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The present invention relates to a nethod and apparatus for.
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5 channel suffering fromconstant or varying tinme dispersion, such as
a cellular radi o tel ephone signal. The present invention
elimnates the need for a - channel nodel by substituting a

| east - squares solution for the channel coefficients, which can be
obtained in closed form . Backgound of
the Invention 10 The term "Equalizer" is a generic termfor a
si gnal processing device t hat can denodul ate or decode a signa
~Wwhile conpensating for certain channel inperfections. The channe

i nperfections nost usual |y GLINEEQUALIZING APPARATUSan equal i zer are unequal
attenuation or phase in the channel at different frequenci es

covered by the signal. Echoes are a manifestation in radio 15
propagation that can cause variations in attenuation and phase across a
frequency band. Wen digital radio transm ssion is enployed, echoes

Field of the Tnventi
The present invention relates to a method and apparatus for
demodulating a digitally modulated radio signal that has passed througira
5 channel suffering from constant or varymg time dxspersxon such as a cellular
' radio telephone signal. The present invention elumnates the need for a
channel model by substituting a least-squares solution for the channel
coefﬁcignts, which can be obtained in closed form.

Background of the Invention
10 : The term "Equalizer” is a generic term fora signal processing device
that can demodulate or decode a signal while compensating for certain
channel imperfections. The channel imperfections most usually corrected by
- an equalizer are unequal attenuation or phase in the channel at different
frequencies covered by the signal. Echoes are a manifestation in radio
15' propagation that can cause variations in attenuation and phase across é
frequency band. When digital radio transmission is employed, echoes
sometimes give rise to intersymbol interference (ISI), in which a received
signal sample depends on more than one adjacent symbol, having been
"mixed" together by dehyed echoes or propagation paths with different
20 delays. -
One type of equalizer known in the prior art is the Finite Impulse
Response (FIR), or Transversal equalizer. A FIR equalizer attempts to
construct an inverse of the channel imperfections in order to correct the
signal. The disadvantage with this type of equalizer becomes apparent when
25 the equalizer attempts to replace signal frequency components that have been
' totally deleted by a notch in the channel. In this situation, the equalizer



sonmetines give rise to intersynbol interference (1SlI), in which a received
signal sanpl e depends on nore than one adjacent synbol, having been
"m xed" together by del ayed echoes or propagation paths with different 20

del ays. One type of equalizer known:in the .art is the
Finite Im?ﬁé‘@!’” Response (FI R) or Transversal equa}%ﬂf&’ﬂ ’5\}
equalizer attenpts to ceRstruect—an—tnver se of the channel

i nperfections in order to cc”r F@t&ot‘ﬁe HAS BZEN |isi gnal . 'ﬁmg_sﬂéesmjmt;@ Beed
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totally deleted by a notch in the chah In this situat
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frequency V\@#@ undul y enphasi zes noi se. Anot her
known type equal i zer is the Decision Feedback (DF) equal I zer.
The Deci si on Feephotir kfiowhityse of eqialiaer i memcmxﬁﬁmkgn t he
al ready- decoded synbol s from he next signal sangl e to be coded
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propagat i on nnent's irec ade errp’orarl |y

| eavi ng t heintsnidingotheidh§ to cancel memmosmrjakt-daedwgyxﬁmm In this .
case, the echo should not be thrown 10 ce)ﬁ as |n t he techm gque used
ion

in the Decidisayanptage peth thistypei of aqualizer is that, in
environments, a direct wave can fade temporarily leaving the echo as the ‘

main signal-bearing component. In this case, the echo should not be thrown
10 away, as in the technique used in the Decision Feedback equalizer, but
rather utilized.
When it can be identified that the main path has greater attenuation
than a delayed echo path, it is possible to sample and store the signal in a
- memory as a sequence of samples, and then retrospectively process the
15 signal in time-reversed sample sequence so that the echo is decoded and the
weaker main path is suppressed. An adaptive change to the demodulation
direction is disclosed in U.S. patent application No. 07/965,848 and in U.S
patent application No. 08/218,236, filed March 28, 1994.
Also known in the prior art is the Viterbi equalizer. The Viterbi
20 equalizer avoids the deficiencies of both the FIR and DF equalizers by not
attempting to undo the channel distortions and by being insensitive to
whether the shortest or delayed paths are dominant. Instead, the Viterbi
equalizer uses a model of the channel or propagation paths that is applied to
hypothesized symbol sequences to predict what should be received. The
25 hypothesis that most closely matches the actually received signal is then
retained. The Viterbi method can be regarded as looking ahead, wherein the
current symbol is separately decided with all possible hypotheses for a
limited number of future symbols. These multiple decisions are then
gradually trimmed as equivalent decisions are made on the future symbols.
30 In the prior art Viterbi equalizer, if the channel changes during a multi-



rather utilized. Wien it can be identified that the main
path has greater attenuation, than a del ayed echo path, it is
.possible to sanple and store the signal in a menory as a sequence

of sanpl hen retrospectively process the 15 Si | _in
ti rre-revygg@&gggrrpl e sequence -so that the echo is decoded gﬁﬁ"f’#é‘"m

weaker main path is suppressed. daptive change to the denodulation
direction is disclosed in US. gﬁ_ﬁ{&_@ | ga%é No. O7hi8hesi38 Been deplaved). S
pat ent application No. 08/218, , TIg F 1994.
Also known in the prior art is’ -Zer. The| _
equal i zer avoids the deficiencies of "Hoth the FIR and DF equal i zers by not
attenpting to,upqo the channel .distortions,and being insensjtive to
Shet her 1 nYEREF deroing SeguFies e, Hanacl maiel GHish B uPOAAS ACHRRENe. Vi t e bi
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0 n or}ethgrlor art Vi Srwlyiele uastlatzegradaﬁtzveVieter%?ggnﬁ cthg{\ges uring a
PCT/ US95/ 114638 not use an explicit channel model, but rather uses direct prediction$'of-! HAS BEEN

signal samples for different symbol hypotheses which are updated directly

10 after the symbol hypotheses are trimmed in number, without going through
the intermediate stage of a channel model. |
The foregoing adaptive Viterbi equalizer requires an initial channel
estimate. In the prior art, an initial channel estimate is formed with the help

- of known symbol groups included in the transmitted data. These symbol

15 groups are called syncwords or equalizer training patterns. When the
channel is not expected to change between training patterns, the initial
estimate may be used without updating between training patterns. This can

-lead to a loss of perfonnance.as a trade-off againsi complexity, when the |
initial estimate is based only on a few known training symbols.

20 Another known equalizer is the so-called "Blind" equalizer. Blind
equalizers are supposed to function without the benefit of an initial estimate
based on known symbols. Many prior art blind equalizers have been
conceived for decoding continuous data transmissions over telephone trunk
lines, for example. Howirei/er, in these systems it is of no consequence if the

25 systems lose a few hundred or a thousand symbols while acquiring initial

convergence.

mm f the Invention
The present invention relates to a device for demodulating a signal

modulated with digital information symbols to extract the symbols. A



symbol decodi ng sequence, the channel nodel nust be updated accordingly.
U S. Patent No. 5,164,961 discloses a Viterbi equalizer that has a
separately updat ed channel nodel for each of -the future

hypot hes conbi nati ons, wherein the. chaoice of which
channel b&ww ves to be .5 updat ed and used i s Ff{ESHp1708
connection with the equival ent decisions on the future synbols.
U.S. Patent Application No. 07/894, 933 describes a version of the
so-cal | ed "channel nodel per. state" adaptive Viterbi equalizer that

does not use an explicit channel nodel, _but rather uses direct predictions
of signal sanples for different synbol hypotheses which are
updat ed di regt.]. éﬁﬁﬁ r. L:0e.S I ' d in nunber,
wi t hout go!’ﬁéélﬁg srﬁ&&a&?ﬁgwgrﬁ%@%@f;ﬁ%ﬁ@%d hannel nodel .
The f or egoi sathphiflg Rhd \depilizing héans Predices k sbqiedte 65 mifierical kamplec hannel
estimate. In fhe prior art, an initial channel estimate is Tornmed wth the

hel p values repmssatativernfdhe geceived sigral.uddemony meansiwhich have @d dat a.

These synb er training
patterns. &mﬁémg“&%ﬁﬁ@wwg%ﬂ%@?@ P@%ﬁ%e bet ween
trai g ng paisssidied withea hypdthezized symbol stringland®ach Gmupxb.esla wi t hout
updat i ng between traini ng patterns. Th| s can. | ead to a | oss of

per f or manc ENEBIC MM iMEMOTYe BV VRELOT MEMOEY, andca path history j nj tj al

not her kn a¢3§%91°ﬁsﬁﬁq§%§°®§”#é€f%%ﬁ%&%‘ﬁ3§$ PEBEY g  ng

equal i zer s mésms and REALOIstRe tiriifg opératibnsdefeupdit BEhAE compltigh i niti al

estimate based on' known synbols. Many prior ‘art”blind equalizers '
have been means compytes candidateimetrigs using achypothesis 06 the informatioansni ssi ons

over,d el epho un e f r exanp However . i n these systens
it 15 of n&"{!@ﬂg&ﬁgﬁ;?#@ﬂ‘é‘% QV’SCP -FW 8&/ ndred or a
thousand s)yafifrizaléainigle 98KiES, paflY medié values, B-matrices CORNR{OHE BRE their

Summary of the Invention The present invention relates to a

devi ce for associated staternpmbegisglegted by the controlgmeansfrom the memiogy  al
| nformati on, SHIPBe3; ﬁﬁd@&&&c&xﬁﬂﬁ@ﬁm@ﬁ ‘defermines the best of the

. candidate metrics to be selected to be written back to the memory means
15 along with a successor B-matrix, U-vector and path history. Finally, -
updating means calculates the successor B-matrice_s, U-vectors and path ..

history using corresponding values associated with the best predecessor and
one of the numerical sample values. _
Another embodiment of the present invention is dxsnngmshable over
20 the prior art by being able to blindly equalize short bursts of data containing,
in principle, no known symbols for p_roviding a channel est,iinate without
losing any data. All symbols are, in prin#iple, demodulated with the same
precision as the last symbol, where the maximum information has been
received and used to extract clues as to the channel distortions. This
25 behavior is obmned by mathematically eliminating the channel model by
using estimates based on a hypothesis of the entire demodulated symbol
sequence, respective estimates being used in testing the likelihood of their
associated hypotheses. '

4
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yeceving neans receives a signal over a communi cation channel and a
sanpl i ng wp84dehdogs t | zi Ng nmeans produces a sequence . of:: nunmer i’ﬁb Egﬁg{’f
val ues representative of the received signal. Menory neans S e a
nunber of state menories are disclosed wherein each state menmory is
associated with a hypothesie synbol string and each conprises a path
metric nenory, a B-matrix nmenory, a U-vector nenory, and a path history
menory. Control neans sel ectively ret%ieves val ues fromthe nmenory
nmeans and controls the timng operatl As thereupon.. Metric conputing
nmeans conputes candi date rgetrgd N hypot hesi s of the information 10
synbol s next to be denpduléese R I BMIAS| neans, one of the

nunerical sanpl Phasalinaothdrfeliu tﬁ ' HFé gg,g.é rs and
their : assoca;dat ed stat g&nunber se ecth";ril tﬁg cgﬁ#roﬁhfneans from

t he mmr.ymmdﬂy@pummoﬁmﬁommdpshﬂsnﬂemﬁmmﬂwfonmng det er mi nes
the best of . dat e I’IE'[I‘I'&‘ %Ee. sel.ect.eal to be witten

di
back to t h¥H fcnum%’s“ﬁ%lc"m“nﬁl%&“ Vangs, JAIHCK. natri x, U vect or
-and gath hi st orFigufd [ 3iihstrates ahblockmgﬁﬂﬂtdf%emrﬁ&i %ftﬁégﬁcéﬂ(}e successor

B-matrices, Wvectors and pat hi'story using corresSpondi ng val ues
associ at edlm«mﬁon; he best predecessor and one of the nuneri cal

sanpl e val ues nQt he nbodi nent . of the present invention

|srr3| Sti ngui shabiBlrg? dilussgtes a Nﬁqua#af @‘@“ﬂ%‘é‘!ﬂ@d’ﬁg Opindly

equal i ze séiardm m“ﬂ‘ﬁ?ﬁ“ﬁp in principle, no known
Anel est rrate WI t hout :

synbols for providing a c | osing any dat a.
Al'l synbol s ar eFigure illustratesca modifivdtiom of thevpresent lixeventior for

10 Exponential Forgetting.

The present invention is primarily intended for use in celluiar
communication systems, although it will be understood by those skilled in
the art that the present invention can be used' in other various communication

15 . applications. |
| A sequence of transnutted symbols is denoted by si1,s2, Burenene
These symbols can take on bmary values, such as +1, quaternary values
such as +1/4j, or higher order modulation values.

Complex received samples rl,12,13..... taken one symbol time apart

20 are assumed to depend linearly on the transmitted symbols through a set of
cham;el echo coefficients c1,c2,c3...cL according to the equation:
R

r2 c2

. s(L+1),5(L),...o.0c. 52

This equation can be abbreviated as Rn = Sn-C where suffix n is the first n
received samples mcluded in R and likewise the matrix S has n rows and L
columns. |



precision as the last synbol, where the maxi mnum i nformation has been
recei ved and used to extract clues as to the channel distortions. This 25
~behavior is obtained by mathematically elimnating the channel nodel by
using estimates based on a hypothesis of the entire denodul ated synbol
sequencayoneeRIest i ve estinmates being used in testing the PCRUsISATIS Of
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Brief Description of the Draw ng: These and ot her features
and advant ages of the present invention wll = . be readily apparent
to one of ordinary skill in the art fgomthe follow ng - witten

description, used in conjunction with the draw ngs in WhICh 5

e a5 L SRoelvels Yl B B 1 sochiBic SR U0 TR il el 2ot
arithneti Cré&ivbd%@fdi’hﬂﬁnt dn addition, mmmm&odfmms mﬁyt:heber esent
invention; and Figure 3illustrates a m)dlfl cation of the

preselntdl nhownbmmyroﬂfmmwxsotmm p;emgggm;chg si
et a1 29 DSace Ly B 6B Uy o oy et ity 2o

5 For example the channel cannot be permitted to totally change between one
symbol and the next, otherwxse for any hypotheslmd symbol sequence, a set
of varying channel cocfﬁcxents could be found which would explazn the
received waveform. Therefore, the channel must be assumed to vary ata
rate which is slower than the symbol rate.

10 A solunon for the static channel case will now be described below.
The errors between the expected waveform for a symbol sequence Sn and
the received samples Rn are: |

 En-SC-Rn

The suquunrc error En’ -En = C'Sn'SnC - C’Sn'Rn - Rn’SnC + Rn'Rn
where *'* is a conjugate transposc For a given sequence Sn, this sumsquaxe
15 error may be minimized with respect to C by dlffercnnanng with respect to
| each C value and setting equal t0 0. The set of simultaneous equations
Sa’SaC = Sn'Rn _results, which can be rewritten as

C = (Sn'Sn)”'Sn'/Rn

When this value for C is substituted in the sumsquare error equation, several

terms cancel out leaving:
En'En = Rn'Rn - Rn/Sn(Sn'Sn)Sn'Rn

20 Since Rn'Rn is not dependent on the choice of sequence Sn, the best
sequence is simply that which maximizes the metric Rn'Sn(Sn'Sn)"* Sn'Ra.
In principle, a large number of sequences Sn can be tried and the '
sequence ﬁ_vhich gives the largest value of the above_exp:eSsion can be
selected. However, the calculation effort increases exponentially with the



« comuni cati on systens, although it will be understood by those skilled in
the art that the present invention can be used in other various
comuni cation 15 appl i cati ons. " A sequence of
“transmtted synbols is denoted by sl,s2,s3....... nbol s
can takéV@96B8%3ry val ues, such as 1, quaternary val ues thr’ggss'ﬁgﬁ%/h as
1/1, or higher order m)dul ation val ues. Conpl ex received
~samples rl,r2,r3 ..... taken one synbol tine apart 20 are assuned to
depend linearly on the transmtted synbols through a set of
channel echo coefficients cl,c2,c3...cL according to the equation:
r2 - c2 -7
s(L+l),s(L) .... Thi s gquation can be abbreviated as Rn =

Sn. C wher e %H:Ekéf‘of‘ﬂ:ﬁb&lg‘ﬁ thht b iflcnded in the opBEEIAEH, HER g | NC! uded in R

and |ikew se has” nrows an VO
96/ 08903  maximum likelihood sequence estimation before the discovery of the Viterbi

PCT/ US95/ 11708 :
algorithm, or in least squares fitting problems before the dxscovery of
sequential least squares algorithms like Kalman. Therefore, a sequential
5 ~ algorithm for progressively extending the demodulation by one more symbol

needs to be constructed. |
| By postulating a Viterbi-like machine that maintains a number of
candidate sequences with associated scores or path metrics, it is an objective
to find a way of extending these sequences by one extra symbol. It will now

10 be explained below how one of these sequences is extended and its metric is

updated. In this example, let Bn = (Sn’Sn)?, wherein Bn is a square matrix
whose elements depend only on the hypothesized symbol sequence Sn. The
term Bn refers to the matrix values after n symbols have been hypothesized.
" An expression for B(n+1) in terms of Bn will now be developed. Sn is
15 extended to S(n-+1) by the addition of a new row

Zn ~ {s(n+1), S(), S(A=1)unn s(n-L+2)}

Therefore S'(n+1) - S(n+1) = Sn'Sn + Zn'Zn. Applying the matrix
inversion lemma to this gives:

BnZn'ZnBn

™ d 'Znl! = Bp - S L0078
B = [S'Sn + 242 Loz

In addition, the new product R'(n+1)S(n+1) = Rn'Sn +r (n+ 1)Zn
where r(n+1) is the latest received sample. Substituting for B(n+1) and
20 R'(n+1)S(n+1) the following expression for the metric is obtained:

'Rn+r(n+1)Zn']

(R’ Sn+r *(a+1)Zn] [Bn BnZn z"""] [Sa

Multiplying this metric out gives eight terms which are listed below.



- 6- The receiver's task is to find the sequence Sn that
best expl ains the recei ved waveform Rn. In addition, the channe
coefficients may not be : known by any other means ot her than by
observing the received signal. Some constraints have to be placed
on how rwi@idglogoeshe channel can vary. 5 For exanpl e, pichrasodrenog!
‘cannot be permitted to totally change between one synbol and the
next, otherw se for any hypothesized synbol sequence, a set of
varyi ng channe coefficients -could be found which would explain the

recei ved waveform Therefore, the channel nust be assuned to vary at a

rate which is slower than the synbol_gate. 10 A sol ution for
the static channel case will now be described bel ow The errors
between th cted 0, and t he
ecerved sgﬁgxﬁpg gﬁ@sﬁn@n‘kﬁ%ﬁﬁy%ﬁm&ﬁ%m% En = SnC -
Rn Term 2 SU”?W'I)Z:BM"REH En = CSn'SnC - CSn"Rn -- Rn' SnC +
Rn' Rn where "" is a conj ugate transpose For a given sequence Sn,
this sumsq¥erm %5  Rn’SnBnZs'r(nshl)eotaithat termesi2 and 13 arecomplex o C by
differenti - ..each C value and setting equal to
0. The set%ﬂwé{'@ﬁg%quatl ons Sn'SnC = Sn' Rn results, which
can §e rewfeithef) as |r(n+1)| ZnBnZn'; _ - C= _
(Sn'Sn)[err] Sn' Rn When thls vaI ue for Cis substituted in the
sumsquar e GEFIBrS equat‘R@'lSnBQannsan terms cancel out |eaving:
"En"En = Rn" Rn - RnSn ;?g‘-Rn-’ZO Since Rn' Rn is not
dependent on the choice 0f "< e Sn, the best sequence i s
simply t hawheRirfih (e rufietfor RBGSdBiZH’GsM&ﬂﬁE)&&éﬁﬁcﬁﬁs &R its ‘
In principle, a large nunber of sequences Sn can be tried and the
10 complex conjugate, therefore Term 5 can be written as:
- | Rn/SnBnZn'|2,
1 + ZnBnZn'
_Term 6:
r(n+l)(ZanZn’)(ZnBr;Sn Rn)’ wherein |

1 +ZanZn !

the first of the bracketed numerator terms is also needed on the denominator
and the second bracketed numerator term is the same as calculated for terms
2,3and5;

15 Term 7:

-(Rn ’SanZn N(ZnBnZnyr(n+ l)
1 + ZnBnZn'

which is the conjugate of Term §;



‘sequence which gives the |argest value of the above expression can be
sel ected. However, the calculation effort increases exponentially with the
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nunber oﬁ%%?ss n that are tncluded in the optim zation, (J:Tust as in

maxi mum | i kel i hood sequence estinmation before the discovery of the Viterbi
algorithm or in least squares fitting problens before the discovery of
sequential |east squares algorithns | ke Kal man. Therefore, a sequential S
al gorithm for progressively extending the denodul ati on by one nore synbol
needs to be constructed. -9- By postulating a Viterbi-like
machi ne that -nai ntai ns a nunber of candi dat e sequences with -
associ ated Temi8s or path netrics, it is an objective : to find a
way of extending these sequences by one extra synbol. It will now 10

be expl ai ned bel omd(irel)(ZnBnZy')(ZhBaZn wéseDnces | ra+dX DB Znfd its netric is
updated. In this EXanpl €, | F (onsn)-' eimlls a square matrix
whose el enents depend only hypot hesi zed Sy guence Sn. The
termBn refers to the matrix values after n synbols have been hypot hesi zed.
An exprssion for B(n+ 1) in terms of Bn will now be developed. Sn is 15
extended to S(n+ 1) by the addition of a new row

Zn - {s(n+1A coppuiation (strategy .for the 8 terpsris destyibed below. First, Un’' =
:  Rn'Sn is available from the foregoing iteration. The term Un is a vector
with a length equal to the number of symbols time dispersion, L.

5 Then, Zn is formed using the newest symbol s(n+1) and Vn = Ba Za' is
calculated which is also an L-element vector. The inverse Bn isan L by L
matrix available from the foregoing iteration. The complex scalar a2 =

- Un'Vn and the real scalar b = ZnVn are then calculated. As a result, -

Mn + 2(1-B)Re{lar(n+1)} + |r(n+1)|2 - |a]?

M(n+1) = L

gives the new metric in terms of the old. The dimenSion of the matrix
10 entities involved in these calculations is equal to the number of symbols time

dispersion L that have to be handled, and does not grow with the number of

symbols processed. Therefore the path metrics may be updated with

constant effort per processed symbol, i.e., not exponentially increasing the

effort as successive symbols are progressively decoded. In' other words, the
15 effort to decode 100 bits is just 10 times the effort fo decode 10 bits.

We also have to form: |

Uln+1) = Un' + r*(a+1)Zn, and

- - VnVn'
B(n+l) = Bn -
(n+1) n b

for use in the next iteration. .
The above metric update has to be performed for each candidate
~ sequence Sn and for each possible value of the newest symbol s(n+1). This
20 results in an exponentially expanding tree of possible' sequences that has to
 be trimmed. The Viterbi algorithm chooses to retain the best of all



Therefore S (n+l) S(n+l) = Sn'Sn + Zn'Zn. Applying the nmatrix
I nversion lenma to this gives:
1 .ZnZnBN : J3(nvl) [Siesn bezn]it3 B | z

" In addition he new product R (n+l1l)S(n+l) = Rn"Sn + r (
where r WP ‘the latest received sanple. Substituti ngrh#fg%?ﬂﬂ“? and 20

(R (—-Fl )S( n+l )Btzegja fonlmll ovan T e TRET (RSN metric is obtained: :
" Replidad - Bn : Mul tiplyi t hi
met ri CHMLMM“‘ Iﬂiﬂht ter §5_whi REPIACED | st ed| bel ow. R \r;\% e

96/ 089 ,
Term +:10- Rn' SnBnSn’ Rn, which is the previous
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sequences that agree in their last q symbols, thus restnctmg the number of

retained states to 2‘I ina bmary modulation system. An alternative would be
to retain only the best K states. It may be realized that sequences dlffenng
only in sign, or in a symbol phase rotation give the same result, and thus
5 corresponds to the demodulation ambiguity when no absolute phase reference
is provided. This ambiguity has to be resolved either by differential
~ decoding after demodulation, or by including known polarity symbols in the
transmitted data to constrain the allowable sequences. - | q{
Unlike the prior art methods, the present method places no limit on
10 the number of sequence postulates that can usefully be retained for further
likelihood testing, since the result at,ecch iteration depends not only on the
number of symbols in the finite channel impulse response length but also on
the implied channel estimation over the whole of the sequence to date. The
- structure of an apparatus for carrying out the above demodulation algorithm
15 will be descnbed below. The present example uses a 4-ary phase
' modulation system such as QPSK or P1/4-QPSK whxch is used in the US
digital cellular system One symbol-penod’s time dxspersron isto be allowed
for, so that the channel has two terms and thus L-2 ‘The Bn matnces are
thus 2 x 2 and multiply Zn’s consisting of one old symbol and one new
20 symbol. Therefore a 4-state machme is postulated in which all four
 possibilities of the preceding symbol are retamed |
The internal values in a Viterbi processor may thus be structured as

follows:

SYMBOL HISTORY  STATE  B-matrices U-vectors  PATH METRIC
25 | o13201032001321 o | Bo o Mo
132103201032023 1 m | w M1
320103201032321 2 B2 11, N M2
2130210220132~ | 3 B | us | w3

The operation of the apparatus will now be described. With state 0

30 as predecessor and a new symbol 0, the just received sample r(n+ 1) is used



Term 2: r'(n+l) ZnBnSn' Rn. ; Term 3: Rn' SnBnzn'r(n+ 1), note

that terns 2 and 3 are conpl ex conj ugates of each other 5

Jerm 4: lr(n+l) ZnBnzna'; ~ Term 5: - Rn' SnBnZn' ZanSn'kRn- .

1 + ZnBntg wherein in the numerator Rn' SnBnZn' is a scahk and the
ot her facta’c?rgsmg?.g its 10 - - conpl ex conjugate, therefore PRAVIMIEAB be
witten as: . - [err] Rn"SnBnZn' [err]
1 + ZnBnZn' Term 6: . -r(n.1)(ZnBnzZn
(ZnBnSn' Rn) 1+ZnBnZn' _ ~the first
of the bracketed nunerator terns is 3{50 needed on the denom nator

and the second bracketed nunerator tethfis the sane as cal cul ated for terns
2, 3 and 5; 5 Term 7: . .. :

- (Rn' Sanzpﬁl%%nwg\qqp}emc. This is repeated for states 1, 2 and 3 as 1 +

ZNBnZn'  predecesséfdi4nid the prddecéssdl wHithGivds thEe bt new Mo metric is
selected to be the predecessor to new state 0. The associated B matrix and
U vector are updated to be the new Bo and Uo, and the associated symbol
5 history is copied to new state 0, left shifting in the selected predecessor’s
state number. This is repeated using new symbol postulates of 1, 2 and then
3 to generate new states 1, 2 and 3. -
When the channel is time-varying, it is not valid to substitute a least
. squares estimate of the channel C calculated over the entire symbol history.
10 One solution would be to estimate the channel over a moving block of
symbols and substitute that. According to one embodiment of the present
invention, the same algorithm described above can be used, if the B matrix
is updated by adding the influence of the latest symbol while subtracting the
influence of the oldest symbol in the block. The U-vectors are updated in
15 the same way. | | |
When the channel is expected to vary so rapidly that the number of
symbols in such a block window is small, for example 5, there are only 32
possible B matrices (in the binary case) and all of these matrices may be
precomputed and stored, thus avoiding the need to update B matrices at all.
20 A second solution for time-varying channels is to compute the
channel with exponential de-emphasis of older errors. A solution for the
channel that minimizes the sum of the squares of errors Ei is given by:
[ _ el

2
[SL+i-DSLH-Dsd] || =D | EXPG-m)D)

Thus the latest error (i=n) is not down-weighted, while errors occurring q
symbols before are down-weighted by EXP(-qT).
25 Takixig the exponential weights inside the bracket and applying them
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Term 8: r*(ntl)(ZnBnzZn')(ZnZn' )r(n+l) = - | r(n 1) _

| [err](ZnBnZn') _ : 1+ ZnBnzZn' 1
+ ZnBnzZn'WO 96/08903 A conputation strategy for the 8 terrci/sssasmei bed
below First, Un' = Rn'Sn is available fromthe foregoing

iteration. The termUnh is a vector with a length equal to the

nunber of synbols tinme dispersion, L. 5 Then, Zn is forned using the
newest synbol s(n+l) and Vn = Ba Zn' is cal cul ated which is also an
L-el enent vector. The inverse Bn is-d24 by L . matrix available from
the foregoing iteration. The conplex scalar a = ' Un'Vn and the real

scal ar b =to/théroasoftSham thel cvilaéscd madified Sanatrik.is obtained in which .
- Mo+ 2(1-b)R{ar(nl)} + rﬁygﬂ)[er'r] -ferr] oo . Mn +l) -
gi ves the HeJasIow is weighted by lorand|is thsunchanged, butiinwhiclhhearlige natrix 10

entities i < rh Pk 6 CihBhiadRS 101 I i f symbol s

Cime | o0 S bRl e il B EPCHE Th b RBUIBF 8 O

thg nu(rjrbe_rh:hs‘an mcmge&wememﬁ?nﬁaniad:pom?@bgnmﬁ B leartiekr i cs may be
t - t t | , i.e., not

cXpoRent | abpentc Wit hy el St s e, 6 il to i * "
channel which minimizes the sumsquare error over i-1 to n is still given by:

D

Cn=(Sn'Sn)"'Sn'Rn

The R vector is now however updated by means of:  Ra+1) = {-,::,J

where d = EXP(-T).
That is, the R vector is extended to n+1 elemenits by de-weighting the

10 - previous elements by d and appending the new received sample r(n+1).
| The S-matrix is updated by means of:

_ -.[ dSn : -
S(n*l) l _S(L’If‘l- 1) ’S(L+n-2)..-;----‘(u) }

In other words, the S-matrix is extended by a new row, previously denoted
by Zn, while the previous rows are downweighted by d. Thus:

S(n+1YS(n+1) = Exp(~21)Sn'Sn + Zn'Zn

giving the recursion formula for B(n+1) as:

Bn - Bujd®
15 Then
1
B(n+1) = Bn - BnZnZnBn
_ T ToznBnzn’

The recursion formula for the vector previously defined as Un becbme_s:'.



‘effort as successive synbol s are progressively decoded. In other words, the
15 effort to decode 100 bits.is just 10 tines the effort to decode 10
bits. - W al so have to form [err] for use in the next
iteration. The above netric update has to be performed for
each candV@46/8903 sequence Sn and for each possibl e vERCEASSS1170R
newest synbol s(n+l). This 20 results in an exponentially expandi ng
tree of possible sequences that has to be trimed. The Viterb

al gorithm chooses to retain the best of all WD 96/ 08903

PCT/ US95/ 11708 -10 -
sequences that agree in thelr | ast ¢ é?ﬁbols thus restricting the nunber
of retained states to 2[err] in a binary nodul ati on system An
alternative woul d be to ﬁﬁi |ndpﬂhy the best. K'states. It nay be
realized that sequences diffegprin y n sign, or in a synbol
phase rotation give the sang (@ f, Uand'fﬁﬂ§l Zn corresponds to the
denodul ati on anbi guity when no ‘absol ute phase reference S

provi ded. This anbiguity has to be resolved either by differential

Other than the above modifications for updating Un and Bn, no other
 changes to the algorithm are needed to cope with time-varying channels.
Note that the augmentation of Bn by EXP(2T) and the reduction of
Un by EXP(-2T) should be done as the very first step, so that the algorithm
5 . for varying channels becomes: |

) calculate Un = d+Un where d = EXP(-2T)

fi) calculate Bn = Bn/d

iii) form Zn using the newest symbol s(n-+1) and Calculate Vn = Bn Zn
iv) calculatea = Un'Vnand b = ZnVn |

10 Then
M(n+1) = Mn + 2(1-b)Re{ar(n+1)} + I’(n"'l) , 2. la ' 2
: 1+b
v) U'(a+1) = Un’ + r'(a+1)Zn
vi)  B(n+1) = Bn - VaVn'
T+b
15 _- The exponential forgetting factor d in the above equations should be

chosen according to how rapidly the channel can vary. The optimum value
of d for a given rate of change of channel can be established by simulation.
One embodiment of the present invention is illustrated in Figures 1 to
3. Figure 1 shows a radio receiver 11 which receives a signal from an
20 antenna 10. Alternatively, the radio receiver can be connected to a
| telephone line. Furthermore, the radio receiver can be located in a cellular



decodi ng after denodul ation, or by including known polarity synbols in the
transmtted data to constrain the all owabl e sequences.

Unlike the prior art nmethods, the present nethod places no limt on 10

t he nunber of sequence postul ates that can usefully be retained for further
| i kel i hoW@%608WBng, since the result at each iteration dePerasosit7opnly on
t he nunber of synbols in the finite channel inpul se response

| ength but also on ° the inplied channel estimation over the whole
of the sequence to date. The structure of an apparatus for
carrying out the above denodul ation al gorithm 15 wi |l be described
bel ow. The present exanple uses a 4-By phase _ nodul ati on system
such as QPSK or Pi/4-QPSK which is used in the US digital cellular
system Opsdio telephong subsetiber tniter di ceflelas radio inetviork (base sthtiortd The for,
so that the_channel has two terns _and thus L=2. The Bn matrijces are

thus 2 x ﬁmemfgteys,mf@smM@nWemmw A suitablene new 20

oot T o g S AR P i T

i nt er nal glcsr mwmmmnmﬂbatmwmd as
fol |l ows: dIEPSTCRY - STATE ' B-matrices U-vectors

PATR METRIRSt3ntaneous mdxms@m bufered in a sample buffer memonygd3. Asa o
Mo 0] 3 U M
32010 320153521}2 %&%%s %?xooze selectwﬂ; rt]:meved unrllﬂ"ihe comrol ofl\ﬁzl:ontrol

22130210234t 182 A collection of state memdties 15 includel for each stateJVBpath
The operation of the apparatus wi | ~now be .described. Wth state 0 30

‘as predec @40 memory element, & Bunatgix memory element; @ U-VeCton MAROY(n+ 1) i s use'

55 Bttty ey Th o oy mmery i s

10 contains a symbol string of previously hypothesized symbols that will

become the output of the device if the associated path metric is at some point
judged to be the largest ' |
The control unit 16 can select the contents of &ch state memory in

-turn to be applied to the metric computer 14 along with a selected signal

15 sample retrieved from the buffer memory 13. The control unit 16 also
informs the metric computer of the state number selected, Wi_;ich corresponds
to each as-yet unresolved hypothesis of sequential symbol combinations not
yet archived into the state’s path history memory. For example, if only one
outstanding unresolved symbol hypothesis is permitted in the device (i.e., the

20 device is configured to deal with one symbol-period delayed echoes only),
and the symbol is a binary bit, there will be only two state memories and the
control unit will just inform the metric computer whether the "1" state or
"0" state is currently selected. If the symbdl is quaternary, four states will
exist and the control un_it. 16 will inform the metric computer 14 whether

25 symbol 0,1,2 or 3 is selected. If two outstanding unresolved quaternary
symbols are permitted, corresponding to the device being configured to deal
with up to 2 symbol-period delayed echoes, then the control unit 16 informs
the metric computer 14 which of the 16 states |

| 00,01,02,03,10,11,12,13,20,21,22,23,30,31,32'0:3 33 is currently selected.
30 The metric computer 14 actually requires the complex values that the



.11 - to calculate a new Mo metric. This is repeated for states

1, 2 and 3 as predecessors and the predecessor which gives the
largest new Mo netric is  selected to be the predecessor to new
*state 0. The associated B matrix and U vector are updated_to be
- the new B¥OBH, and the associated synbol 5 hi st RGVPSEIMeq 1 o

new state 0, left shifting in the sel ected predecessor's state

number. This is repeated using new symbol postul ates of 1, 2 and then

3 to generate new states 1, 2 and 3. When the channel is

time-varying, it is not valid to substitute a | east squar es

estimte of the channel C calculated_gyer the entire synbol history. 10
One solution would be to estinate the channel .over a m)vi ng bl ock of

synbol s and?.%ﬂm&ért' f]oﬁg ﬁ:ﬁ&?@l the pr esent :
I nventi on, e sarre&% go&&{ escsshg’gcft gove can be use |f the B matrix
i s updat ed dontrolldhio d6tsappliesf the complexf valies direets to mmmpmubt racting

t he i nfl.uence of the ol dest synbol in the block. The U vectors are
updat ed i n ofswhetherithe metrig camputer conv symbo mtwmkw%ms i s

expected tq &%PF%%%&W]@P&% - In such a
bl ock w nd0W|s sna or exanple there are 0 ylggw possi ble B

mritegl()fr;e)st (eldmg?lm?lor ed, ?ﬁ@sf’m whxbh;s%r:bﬁl:;et te:l Les at all
p u S us S :
20 q%mefwsm Xﬁ’l‘ga'b?‘%c phase aagle; 4I$g' iﬂg"arfgﬁsofsii sconput e

gg?ution for E@%PM%“E?:WWF%WW@H%% F?(e)rzqugr es of

erfors Ei iaegi ven by: [err]

D2, (~1+DN2, A-DIY2 and (-1-HI2,

respectively. These are the S-values used in the above calculations.

10 '_ The matrix and vector arithmetic unit 14 computes a new metric for a

given new symbol hypothesis and each of the previous states selected in turn.
" The largest of the new values is selected to be the new metric value of the

state the new symbol hypothesis will be associated with as a new unresolved

symbol. Selecting the largest of the new metric values resolves the oldest of

15 the previously unresolved symbol hypotheses and this resolved symbol is
then shifted into the associated path history memory. Thus, one new
unresolved symbol is created at each iteration of the device while one old
hypothesis is resolved, so that the number of unresolved symbols remains
constant and the number of states remains constant.

20 . In addition to calculating a new metric value for each of the new
states, the matrix and vector arithmetic unit 14 calculates a2 new B-matrix
and U-vector for each new state. The new B and U elements are calculated
using the elements of corresponding entities from that old state which gave
rise to the largest metric that was selected for the new state.

25 The signal flow within the matrix and vector arithmetic unit 14 is

| shown in Figure 2. A concatenator 20 forms a vector Zn out of the complex
values associated with currently unresolved symbols (Sn,S(n-1) ... ) of the
control-unit-selected state, plus a new unresolved symbol S(n+1). The



Thus the latest error (i=n) is not down-weighted, while errors occurring q

synbol s before are down-wei ghted by EXP(-qT). 25 Taki ng t he
exponenti al wei ghts insi de t he bracket and appl yi ng them WO
96/ 08903‘,‘,0%,089 PCT/ US95/11708 .

- 12 - Y the rows of .S and thé r-values, a nodifiRH/ESIELTBK s
obt ai ned i n which the last row is weight ed by 1, and is thus
unchanged, but in which earlier rows are progressively down-wei ghted
by EXP(-qT). The new R-rvector al so has an unchanged | ast el enent
r(n) and exponentially down-weighted gprlier 5 el ements. Wth this
nodified S-matrix and R-vector, the solution for the channel which
m ni m zes -{kQg 1} toynis still given by: [err]
The R vector |§zﬁ§§v o@gqg@t}o}é%fggﬁ %{/ m?ans of ; [err] .

The complex conjugate of Zn is multiplied by the control-unit-
selected B-matrix in a multiplier 21 to generate a new vector Vn. The
vector Vn is then multiplied by the Zn vector again in the multiplier 22 to

5 yield the scalar signal "b" used_in a metric computer 24. The vector Vn is-
" also multiplied by a control-unit-selected U-vector in a multiplier 23 to yield
a second scalar quantity "a”, also applied to the metric computer 24. The
other values used in the metric computer are also scalars, namely the
_ current, controi-unit-retrieved signal Sample r(n+1) from buffer memory 13
10 and the control-unit-selected path metric value M. The metric computer 24
combines these values to produce a new metric with the control unit
selecting the M,B, and U entities from each state of the state memory. The
results are temporally stored in a ‘temporary storage 25 so that they can be
_ compared in a comparator 26 to find the largest value. The state that gives
15 rise to the largest value and the largest value are determined by the
comparator 26. This is called a best predecessor state. ‘This resolves the
oldest of the unresolved symbol hypotheses to be associated with the state
with which the new symbol hypothesis S(n+1) will be associated. Thisis
called the successor state. The resolved symbol is appended to the other
20 symbols in the path history of the best predecessor to become the path
history of the Successor.

In addition, the B and U entities of the best predecessor are updated
to become the B and U entities of the successor state. The updating is
carried out by blocks (27-3 1) of Figure 2. The block 27 performs outer

25 mulnphcanon of the vector Vn with its own conjugate transpose to form a
square matrix. This is scaled by 1/(1+b) in a scaler 28 using the b-value
computed by the multiplier 22, then subtracted from the predecessor state’s
B matrix to obtain the successor state’s B-matrix.
| The succes_sor ‘state’s U-vector is computed by a multiplier 30 and an

30 adder 31. The Zn vector from the concatenator 20 is multiplied by the



%ere d = EXP(-T). . | That - is, the Rvector is extended to n+l

el ements by de-weighting the 10 ‘previ ous el-enents by d and appending the

nem/recelved sanmple r(n+-1). The S-matrix is updated by means
In other words, the S-matrix is extended by a new row,

preV| ousl{f hthioigde by Zn, while the previous rows argﬂ%ﬁimﬂﬂght ed

by d. Thus: S(n+l)'S(n+l) = Exp( 2T)Sn Sn + Zn' Zn

giving the recursion formulla for B(n+ 1) as:

Bn -Bn/d2 15 Then [err] The recursion fornula for the vector

previ ously defined as Un becones: WD 96/ 08903

PCT/ US95/ 11708 o =17- |

complex conjugate of the selected received signal sample r(n+1) in the
multiplier 30. The result is then added to the predecessor state’s U-vector to
form the successor state’s U—vector in the adder 31.
When the control unit has completed the above processmg for all new
5 annbolhypoﬂmsaathesetofnewrmam:umnmuycmmuuns(mumeﬁwwsuuaﬂ
become the state memory contents for beginning a new processing cycle to
decode signal sample r(n+2).
The above described process exthibits ever-decreasing B-matrices and
ever-increasing U-vectors. This is appropriate if the channel imperfections
10 (e.g., echoes or time-dispersion) are non-varying. However, if the channel
is varying, exponential down-weighting of past history is more appropriate,
and this can be applied merely by modifying B-matrices and U-vectors
before use, as illustrated in Fxgure 3. Figure 3 shows two new scaling units
-32 and 33 that modify the control-unit-selected B matrices and U-vectors
15 respectively before use in Figure 2. The B-matrices are increased by the
factor d, while the U-vectors are decreased by the same factor. This inhibits -
the ever-decreasing behavior of the B-matrices and the ever-increasing |
behavior of the U-vectors that occurs without exponential forgetting. Asa
nsuh,ﬂu:pnmmuinwuukxlﬂﬂenneschmmkﬁvaﬁaﬁonSandreﬂﬂwesdemmkﬂ
20 | symbols based more on recently processed signal samples than on long past
processed signal samples. It may also be realized that "most recently
processed" is not necessarily the same as "most recently received”, since the
use. of a buffer memory allows received samples to be processed in time
reversed order, or even half in t‘uhe reversed order and half in non-time-
25 reversed order from a central stamng point.
In addition, other means for adapting the device to the varyxng
channel case may be employed, corresponding to the Kalman formulation of
sequential least squares processing as compared with sequential least squares
processes with exponential forgetting. These differ only in how the B-
30 matrices are prevented from continually decreasing. In the Kaiman
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[err] O her than the above nodifications for

.updating Un and Bn, no ot her changes to the algorithmare needed to
cope with tinme-varying channel s. : Not e that the augnentation of

Bn by EX
the very

becones:

cal cul ate Bn
Cal cul ate Vn

Then

10

20

l%f t he reduction of ‘Un by EXP(-2T) ?ﬁgﬁ%ﬁ@one as
ITst step, so that the algorithm 5 for var

i) calculate Un = d Un where d = EXP(-2T)
Bn/d: * - iii) formZn using the newest synbol s(n+1) and -
Bn Zn iv) calculate a = Un"Vn and b = ZnVvn 10

‘Mn+l) = M + 2(4gb)Re{a-r(n+l)} + r(n+l) 12 - a 2

' approach a constant Q-matrix is added to the B-matrices as a pre-
- modification before use. All such least squares formulanons can be

implemented by the present xnventxon and are selected aocordmg to how the
channellsexpecwdtovary Petfonnancenmulauoncanbeusedto -
determine which approach to use and to determme the optimum d-values or
Q-matrix values forapmtxcular typeofchannel.
The arithmetic units illustrated in the blocks of Flgures 1-3 should
ptefetably be sxmphﬁed to the maximum extent by notmg whether values are '
purelyralmsteadofcomplexandnotgenerannganxmagmarypartlfthe '
values are real. Also, the symbol values for bxnary modulanon are just real
and + or -1, allowing great stmphﬁcauon of mulnplxers 21 22 and 30.
Even when the ‘quaternary symbols of QPSK as mennoned above are used
the common factor of 1N2 between the r&l and xmagxnary parts can be

. removed leaving only values of +1 and -1, that agam allows large

simplifications of mulhphers 21 22 and 30 The constructxon of the pment
invention is however apphmble for decodmg any representatton of dxgltal
data by modulating amphtude or phase values of a radxo stgnal or both. It
may also be appreciated that the present invention can be apphed to the
decoding of digital data s:gnais that have been recelved over a telephone

Itwﬂlbeapprecxatedthatapersonshlledmmeartcandevmemany
variations in the demled 1mplementanon of the mventxon, mcludmg the use
of programmable s1gna1 processors or stored-program arithmetic devices to
perfonn the necessary anthmenc All such vananons are conszdered to be
within the scope of the invention as laid out in the followmg t_:lmms



Lotadi one shouid be | exp?ﬂﬁ?éhaécigigfﬁé' {0 how ?rap.ddIS Hlﬁlﬁﬂllﬂiﬂlllllllmlll

yary. The optinmm val ue of d for a given rate of chande 6f ehahnél *
can be esﬁ, Md by simul ati on. One enbodi nent of the
present is illustrated in Figures 1 to 3. RETRNEIT08 hows a

radi o receiver 11 which recei 20 ant enna 10.
Al ternatively, the radio recei V\tﬂlscaweetmmsﬁém d t o aThis Sheet Ha Bdef RGOS

line. Furthernore, the radio ijecei VREPLAGEDe | ocfited in 1",' I“ a"lul

WO 96108903
PCT/ US95111708

radi o tel e&hembscri ber unit or a cellular radi o network base station.
The receiver filters, anplifies and converts the received

signal to a suitpble An apparats/forashosilaiy'a kil mbluied Witk aigiar 1 n 2

sanpl i ng and d|g|t|2|n unit 12 he "nurerical sanpl es

r epr esent atinformation mmmmmmnesmols comprigingant aneous
radi o signal are buff

result, the sanples %@Sﬁk&?%?%&&%ﬁ?ol of a
cont rel channel; uni t 16. A collection of state nenories 15 includes, for
each state, a path metric menory element, a B-matrix menory

elenent, a U vector rumphyg and digitizing| meass forproducing tasequencerof menory. The
paLh St oSN ki vERED Bl of i SSUNGH B V001 SLIINO O
device if the associ apnefoRAineanshdving 4 hufibes 67 StafOmBinories each
associated with a hypothesized symbol string and each comi:rising:
10 - path metric memory,
B-matrix memory,
U-vector memory, and
‘path history memory;
control means for selectively retrieving values from said
15 memory means and controlling the timing of operations thereupon;
metric computing means for computing candidate metrics
~using a hypothesxs of a next of said information symbols to be demodulated
made by said control means, one of said numerical sample values, path
_ metric values, B-matrices, and U-vectors and the candidate metrics
20 associated state number selected by said control means from said memory
| means; o |
best predecessor computation means for determining the best
of said candidate metrics to be selected to be written back into said memory
means along with a successor B-matrix, U-vector and path history; and
25 updating means for calcuiating said successor B-matrices, U-
vectors and path history using corresponding values associated with said best
predecessor and said one of numerical sample values.

2. The demodulating apparatus according to élaim 1, wherein

said receiving means is a radio receiving means equipped with a radio



Lhe cont ents of each ot ai d 1NN Il J|||[T " f E’F‘Er o be applied to the

metric conputer 14 along withca se *S| gna sanple retrieved
fromthe buffer nenory 13. The control unit 16 aI so i nforns the
metric cONBAeRIND the state nunber sel ected, which corresPONUSIS/11708 to

eaCh as-yet unresorved hypq] 1l synbol conbinations not

. yet BEG éeyﬁgﬂe&t@ﬂﬁeg st at €| FHRBHERT 8ASBFEedory. For exanple, if only one

out st ved synbpl - rﬁﬁ"r\é\sclE?lsnrmttedlnthe device (i.e.,
cre 1N
echoek

is confl gured to deal with one synbol -period del ayed
and the synbot20s a binary bit, there will be only

two state nenories and the control unit will just informthe
metric conm@ntedpanhet her the '1" state or "0" state is currently
selected. If the synbol is quaternary, four. states will exi st and
the control unit 16 wll |nformthe nmetric conputer 14 Wnether 25

synb6l'0,1,2 or B is B ﬁcalgﬁh l“)hgfkﬂuaternary

synbol s are permtted correspom§ %S toth \F]ce E I Ny contigured to deal
with up towdsmumgpnmdscmwmwmmme control unit 16 inforns
the nmetric conputer 14 which of the 16 states :

00, 01, 02, 03, 10, 11 12 13, 20, 21, 22, 23,30,31,32 or 33 is currently sel ected.

30 The nety; W%@%ﬂaﬁm i 9OWRkRn val ues that
' V\D 96/ 0890 gaﬁ 2

t he
PCT/ 3595/ 13ﬁa'we1vmg means is used i in a cellular radio telephone subscriber unit: 15-

5. The demodulating apparatus according to claim 2, wherein
said receiving means is used in a cellular radio network base station.

6.  The demodulating apparatus according to claim 1, wherein-
said B-matrices are modified before use in sa1d metric computing means and
10 - said updatmg means.

7. - The dembdulaﬁng apparatus according to claim t, wherein
said U-vectors are modified before use in said metric compunng means and
said updatmg means. ' ' '

8.  The demodulating apparatus according to claim 6, wherein
15 said B-matrices are modxﬁed by scalmg up saxd B-matrices by a
predetermined factor

9.  The demodulating apparatus according to claim 7, wherein
said U-vectors are modified by scaling down said U-vectors by a
p 1 - . ed ;E | r. . .

20 10.  The demodulating apparatus according to claim 6, wherein
" said B-matrices are modified by adding a constant matrix to said B-matrices.



“transnitter transmitted for these synbols. It is immteri
control unit 16 supplies the conplex values directly to: t| l Ii 'I” T”II,
Ols 'mnt e '+

(conputer, : or whether the netric conputer converts sy

*conpl ex val ues using - a nodel of the transmt nodul ation J?rocess.
For exanp¥@96/08903 he transmit 5 modul ati on process i sPEPURISIIAB i ch
synbol s are represented by a conpl ex_vector of constant |ength and

phase angle 45[err], 135, -45.& ~ t hehis $Heet HaoBgah R¥placed
val ues correspondi ng to quat efn@HIS SYEBTS , 2{land 3 err]
respectively. These are the S-\al ue® FLE he=labove cdl

The matri x and vector arithneti=Euor L4_conputes a new netric 1or a

gi ven new synbol hypot hesi s -and each df the previ ous states selected in

met 1 ¢ val ue of e 10 detodhliEnB it SBeardiok R 10, Wi o

associ at ed gaidlconstamit MEMxUIESIDY W6klzero diagonalb Kghiehts, Sel ecting the | argest
of the new netric val ues resol ves the ol dest of 15 t he previously

unr esol ved synbol hypot heses and this resolved synbol is: t hen '
shifted into the,gssoguated b hi _Jhus. one.new -

unr esol ved synbolﬁr S %ﬁmgﬁﬁ@mwtm&WM| |l e one old
hypot hesi s sgid'simal ¥eaodsigted by bihdt§ iiforRRatio® bitsinr esol ved synmbol's remai ns

constant and the nunber of states remains constant. 20 ] In
addition to calculating a new netric value for each of the new

stateg, the matrigx andevegctor B ' Lt .14 cal.cul ates, a new B-matrix
and Uvector for %ach%&ﬂ%@nkﬁgﬁ@ség t&“éﬂgﬁ?@ ﬂMal cul at ed

usi ng the eksidanbédulftioncMethod i PHARRARisetK@fing.r om that ol d state which gave
rise to the largest netric that was selected tor the new state. 25

The signal flowwithin the matrix and vector arithnmetic unit 14 is
shown in Figure 2, A goncate : tar .Zn t_pf the conpl ex
~ val ues associ at eé“v\/i t%ﬁ@%@hﬁm% sdf‘%%(‘ﬁﬁm. .. ) of the

control - uni gzigehedliftbnSéanges the ‘phase ofeskid'Sighao! ved synmbol S(n+l). The

15. The demodulating apparatus according to claim 1, wherein
10 said signal is modulated with quaternary symbols.

| 16. The demodulating apparatus according to claim 15, wherein
said modulation method is Quadrature Phase Shift Keying.

17. = The demodulating apparatus according to claim 12, wherein
said modulation method is offset quadrature phase shift keying.

15 - 18. A blind equalizing apparatus for demodulating information-
symbol-bearing signals received through a communications channel with -
unknown echoes or time-dispersion, comprising:

a sequential maximum likelihood processor having a number
of state memories each equipped with:

20 : a path history memory,

| a path metric memory, and
a first memory for a plurality of adaptive values;
path metric computing means for computing new path metric
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conjugate of Zn is multiplied by the control -unit- : sel ected
- B-matri XWOP6489931 t i pl i er 21 to generate a new vector Vn. PGEUS9S/I11708
vector Vn is then multjplied by the Zn vector again in the multiplier 22 to

5 ’[‘hlssﬁéétﬂagBééhlﬁe ar Si metric conputer24. The vector
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mul ti | EELAGER scal fir quantity "a', also applied
to th 24. The .99 . otner values used in the netric
conputer are also scalars nanely the ' . current,

Cont oL Ul e SO Sl o SEL ARl 12,10,

conbi nes tbpmmﬁ roduce a new rretrlc with the control unit
selecting the M B, and entltles from each state of the state nmenory. The
resul ts are tenpor al 3dapting means foradapting, said pdaptivexplues3uchy thatat t hey can be

15 €T oo Y ook vl ittt AR o SpCOCHRLT i e £,

-the 5 mmmm&%ﬁ&m&aﬁ'&%&% GRgfapr state. This

resol ves the dest of the unresol ved syrrbol d%pot heses to be

associ at edmﬂhmmwmmmUﬂWt@OﬂMM ghe\benefiti@fol hypot hesi s
S(n+ 1) wi called the sucor state. The
resol ved W%gﬁ%@ﬁggﬁ%% ‘é?d%“al Synbols in the path

hi story of the best predecessor to becone the path hi story of the‘

successor. In addition, the B and U entities of the best
predecessor ar el@ipdaTheequalizing apparatus according to claim 18, wherein

sequential maximum likelihood process is a Viterbi processor.
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(57) Abstract

disclosed. A receiver reccives a signal over a communications channel and samplers and digitizers produce a sequence of numerical
sample values representative of the received signal. Memories are provided each having a number of state memories each associated with
a hypothesized symbol string. A controller selectively retrieves values from the memory means and controls the timing of operations
thereupon. A metric computer computes candidate metrics using a hypothesis of a next of the information symbols to be demodulated made
by the controller, one of the numerical sample values, path metric values, B-matrices, and U-vectors and the candidate metrics associated
state number selected by the controller from the memory means. A best predecessor computer determines the best of the candidate metrics
to be selected to be written back into the memory means along with a successor B-matrix, U-vector and path history. The successor B-
| matrices, U-vectors and path history are then updated using corresponding values associated with the best predecessor and one of numerical
sample values. o .. . i
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and this can be applied nmerely by nodifying B-matrices and U-vectors

before use, as illustrated in Figure 3. Figure 3 shows two nem/scallngﬂ“

units- 32 and 33 that nodify the control-unit-selected B matrices
and U-vectors 15 respectively before use in Figure 2. The B-matrices
are increased by the _factor d, while the U-vectors are decreased
by the sane factor. This inhibits : t he ever-decreasi ng behavi or of
the B-matrices and thHe ever-increasing behavi or of the U vectors

that occurs w thout exponential forgetting. As a ‘result, the
present invention tolerates channel variations and resol ves decoded 20
synbol s based nore on recently processed signal sanples than on | ong past
processed signal sanples. It may also be realized that "nost recently
processed"” is not necessarily the sane as nost recently received", since

t he use of a buffer nenory allows received sanples to be processed
intim reversed order, or even half in time reversed order and
hal f in non-tinme- 25 reversed order froma central starting point.

In addition, other neans for adapting the device.to the varying
channel case may be enpl oyed, corresponding to the Kal man fornul ati on of
sequential |east squares processing as conpared wth sequential |east

squares processes with exponential forgetting. These differ only
in how the B- 30 - matrices are prevented fromcontinually decrea3|ng
In the Kal man - W96/ 08903 _
PCT/ US95/ 11708 - 18 -

approach, a constant Q nmatrix is added to the B-matrices as a pre-
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“modi fication before use. AU such |east squares fornul ations can be

i npl enented by the present invention and are sel ected according to how the

.channel is expected to vary. Performance sinulation can be used to 5.

“det er mi 0%55 approach to use and to determne t
Qmatrix values for a particul.ar type of channel.

arithmetic units illustrated in the blocks of Figures 1-3 should

preferably be sinplified to the max1f8um extent by noting whether values are
purely real instead of ot generating an imaginary part if the
10 val ues are real. ' syynbol val ues for binary nodul ation are
just real and or -1, I gring great sinplification of
multipliers 21, 22 ang . e Bvan when the @uead=-eraai=y synbol s of
QPSK as nentioned aboye fpre sgq. : tt@ connon factof of [err]

bet ween the real and inar;&pgiﬁ'aﬁ’n be 8 renmovell | eaving only
values of +1 and -1, t{hat 48 i@ | RS far ge S5 sigplif]cations of
multipliers 21, 22 an %3. SHS (@38 |2 gp oR the preSent

i nvention is however i axbl e |f of decob1ﬂnm_repr egentaliqe of digital
data by nodul ating a uoE O [PNASE m\ﬁs_&t—a—r adi & si ghal™ or bot h.

may al so be appreci at hag 1R PASsER| i hventi on| can®pe applied to the
decoding of digital d 1@ Si nrajé Shab e been refcei v over a tel ephone
20 l'i ne. Y] i SV appreci ated that a person skilled
in the art can devise {gghy PRy Qgﬂations in fhe detailed

i mpl enent ati on of thelig@yentiom Trcruding the use of programabl e

he om.li,(ggéml%sval ues or
" The :

si gnal processors or 9 ed- progr rithmetic dev
the necessary -arithmtd¢. Al syueQ-lariations are
wi thin the scope of th nventi oMay/l aid out in t
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-J19- | CLAI M 1. An apparatus for denodul ating

a signal nodulated with digital I nformati on synbols so as to
gxtract said information synbols, conprising:
recei vi ng WRydsisédd’ receiving a signal over a communi cations )
channel ; - ~ sanpling/&nd digitizing means PCSUSVEERRI ng a
sequence of nunerical sanple values representative of said
recei ved signal; menory neans for- storing said
nunerical sanples, i d. menory . means having a state
menori es each assomRtEJ with a hypot hesi zed o & and
each conprising: S8& net ik S
. - x
B-matrix mefgy, [N t or $
. 4
pat h hi st or §genor &&% i gz co@‘gg Nvely
retrieving ues FR® sqi d meTor L RS t he
timng of o ationsgt herleuporf, ] S & I ng nmeans
for conputi@candi date netrids us®rMg a hye® §of a jnext of
sai d infornmajyon synbols fto bg d qul at ed "made by - &®said|control
means, one sai d_nunerilcal §anpl &fval ues, path metrjc vaues, 20
B-matrices, d U-vectors ang|the @&ndidafe net rlCs asyocrated—gtabs number
sel ected by|sdid control |meaig fro@ i d prenory &eans; ey e S
best prede dor conput atfi onSyeans~f defggmi ni Qg t hg ]| Ea P
predecesqo pi d gandi dat @|met r gt o pe sel Rt ed ' mﬁack
into saio megs al 8Mg wi th a suc@essor twi x,| &&ector
and pat h |hi §ﬁry &3 and S upda®\ ng neanse for
. S. & . : x .
cal cul atijngQgi d REXr B- mat I‘%S, U S.__vectoxs and path history
usi ng corjrespond| ng ¥gs asdogi \ed wi tlh sai d ‘pest pr edecessor
and sai d lane hune™ cal| sanqgl & ljues. .
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2. The denodul ating apparatus according to claim1l1, wherein said
receivin S connected to a tel ephone line. 3. The
‘denodul at1 ng appar atus accordi-ng to claim1, wherein PCT/US2Y/H708
receiving neans is a radio receiving nmeans equi pped wth a radi o antenna.

5 4, The denodul ati ng appar¥3BBus according to claim3, wherein

sai d receiving nmeans is used in a cellular radio tel ephone

subscri ber unit. 5. The denodul ati ng apparatus accordi ng
to claim3, wherein said receiving neans is used.in a cellular
radi o network base station. 6.-  The denodul ating
apparatus according to claim1, wherein 10 said Uvectors are nodified
before use in said netric conputing neans and _ sai d updati ng neans.
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7. The denodul ati ng apparatus according to claim6, wherei
said Uvyectors are nodified by scaling down said U vectors by”“l“”"l

Ly IIII

-predeterm ned factor. ° + 15 8. The denodul ati ng appar at ust
accordin 1, wherein said B-matrices bef ore
use in SQYQ%@@P? corrputi ng nmeans and sai d up}gé’fﬂ@%ﬁfe{gﬁ :

9. The denodul ati ng apparatus according to claim8, wherein said B-

matrices are nodified by scaling up sai d1§ matrices by a predeterm ned
factor. WD 96/ 08903

PCT/ US95/ 11708 -21-

10. The denodul ati ng apparatus according to claim@8, wherein

said B-matricesl GAMbdi fi ed by addi ng a constant matrix to said

c|:3l Q?H Ilg,es\'/\,her.ei n L Anapgétlja cfg;rll-&t na r| as On?&ﬁ%@%@g?@rg: ngtn;
el ement s. information symbols so as to extract said information symbols, comprising:
receiving means for receiving a signal over a communications
5 channel;
sampling and digitizing means for producing a sequence of
numerical sample values representative of said received signal;
memory means for storing said numerical samples, said memory
means having a number of state memories each associated with a hypothesized
10 symbol string, and each comprising:
path metric memory,
B-matrix memory,
U-vector memory, and
path history memory;
15 control means for selectively retrieving values from said memory
means and controlling the timing of operations thereupon;
metric computing means for computing candidate metrics using a
hypothesis of a next of said information symbols to be demodulated made by
said control means, one of said numerical sample values, path metric values,
20 B-matrices, and U-vectors and the candidate metrics associated state number
selected by said control means from said memory means;
best predecessor computation means for determining the best
predecessor of said candidate metrics to be selected to be written back into said
memory means along with a successor B-matrix, U-vecto.r and Iiath- history;
25 and

-
’

updating means for calculating said successor B-matrices, U-
vectors;a‘a_:nd path history using corresponding values associated with said best

g * predeceSsor and said one of numerical sample values.

REPLACEMENT SHEET

08 APR 1998 ‘l

&



sai d. signal is modul ated by binary |nformation bite. C'ITIIIlIﬁl\llmlﬂ |I1I3|I||
The dem)dul ating apparatus' according to claim 12, wherein *

si gnal d using Phase- Reverse Keyi ng. The
denodul at W&%@?at us according to claim 12, V\,herel n gq’yUS%il&%s

nodul ati on changes the phase of said signal. The
dermodul ating apparatus according to claippl2, vvherel n said _ si gnal
i s nmodul ated using offset quadrature phase shift keying.

16. The denodul at i ng appar atus according to claim1, \/\herel n sal d

signal is nodul ate at er nbol s

denodul ati ng apparg't F@Pﬂ@a’t“é %ﬁ’%ﬂ&ﬁfﬁwmﬁ%?m&; Hherem sa1d SI gnal
| s_modul at ed U%eaawﬁgmgr&nﬁ&moﬁ%ﬁhdﬁemeg WD 96/ 08903

PCT/ US95/ 11708

3. The demodulating apparatus according to claim 1, wherein

said receiving means is a radio receiving means equipped with a radio antenna.

5 4. The demodulating apparatus according to claim 3, wherein said

receiving means is used in a cellular radio telephone subscriber unit.

5. The demodulating apparatus according to claim 3, wherein

said receiving means is used in a cellular radio network base station.

6. The demodulating apparatus according to claim 1, wherein
10  said U-vectors are modified before use in said metric computing means and

said updating means.

7. The demodulating apparatus according to claim 6, wherein
said U-vectors are modified by scaling down said U-vectors by a

predetermined factor.

15 .- 8. The demodulating apparatus according to claim 1, wherein
* said B-matrices are modified before use in said metric computing means and

said updating means.

9. The demodulating apparatus according to claim 8, wherein said B-

matrices are modified by scaling up said B-matrices by a predetermined factor.
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val ues using old path metric values, said adaptive val ues,
sanpl e of said received si gnal m' Hau mg II I”III
means for adapting said adeptive val ues such that eachcof Lsand new

metric v ubstantially equal in value to one of ol d
metric VS‘M?@@Q@ an increnent based on said | atest m’gﬁ&lg}%
sanpl e had said old nmetric values been calculated with the benefit of
information contained in said |atest recgjved signal sanple.

19. The equalizing apparatus according to claim18, wherein said
sequential maximum | i keood process is a Viterbi processor.

10.  The demodulating apparatus according to claim 8, wherein
said B-matrices are modified by adding a constant matrix to said B-matrices.

11.  The demodulating apparatus according to claim 10, wherein

said constant matrix has only non-zero diagonal elements.

-5 12.  The demodulating apparatus according to claim 1, wherein
said signal is modulated by binary information bits.

13.  The demodulating apparatus according to claim 12, wherein
said signal is modulated using Phase-Reverse Keying.

14.  The demodulating apparatus according to claim 12, wherein said
10 modulation changes the phase of said signal.

15.  The demodulating apparatus according to claim 12, wherein said
signal is modulated using offset quadrature phase shift keying.

16.  The demodulating apparatus according to claim 1, wherein said

signal is modulated with quaternary symbols.

15 17.  The demodulating apparatus according to claim 15, wherein said
signal is modulated using Quadrature Phase Shift Keying.
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