be used to select the symbol that has
to be transmitted over the channel. The subset that has to be used is determined by
the so-called state of the encoder during this symbol period. Transition from one
~ state, in a given symbol period, to another state, in the next symbol period, is not
~ arbitrary and is defined by the selected convolutional encoder. Going back now to
35 receiver 203, assume that trellis decoder 216-1 has received a new input sample from
subtractor 212 through switch 215. Trellis decoder 216-1 can monitor all the
allowed sequences of state transitions and attach a likelihood metric to each
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encoder will be given with reference to the coded V.32 signal constellation
302 in FIG 4. 20 Wen a trellis code is designed, the coded
(redundant) signal constellation is @rt itioned into increasingly snallér
subsets as expl ai ned, for exanple, i Channel Coding Wth Miltilevel/ %se
Signals," G Ungerboeck | EEE Tr ansactlons on Information Theory, January .
11982, For tsequencedywoesssingadong-enoughisting ofingutisampless Thuparaant i oni ng needs

to be consndsmﬂne mmeraleaiew%ww.ﬁhéﬁtm&elﬁ@i’y ﬂomeﬁ)éﬁ% Bithéroni ng_can,
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Thus, it cabﬂ meplementad asmeubreum!m melé@d arﬁﬂl&“ﬂl&mmsm y to

bel ong to ¢¢ r subset A or subset B It can then feed this information~ T
smart sljcef 213 vi d.line |chthnsllcesvv|thrspect to t
ref erend€ points thji qxgpbegf{:q}gse,l ethe, pregent davention Basheenng on.

the i nfor%smwm%mﬁwomﬂmmvemméﬂts Jlotiser afrafigenhentsowilbbe on used

of ?m”ﬁ.rﬁgs'é?‘béferi%%“@éﬁf ki enimft‘*”?%é*%é‘ﬁ bﬁéﬂ'ﬁﬁﬁﬁ“%ﬂﬁﬁb@””y_

simplistic, rpresgmmvenugnlhasqa ctiibeg in me: qwd:wgwd’umtmsk el lation
301. In praél&ﬁu@ﬁts%&?uﬁi%%%%ﬁé@ﬁmbfbdﬁﬁés@e%ﬁsmﬁ by B of he 10
smart sljcer always put or s nb slicer per at| ng on coded .
const el 128 | BATeepPIOpRlate] qgamégp %rpwmmm shown .i'n

FIG 2, \Aheimetgaaede@d:uitsqwdn ghtaligrdl processoiscoianahalopisHybritl beurkemait of | i cer
can, conven! ol detnbe deTiice "R imBle, Wl e pieleh uhinfor hia BeBN uEkRR 5 ©Y 2

digital sigd
refercnce to particular two-dimensional signal constellations, the invention is also

_ apphcable to other two-d:mensxonal signal cons_tellauons Indeed, the present
25 invehtion is appliéab’le to"si'gnal constéllations having other than two dimensions.
Also, while a Reed-Solomon error correction code i is 1mplemented in encoder 204
and decoder 218, other types of codes may be used which correct bursts of error bits. W
~In addmon, while in the disclosed embodiment, encoders 206-i and '
symbol mapping apparatus 208 operate as trellis encoders and decoders 206-i
30 operate as trellis decoders, each encoder 206-i may operate independently of the
symbol mapping apparatus so as not to constitute a trellis encoder but, instead, a
block or convolutional encoder. In such applications, decodexs 216-i would each
operate as a block or convolutional decoder.
Finally, the present invention is not limited to voiceband applications
35 but can be used in virtually any commumcanon applications including hlgh-
definition television systems -
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(BsP). 15 It should, of course, be noted that while the present

i nventi on has 'been described in terns of several illustrative enbodi nents,

ot;her Arrangenents will be apparent to those of ordinary skil '
For exeapl e, while the enbodi nents of the present invention humlmuﬂﬁm”mn”"'
described in reference to discrete functional Jglenments, the f uhctS ort o ofie *
or nore of these elenents can be provided by one or 20 nore appropriately
programed general - purpose processors, or special-purpose integrated
circuits, or digi IMg: gnal processors, or an anal 6g or hybrid counterpart

of any of these devices. fORe&i%E’fEblﬁaratY}@ferxséﬂﬁaéﬁrﬁrﬁﬁﬂbaﬁdﬁé%?ﬁtbﬂrtoh@ﬁ iﬁ‘g‘%ﬂ

descri bed in reference articul,ar .t wo- di nensi on S| consfel l'ati on
the invention i s 9PG§O 'ét?ps'i’ﬁ‘tﬂq@ i75T BAYIBE 2p QEPHY mg\??@ rs connected
constel l ations. | roiedidedision foedbathicqialien\andtmeans fos canmlirlgaiihi froinGaitl desision

constel | ati ons ha t | onon
error correcti og1 gegggac?( %1%%5#6?%@'@% sﬂ}d@ﬁ ly&ﬁﬁg%%\pg%%@&@?&%%s&g? her
types of codes maylgbds mausmmlmqueébackmnshm outpetrare cougiledsto 4 different firson,
while in the discy ’?iﬂg;? encoders 206-i and synbol mapping
apparatus 208 operate as tr encoders and decoders 206-i 30 operate as
trellis decoders, each encoder 206 I may operate independently of the
synbol nappi ng appar at us §0Aa5cemt-a§ lafiféiinicldiing whértinldatls ofsid At d&kders is
i nstead, a bl ock or ﬁ %c tlonal encoder. In such applications, decoders
216-1 mould each 8 Ta bl ock or convol utional decoder. FlnaIIy, t he
present invention is not-limted to voiceband applications 35 but can be
usedln virtualdy any co | t - [,pj tion
Fol evi oi on syelis Qi maretile? s SRR RS cdiprdile Wealsdey oft bl ' ©
co i cations symmmhppumuhgf@w(ﬁcstwwwkrw%al i zer having an :
output, a plurality of first decoders connected to said decision feedback
equal i zer, and neans for pling data, from deci sj on 5 feedback

‘equal i zer output to said EWFWa%FIWWCiPé@M@Wﬁqqa?‘?g??@é‘é"s‘gﬁWb
signal s from sai duﬁ]@ibsaldwmf ﬂﬁaﬁ&mfmrmﬁsa@ﬁmsp&acmﬁ sailigeconti deroder
different first dggoder a%ﬂ}cp'%%‘g % lAg ver _as clainmed in
claiml wherein e Hgg?mgagfe P g (?85 P§y‘f£° yf‘?cg"vmgsmﬁg’(,soder. 10

3. Areceiver as claimed in claim1 conprising neans for cyclically

receiving the gutput of eQck LdefRf alERAM in'clhim¥ Whéil'sdid de¥ond decoder employs
Reed-Solomon decoding.

6. A receiver as claimed in claim 1 comprising coupling means, and
wherein said decision feedback equalizer comprises a slicer which makes decisions
and utilizes information received from said plurality of first decoders via said

U 20 coupling means to make such decisions. '

7. A receiver as-claimed in claim 1 wherein said communications system
transmits symbols in an ordered sequence and said decision feedback equalizer is
operative upon said symbols in said ordered sequence. '

8. A method of recovering data in a communications system, said
25 method comprising the steps of coupling said data to a decision feedback equalizer
having an output, and coupling said data at said output to a plurality of decoders in a
cyclic fashion such that successive data outputs of said decision feedback equalizer
are coupled to a different decoder in said plurality of decoders.



_4—A-receiver as claimed in claim3 conprising a second decoder which
utiliz 'mscheme different fromsaid first decoders, said second
da‘“ﬂi‘i\m‘m ected to the output of said cyclically receiving neans,
15RERTL " m 5. A receiver as clained in claim4 wherein said second. . i
decoder enpl oys Reed- Sol onon decodi ng. 6|?_Q\-r,ecei ver as clainmed in claiml
conprising coupling nmeans, and wherein sard decision feedback equali zer -
conprises a slicer which nakes decisions and utilizes information received
fromsaid plurality 8 4methodasslsisedinglzimsticomprising therstapraf combining thenake
such deci si Onsupufs ofedcR & s@ phidlity of isirersio 9'séédﬁh3de%%kiﬂziﬁg'aqlecodin

conmuni cations systemtransmt, ynpol s .in _an ordered sequencé and sard
deci si on f eedagess d nt Faéjﬁ H!Pé@ecﬁﬂ?}ﬁ said synbols in said ordered
sequence. 8. A nethod of recovering data in a comunications system said.
25 met hod conpri si ng.phe st of, counli id data. a.deci sion feedback
equal i zer having an (Sﬁ't &H‘?‘ggias l&ﬁﬁﬂ&“@&%‘"ﬂ?? 5 &‘gegf’ﬁmgl?f%fs ¥o a
plurality Bf RbedeSbdomon deaodingcl i ¢ f ashi on such that successive data outputs
of said decision feedback equalizer are coupled.to a different decoder in
said plurality of decoders. 12 9. A nmethod as clainmed in claim8
conprising the step &1 Acwansmites forusedn e commupicatignysysiems spmpRsing alfirsty of
decoders to gng&de? Rk cbANRIE]a %Whﬁdlihsﬁhig 2fifie66dihg schiefes i@ fifkt EAcdent from

said plurality of decoders. . A g@t hod asg claJ E’E\d in cl ai'nLIFszherei n said
~decodi ng pr od8ERINE R SEAYENCE OSARIR SPYROQUS BLAPregeteqqinepime » PRty Pf yse in a
communi c?t i Orsaccﬁtg?drﬁﬁdersmﬁﬂtﬁér[tgdia_gftﬁd(wta W&deombﬁl!tedtmdiaiQﬁﬂaémoﬂyprgl s
using a st _codi che £l ; seguence of data .
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out puts oﬁ sai{lﬁ lural i.ty. of second encoders in a cyclic fashion to a
transm ssidn ® a‘ﬁﬁ et '"%@%ﬁﬂgfer\/\hi ch restores 15 said predetermned tine
order.. 12. Atransmitter as clained in claim1l wherein said first encoder
12, A transmitter as claimed in claim 11 wherein said first encoder
utilizes Reed-Solomon coding.

" 13. A transmitter as claimed in claim 11 wherein each of said plurality of
second encoders is a trellis coder. '

20 14. A communications system, comprising a transmitter comprising a
plurality of coders, and means for coupling symbols to be transmitted from said
plurality of coders in a cyclic fashion so that successive ones of said symbols are
coupled from different ones of said coders; and a receiver comprising a decision
feedback equalizer, a plurality of decoders connected to said decision feedback

25 equalizer, and means for coupling data from said decision feedback equalizer output
to said plurality of decoders such that successive data from said decision feedback
equalizer Outpﬁt are coupled to a different decoder in said plurality.
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utilizes Reed-Sol onon coding. 13. Atransnitter as clained in claimi1
wherein each’of said plurality of second encoders is a trel Hmﬁmuﬁ““mm“l
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