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U S. Patent Application Serial No. 08/179,953 entitled "Cellul ar

Communi cations System Using Interference Caeallation, filed January 11,
1994, is incorporated herein by reference. 10 The present invention
bel ongs t@oldsBe@gt Of nultiple access communications systprrossesdsss i ndoor
wi rel ess communications (wrele PABX s), wireless Local Area Networks
(Wreless LANS), cellular |andnobile comunications systens and nobile
satellite conmunications systens. Such systens are characteried by at

| east one fixed base or relay station afjtenpting to nmai ntain communi cati ons
with a plurality of subscriber 15 stations or termnals. These fixed

stations are arranged tqmmnWemmcfsrAmpl e to cover
different countries in the case Qf pruni cati ons system to
cover different cities in the Mcgﬁ?mum cations system
networks, or to cover different floors or corridors in the case of an

i ndoor wireless network. In such systens, capacity to support a |arge
nunber of subscribers is rreasumﬂﬁﬁfHQHuch as Erlangs per Mz per
square | onet er. t . i t. igR&l G of
bandwi dth, or byU@eW@%%}W@?SW CauldeCpgiiRichicte”
there are Using diteiference Caticeliaion®  ofilkd Janomryetl, 1994 is incorpordtediieneinue,

nanel y of redu&rng cell size, increases the infrastructure cost, so it is a
better meast¥ ®he cost-efficiency of a multiple access systenrto
express capacity as Erlangs 25 per MHzper cell. If adjacent cells use the
sane frequency, interference between those cells can occur. On the other
hand, if adjacent cells are not peﬁﬂﬂﬂﬁﬂﬂﬂﬂbnhse t he sane frequency,

| mpl eneqgj ng a SWMt ?W'aﬁ”of Bt %ﬁ%nﬁnwu
spatlal separatlon etvve n cells uslng e same channel s t hen
t he nunber wmmmmmwmem $)swirel¢ssclatabiaen|

2adi ng. r e NHORE CRRUERTEANSF defflar rindrbefiy %%‘ﬁg*‘l@%é#@%&?ﬂrﬁ S thovitsY
satellite communications systems. Such systems are characterized by at least one fixed
base or relay station attempting to maintain communications with a plurality of subscriber
1S  stations or terminals. These fixed stations are arranged to provide area coverage, for
example to cover different countries in the case of a satellite communications system, to
cover different cities in the case of cellular communications system networks, or to cover
different floors or corridors in the case of an indoor wireless network.

In such systems, capacity to support a large number of subscribers is measured

20 in units such as Erlangs per MHz per square kilometer. Thus the capacity can be
increased by using more MHz of bandwidth, or by reducing the area covered by each
base station so that there are more base stations per square kilometer. The latter
technique, namely of reducing cell size, increases the infrastructure cost, so it is a better
measure of the cost-efficiency of a multiple access system to express capacity as Erlangs

25  per MHz per cell.

If adjacent cells use the same frequency, interference between those cells can
occur. On the other hand, if adjacent cells are not permitted to use the same frequency,
by implementing a so-called frequency re-use plan that guarantees a minimum spatial
separation of N cells between cells using the same channels, then the number of channels

30 available in any one cell is reduced by N squared. In the parent application, it is shown
that coding signals by adding redundancy and expanding their bandwidths such that they



WD 96/ 126578 PCT/ US96/ 02498
-2- can tolerate adjacent cell interference leads to greater capacity_than
m nim zing bandwi dth at the expense of inteference tolerance and being
thereby forced to use frequency planning. This result relies on bang able
to avoid worst case interference situations such as two term nals on the

border betwee | 1's using the sane frequency. 5 Gogphiﬁ[allmﬁp% bmty
of term nals i%‘%%&&ed to herein as termnals which are "cosited”. %‘e
parent application avoids these situations by, for exanple, a sorting
process that allocates termnals to frequencies such that al nost-cosited

termnals are not allocated the sane frequensy. The parent application also

descri bes, anong other things, tw different™ways to utilize nulti-elenent

antenna arrays to resolve. co-channel 10 .inptfre : Laefirst. neth h
ant enna el ement %E@W&ﬁ%‘é@“&#ﬂ%‘ atf’ig&%&g E‘F‘é“ﬁ‘mﬁﬁ'ﬁﬁ’i‘ﬁﬁ
of terminals. Wignhé RRpehissivErinRiferthte Wierandecaith being thereby feroéd &5 ugs frRquar

t he nunber of co-channel  si n!gl . this reiults 1 %1 set yof irmltangggs y
equations that CRARMRG. STt Bekak selics om being all io avpie] Worat case fnterfirence sitpation such
thus undoi ng t heaPhws CRfminklsCon the B3 Beiweed o [Eells udingh Ge siii® SfrueAcy.

in the aether, providing termnals are not cosited. In the cosited case,
the matrix ofS siGengraphical provimity sof,texminals is rrierred to, herein 38 Slermipals \which care

fo 8B
and the equati on @ot Pﬂg‘&?v%ﬁ#h dvifds : eﬁﬂﬁi L C %’lﬂg
di scl oses an alt?ro%i%i 'veﬁrir?\; od 1 rch it iﬁ&%@é%ggto rllédo@t e &
process of co- cpracessthat allpcates tarminals tolfrequencies such thatalmosttdositedcteiminals are not
rat her, the process_ of .m xing is 20 a ' Q. t o) e .
co- channel sign aﬁ@c?'ﬁé e Sane y'smf[m gﬁﬂf@%&i@% %ﬁ%ﬁ&e"r‘lﬁ% things,
el ement, and a niwoTdiffetertewayse to tutitize rmuitieléntons antening herrays t toa bdsplve ecrechannkel

signals is cglcu]ated as an indication of the |ikelihood of each
hypot hesi s. e W}Fﬁﬁm‘@%is which results in the | owest cumul ative nismatch

over several synmbol pefafirsiSméthod, 2adh adGhfAdelBMmenttEceives b iffedert BomBIAAEEN Ufisitinals
Maxi mum Li kel i hood Sequence Esti mati Qn _

from a number of terminals. When the number of antenna elements is at least as great

as the number of co-channel signals, this results in a set of simultaneous equations that

can be solved to separate the individual terminal signals, thus undoing the process of co-

15 channel signal mixing that takes place in the aether, providing terminals are not cosited.

In the cosited case, the matrix of signal coefficients becomes singular and cannot
be inverted, and the equations cannot be solved. For that case, the parent application
discloses an alternative method in which it is not attempted to undo the process of co-
channel signal mixing that takes place in the aether; rather, the process of mixing is

20 applied to hypotheses of the co-channel signals to predict what should be received at each

" antenna element, and a mismatch between the predictions and the actually received
signals is calculated as an indication of the likelihood of each hypothesis. The hypothesis
which results in the lowest cumulative mismatch over several symbol periods is then
determined by applying the Sequential Maximum Likelihood Sequence Estimation

25 algorithm, commonly called the Viterbi algorithm or the Dynamic Programming
algorithm (DP).

In the parent disclosure, use of the Viterbi algorithm for jointly demodulating co-
channel signals received by an antenna array was described for the case of a number of
co-channel signals received at a base station multi-clement antenna array. The algorithm

30 complexity for binary signals was on the order of 2 to the power of the number of co-
channel signals, thus imposing a practical difficulty on processing a large number of co-




25 algorithm commonly called the Viterbi algorithmor the Dynam c
Programming algorithm (DR) In the parent disclosure, use of the Miterbi.
algorithmfor jointly denodul ati ng co- channel signals received by an
antenna amay was described for the case of a nunmber of co-channel signals
received at a base station nulti-elenment antenna array. The al gorithm 30
conpl exitw&&h‘#nary signals was on the order of 2 to thg-1seb4ed t he
nunber of co- channel signals, thus inposing a practical difficulty on

processing a | arge nunber of co- W 96/ 2657
PCT/ US96/ 02498 - 3- channel signals received at a base station due to the
doubling of conplexity for each added signal. SUMVARY 5 The present

i nvention provides an alternative nmethod for handling co-channel

i gnal o 1 oflie APREF nbpREe ol 0508 AR Bplo B SRR SbAb TS

appl i cati onaddedrsignaht enna el emrents may be distributed at intervals along a
corridor, or in a wide area cellular system where different elenents
receive signals fromdifferent sectors or clls. 10 Exenpl ary enbodi nents
show how, in such cases, the conpl exWe processi ng I ncreases only

proportionally rather than ex,ponenU al W th the er of, co-
channel 2ignal s ﬁﬁm e"{ M?‘H g corshapnel, 4
capacity i Sm’i&'?éhﬁﬁfo?'éks%é% deiﬂ%nﬁrbfe&?ww&é&%' QM

I nvention, an 1 ndoor wreless comunicati ons 15 systémi ncludes a nunber

of distri bumtsebmsoffmmn@smfmm& #N @ﬂgormhﬁb@mwmmeana
L) conene, Byt Wiy B AL 000 o HAUGLH IRURR gk ke 1
port abl e uniystem swherel dlﬂ'erentmhmmts rémlveeslgnq.it efrarhr differesit ssectorsutoedeellst ennas

that €46 | V%xemgltaryskﬂgo& 3 lshow how, in such cases, the complexity of the processing

increases only proportionally rather than exponentially with the total number of co-

channel signals processed and thus the complexity per unit of installed capacity is

substantially constant.

In an exemplary application of the invention, an indoor wireless communications

1S system includes a number of distributed antennas for receiving wireless signals from

portable telephone units operating on the same radio frequency channel. Interference

between different remote units is prevented by first determining for each portable unit’s

signal a number of, for example three, distributed antennas that receive that signal most

strongly. Any such antennas also receive interfering signals from other portable units.

20 By hypothesizing the information transmitted by the interfering units, their effect on the

wanted signal reception is accounted for, enabling it to be demodulated error free.

Different estimates of the wanted signal are obtained for each hypothesis of the

interfering signals and stored for future resolution, when similar estimates of the

interfering signals are made using the antenna groups that receive those signals most

25 strongly.” An analogy is made between the Sequential Maximum Likelihood Sequence

Estimation algorithm for decoding coded symbols transmitted sequentially in time, and

the demodulation of signals received at distributed antennas placed sequentially in the

spatial dimension in order to construct an efficient device for implementing the present

invention,



strongly. Any such antennas al so receive interfering signals from other
portable units. 20 By hypot hesizing the information transmtted by the
interfering units, their effect on the wanted signal recepon is accounted
for, enabling it to be denodul ated error free. Different estimtes of the
want ed signal are obtained for each hypothesis of the interfering signals
and stored for Jubub&sd €sol ution, when simlar estimtes of thgd,ﬁ%mi ng
signals are nade using the antenna groups that receive those signals nost
25 strongly. An analogy is nade between the Sequential Maxi mum Li kel i hood
Sequence Estimation algorithmfor decodi ng coded synbols transmtted
sequentially in time, and the denodul ation of jsignals received at
distributed antennas placed sequentially in t'ﬁ’e spat [ aI di mensi on in order
to construct an efficient devi gim are , i nvention. 30
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B(I}I EF DESCRI fTI EJ\I OF Thele Wj&&mm mtlfwvamdgeeof the pmrnma?ﬂwm
advant ages of t resent invgntion 0, ar ent

the fol | owi ng detetEB? JH@V V\geh"F'eﬁ’& QF@?S(A?XW read In
attached Fi gures mmﬁafm@memﬁgwm \U;mchl ust rates an exerrpl ary
application of the present invention in a |long corridor; Figure 2

i |l ustrates adot her e@&‘BFdr‘P“mﬁ’lmm okthe preseat invention in 4 long
closed corridor; dgmgdre 3 illustrates a hird exenplary application present

I nvention in a f|n|te 10 | ength corridor, Figure 4 depicts a

t wo- di mensi onal di st r iBigure@ illostoitesi Wﬂm@mﬁﬂwmﬁﬁﬁwﬁmuonm a
i nvention; Fi guremmogn exenplary satellite spot beam enbodi nent of
t he present ’ :

Figure 3 illustrates a third exemplary application present invention in a finite
10 length corridor;
Figure 4 depicts a two-dimensional distributed receiving system according to the
present invention;
Figure 5 shows an exemplary satellite spot beam embodiment of the present
invention;
15 Figure 6(a) shows vertical, co-linear dipole arrays on a reflecting cylinder
according to an exemplary embodiment of the present invention;
Figure 6(b) depicts polar radiation patterns which exemplify those produced by
an cight sector dipole array;
Figure 7 is a block diagram representation of processing circuitry according to an
20 exemplary embodiment of the present invention;
Figure 8 illustrates the two-dimensional nature of signal processing according to
exemplary embodiments; and
Figure 9 shows a 37 cell frequency reuse pattern.

25 DETAILED DESCRIPTION
For the purposes of a first illustration of the present invention, Figure 1 shows
a long corridor or street with receiving antennas distributed along its length at more or
less regular intervals. These antennas or base stations are denoted by B,, B,, B, B,, and
B; and receive signals from movable units denoted by M,,, M,, M;, M,, M;, M,, M; and
30 M;in Figure 1. The received signals from distributed antennas B,-B;, after suitable local



I nvention; 15 Figure 6(a) shows vertical, co-linear dipole arrays

on_a reflecting.cylinder according.tao an.exenplary enbodi nent of the

present invention; Figure 6(b) depicts polar radiation patterns which
exenpl i fy those produced by an eight sector dipole array, Figure 7 is a
bl ock di agram representati on of processing circuitry according to an 20

exenpl ar ypwysepgsgent of the present invention; Figure 8 igdrwiseéeiase t he
t wo- di nensi onal nature of signal processing according to exenplary

enbodi nents; and-Figure 9 shows a 37 cell frequency reuse pattern. 25
DETAI LED DESCRI PI ON For the purposes of a first illustration of the present
i nvention, Figure 1 shows a long corridgr or street with receiving antennas
distributed along its length at nore or |ess regular intervals. These

ant ennas or. hﬂliﬁ'ﬁﬁmﬁﬁl&%ﬁmﬁtﬁ%ﬁ %%“ﬁk/n oB®nkECEI Ve

signals fromnovable units denoted by ) . Ms and 30 M
in Fi gure lor mure datasollecting siggal-highways 10 dorstranspart toe signal precessing. gint kit er

sui tabl e | ocal P T T

PCT/ US96/ 02498 rﬁ%\(@s%gémgn%ﬁ WLl be,assumed for the moment that saeh i ng,
may be mnul tdigttibotediamenna receives threeosignali-fram threé nearbymobilequmits operatingorsthé O f or
transport to a sSiqgnal precessi oint .11, For, the sake of. i nplificaton,

i T Sbe e, Festieicy, "OR 6503t ite ERhpc in PifFly BF piets.of, DhRRoR BTy oo

t hee si gnalthiodeskillel iff the ' e Will apprecihee thiti thé pris&itdaventiod Bari BE aPplied 38 FRy

frequency. O course this as tion is purely, for, purposes of illustration
and those %W%Bfﬂﬁ“@h@%?ﬂs?wng\”ﬁ’w&f@ ileunitsac present invention can

be applied to argerpyshae, Al FigiPhise afSfita/B,rebifés dghals WO, A1, BRPM, ©

units. For exanple, In Figuré 1 base antenna Bl recelves Si g{r:al S frqr'n ML,
MD and M iin respeptive AmOUMSSuneosandic, while, basecunif/R, | recaivescMonM, and Medpi ves

M, M @nd Moebfive amounts c’,, ¢!, and c', and so on. This exemplary embodiment processes the
signals collected at processing point 11 in the following way.

Assuming the signal modulation is binary (i.e. each signal can only take on the
arithmetic value +1 or -1, being equivalent to Boolean values 0 or 1), then it is
postulated that mobile unit M, is transmitting a bit b, of value Boolean zero (arithmetic

15 +1) which is received in amount c, at B, i.e. the signal value -+c, is received.
Likewise M, is postulated to be transmitting b, and mobile M, to be transmitting b,.
Thus the total signal received at B;, which we can denote by S, is given by:

S; = c.by + Co.bp + ¢.b; = ¢; + ¢, + ¢, for the hypothesis that

b; = b, = b, = Boolean 0

20 Likewise the other seven hypotheses for the three unknown bits can be made and
a table containing in total 8 possible values for S1 can be constructed as shown in Table
1 below:




10 respective amounts ¢' O, c¢', and c¢'2 and so on. This exenpl ary

enbodi ment processes the signals collected at processing point 11 in the.
foll owi ng way. Assumi ng the signal nmodulation is binary (i.e. each signa
can only take on the arithnetic value +1 or -1, being equival ent to Bool ean
values 0 or 1), then it is postulated that nobile unit M is transmtting a
bit b4 of valquggabﬁﬁp zero (arithmetic 15 +1) which 1S recptyoshelodsos
anount c4 at Bl, 1.€. the signal value +c4 is received. Likewise M) is
postul ated to be transmtting bo and nobile M to be transmtting b,. Thus
the total signal received at Bl, which we can denote by Sl is given by: Sl
=c.l.b.1 +co.bo +cl.b, =c.1 + co + cl for_ghe hypothesis that b.,1 = bo

= bl = Boolean 0 20 | i kewi se the other seven hypotheses for the

t hree unknown bits can be made and a table containing in total 8 possible
val ues for S1 can be constructed as shown TABLEDI e | bel ow WD 96/ 26578
PCT/ US96/ 02498 TABLE 1 HYPOTHESI S b4 bo b1, .

S10 0 HYPO’[QIEGIS 8 By C.pl tcOtcl 5 ¢ 1
0 0 c 1+-k0._c1 1 0 b 0
c.1-co+cl 3 Og 1 0 (1] 0 C. 1- cQ+egt¢|

1 0 0 -c.| +¢c0+cl 5 1 0

-c.,+c0-c1 10 5 d 0, 0 4 1 0 Catere
-c.1-co+Cl 7 1 11 0 -C. 1 &G0 It

will be noted by those skilled in the art that a two-fold sym'rletry can be

exploited to reduce the & fort in c culatilng the JMal ues of Se&yCsfnce hal f
the values in

4 1 0 0 ~C3+Co+C,

5 1 0 1 3 +CCy

10 6 1 1 0 ~C.4~Co+C;
7 1 1 1 ~€.1~Co-C;

It will be noted by those skilled in the art that a two-fold symmetry can be

exploited to reduce the effort in calculating the values of §;, since half the values in

15 Table 1 are simply the negatives of the other half. An even more efficient method to

calculate the eight S, values is to note that the value in row 1 differs from the value in

row 0 by -2¢,; the value in row 2 differs from that in row 0 by -2¢c,; the value in row 3

differs from that in row 2 by -2c, and so on. Thus each value in the first 4 rows can be

calculated by means of only one addition or subtraction from the value of another row,

20 and the remaining four are just the negatives of the first four. Thus instead of 8

operations to add three numbers, only one operation to add three numbers and three to

add a pair of numbers are needed. For larger numbers of hypotheses dependent on more

signals, it may be verified that the signal hypotheses are most efficiently calculated in

Grey code order, a binary ordezing such that only one binary bit changes sign between

25  successive hypotheses, which in turn only requires one addition or subtraction of a value
such as 2c0.

The signal hypotheses calculated in the above manner are used at processor point

11 in comparison with a received signal sample from base antenna B,. Typically, the

squared-modulus mismatch would be calculated between each predicted signal value and

30  the actually received value, and added to a cumulative mismatch or "metric” associated



15 Table 1 are sinply the negatives of the other half. An even nore
efficient nethod to calculate the eight Sl values is to pnate that the val ue
inrowl differs fromthe value in row O by -2c; the value in row 2 differs
fromthat in row O by -2co; the value in row 3 differs fromthat in row 2
by -2ci and so on. Thus each value in the first 4 rows can be cal cul ated by
means of apbyeggses addi ti on or subtraction fromthe val ue etrasssgoaes row, 20
and the remaining four are just the negatives of the first four. Thus

i nstead of 8 operations to add three nunbers, only one operation to add
three nunbers and three to add a pair of nunbers are needed. For |arger
nunbers of hypot heses dependent on nore signals, it may be verified that

t he signal hypotheses are nost efficiently calculated in Gey code order, a
bi nary or derififesdeh hiypéthesis. CTHIY colld ré3uld & Tablé £ belod \@Rierein e MEHERNes fre
successi ve hypot heses, which in turn only requires one addition or
subt r act i on Rwrely exemplary}.uch as 2c0. The signal hypotheses calculated in the
above manner are used at processor point 11 in conparison with a received
signal sanple from base antenna Bl. TABLER |y, the squared-nodul us mi smatch
woul d be cal cul ated between each predicted signal value and 30 the

actual | ygr ecei m and sdded t%ua currulbat ive m snml&r "metric
d Q -1 1

associ at
PCT/ US96/ 02498 -7- gM th each Rlgypothegys. Thi ggcould resulgy2n Table 2 bel ow
(wherein the netric values are purely exenplary). TABLE 2 5 HYPOTHESI S
b. bo b1 1 0 vMRco 1 0 0.39 0 0
0.72 1 0 1 0.3 0
1 0 2 1. 040 3 1 o0 1 .64 1
1.34 3 0 1 1 1.34
10 4 1 0 0 0.13
5 1 0 1 0.32
6 1 1 0 0.98
7 1 1 1 0.49
15 A choice can be made between the hypotheses at this stage, in which case the

metric in row 4 is the least mismatch, so the hypothesis 100 is the most likely.
However, processor point 11 has other information received by the other antennas, e.g.,
B,, B,, B, and B, which can be used in further processing to obtain a more reliable
decision. Processor point 11 can therefore continue to produce hypothesized signal

20 values for all possible combinations of b,, b, and b, that are received at antenna B, for
comparison with the signal S, received at B,. The squared mismatch between the
prediction and the actual signal is then accumulated with corresponding previous metrics
from Table 2. A corresponding metric is one which is associated with the same
hypotheses for the two bits b,, b; which are common between the old hypotheses of Table

25 2 and the.new hypotheses. Table 3 shows some possible new mismatch values, called
DELTA METRICS, between predicted and actual values of S,.



10 4 1 0 0 0.13 5

1 0 1 _ 0.32 6 _ 1 1 0
0.98 7 1 1 1 0.49 15 A

choi ce can be nade between the hypotheses at this stage, in which case the
metric inrow4 is the |least msmatch, so the hypothesis 100 is the nost

i kely. Howev essor point 11 has other information reﬁﬁhﬁﬁﬁﬂﬂﬁ he
ot her antenna§§oz§%ﬁﬁi B2, B3, B4 and B% whi ch can be used in further oo
processing to obtain a nore reliable decision. Processor point 11 can

t herefore continue to produce hypot hesi zed signal 20 val ues for al
possi bl e combi nations of b0, bl and b2 that gre received at antenna B2 for
conparison with the signal S2 received at B2. The squared m smatch between
the prediction and the actual signal is then accunulated with correspondi ng
previous netrics fromTable 2. A corres@ZABLEG netric is one which is
associated with the sane hypotheses for the two bits bo, bl which are

conmbn bet ween t he heses, of Table 25 and t eses.
Tabl e 3 shows snmhnm&génpw rrpﬂ:rmfrh ol ues %ral | ed nﬁgm&
82

bet ween predicted and gctual val ugs of SR W06/ 26578

PCT/ US96/ 02498 HYPTHESI S bo b1l b2 ) DELTA
METRIC O 5 01 o © @ 1 0.82 0.11 1
0 0 1 0.11 2 0 0
1.53 3 0 2 1 0 1 1 0 1.23 4 1.53 1
0 : 0 3 0.965 0 1 1 1 0 1.23 1
0.87 10 6 1 1 0 1.67 7
1 1 1 4 g g5 O 0 0.96

5 1 0 1 0.87

10 6 1 1 0 1.67
7 1 1 1 0.55

The DELTA METRIC for b,, by, b, = 000 may be accumulated with the old

metric of either previous hypothesis b_;, by, b, = 000 or 100, as both are consistent in

15 their b, b, positions, i.e., they are both corresponding metrics. The previous hypothesis

with the lower metric is thus chosen to add the delta metric to since a conclusion of

" hypothesis likelihood based upon a lowest cumulative metric value is desired. This is old

hypothesis number 4, with metric 0.13, giving an accumulated metric of 0.13 + 0.82 =

0.95. To indicate which of two previous metrics were used to produce a new metric

20  after accumulation with a delta metric, a new column called PATH HISTORY is added

to produce Table 4 wherein each of the new accumulated metrics is calculated in the
manner described above for row 1 of Table 3.



The DELTA METRIC for bo, bl, b2 = 000 may be accumul ated with the old
metric of either previous hypothesis bh-1_ b0 bl = 000 ar_100__as hoth are
consistent in 15 their b0, bl positions, i.e., they are both correspondi ng
metrics. The previous hypothesis withthe | ower netric is thus chosen to add
the delta netric to since a conclusion of hypothesis |likelihood based upon
a | owest wonwsrtssvgi ve netric value is desired. This is ol drdTyys9sHaa98 s nunber
4, with netric 0.13, giving an accunul ated netric of 0.13 + 0.82 = 0.95. To
i ndi cate which of two previous netrics were used to produce a new netric 20
after accunulation wwth a delta netric, a new colum called PATH H STORY is
added to produce Table 4 wherein each of. the new accunul ated netrics is

cal culated in the manner descri bed above for row 1 of Table 3. WO

96/ 26578 PCT/ US96/ 02498
PATH H STORY  (b-1) bo TABLE4 2  ACCUMULATED METRIC 1

0 0 0 0.95 5 1 0

B 1 pATH HISTGRY? 1 Op bl 0 .AuCCUMULAi—'Eg5 1 B
1 ; PATHHISTORY, 1 @2 b 5 o METRIC .- 94 1 1
0 ] e—i8E—10 3 1 1

0 2.16 1 11 10 a 0 1. 09.98he " PATH

Hl STORY. col unm contains at this pgf' nt only one, val ue, tpﬁﬁé of the b.1
hypot hedis associated with the sel &ted edeceSsor hypotH€sis. This val ue
happens 15 to be [err]in alg the goove rpws, hgcause thq gyxenplary netric
values in Table 2 associated with hypot heses having a b,1 value of "1"
happen to be | ower than t hode asso&yat ed Wi th cbrrespondilrﬁ‘? (i.e., sane b,

and b2 val ues) hypotheses hgving aib-1 vgjue ofg"0". 1.94
1 1 0 1 1.85

10 1 1 1 0 2.16

1 1 1 1 1.04

The "PATH HISTORY" column contains at this point only one value, that of the

b, hypothesis associated with the selected predecessor hypothesis. This value happens
15 tobe’I’ in all the above rows, because the exemplary metric values in Table 2 associated
with hypotheses having a b, value of 1" happen to be lower than those associated with
" corresponding (i.e., same b, and b, values) hypotheses having a b, value of "0".
Therefore b,=1 is the final decision in the above example; however this need not have
been the case and examples can be envisioned wherein the b, now was still indeterminate

20  at this stage.

The above procedure may be simplified by noting that the lower of two metrics
selected for accumulation with a delta metric can be determined prior to creating and
storing the table. Then, only four rows can be stored, instead of eight. For example,
this can be applied to Table 4, resulting in Table 5.



Therefore b.1=l is the final decision in the above exanple; however this

need not have been the case and exanpl es can be_envi sioned wherein the b.1
now was still indeterm nate 20 at this stage. The above procedure may be

simplified by noting that the Iower of two netrics selected for
accunul ation with a delta netric can be determned prior to creating and

storing the t3d&esnedfgen, only four rows can be stored, insteMﬁg}%@

For exanple, this can be applied to Table 4, resulting in Ta
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-10- TABLE 5 PATH HI STORY (b-1, b0) bl b2 ACCUMULATED
METRI C 10 0 0 0.95 5 4. 10

0 1 0.24 10 1 0 1.85 11 1

1 1.04 In Table 5 it can be seen that not all rows age on the

val ue of bo to be retained 10 at thi sTABRESS the fourth row having a '1'
where the first three have a '0'. Thus, as corrpared with the b.1 values in
t hi s exanpl e, m natiqn of ¢hese bo yet been
reached. The pr oé’fé‘;ﬂ@k“% Qﬁ'ﬁh contlf‘nues @o % % :)gnal
received at antenna_using. h\/naT heses of b in addi tJ on.t al r eady- made
hypot heses of bl and b2, “and 15 fghe fourgrows gre updat gpggy accumul ating
a new delta netric as before to obtain a new ei r ows WhICh are then

col | apsed todthe best four. At thl®& pointOthe pgth hi st of0y24woul d cont ai n
surviving triplets of b-1, bO and I f qll SUbVIVI ng rgv?sagree I n one of
these bit positions, that is the %lnal decision for the bi't” and it nmay be
renmoved and firther 11 1 1

In Table $ it can be seen that not all rows agree on the value of by to be retained
10  at this stage, the fourth row having a ’1’ where the first three have a '0’. Thus, as
compared with the b, values in this example, a "final" determination of these b, values
has not yet been reached.
The processor point 11 then continues to process the signal received at antenna
B, using hypotheses of b, in addition to the already-made hypotheses of b, and b,, and
15  the four rows are updated by accumulating a new delta metric as before to obtain a new
eight rows which are then collapsed to the best four. At this point the path history would
contain surviving triplets of b, by and b,. If all surviving rows agree in one of these bit
positions, that is the final decision for the bit and it may be removed and further
processed into, for example, speech with the aid of a Digital to Analog convertor such
20 asa Continuously Variable Slope Delta Modulator (CVSD) convertor. Ifb, was removed
and processed in this way for example, the resulting speech signal would be that having
been transmitted from mobile unit M,.
The above process will be recognized by a person skilled in the art as being
similar in some respects to the Viterbi algorithm for decoding convolutionally coded data
25 transmitted as sequential bits in time, except that the foregoing exemplary process
decodes data transmitted from sequential locations in a spatial dimension. These
inventive processes also lend themselves to a spatial distribution of the hardware
necessary to accomplish the invention, and do not rely then on all information being
available at a central processing point 11. Instead, the data highway 10 can pass the four
30 rows retained from a previous stage from one base station location such as B, to the next,



processed into, for exanple, speech with the aid of a Digital to Anal og
convertor such 20 __as a _Continuously Variable Slope Delta Mdul ator (CVSD)
convertor. If bl was renoved and processed in this way for exanple, the
resul ting speech signal would be that having been transmtted from nobile
unit ML. The above process will be recognized by a person skilled in the

art as beydggdzss | ar in sone respects to the Viterbi al gﬂgﬁﬁ%&@ﬁ decodi ng
convolutionally coded data 25 transmtted as sequential bits in tine,
except that the foregoing exenplary process decodes data transmtted from
sequential locations in a spatial dinension. These inventive processes al so
lend thenselves to a spatial distributiqn of the hardware necessary to
acconplish the invention, and do not relly then on all information being

con pass. t A Pyt VR proBisting it S6ieined Jo phOIBLE B sprll b WO °
SPE?'; iUgSG}S . fq.smp\\amufsl A r;) ,asi ng.wll be c %?ssiib:]eef;radatar ocess
the st gnal Oftdesivhl frbm S obfite WHE héar Mn"aFTRE ek tncSon; e e Potsed B,
Honr ae. Shllmi“g:ﬁdld;“bti n ;dgeiﬂan .t hédﬁp?sm g';g?:?gck al.o?im?he rr;ed ﬁla'tjgi t
i ghuayS | heELS mofile iehotk cxshidige can e doalel 3 TP id gpeeeh Hienglth thein 5

where a nokittniled detingtichs G ¥itORIcpRcheiRtwotgat ed to raot said speech signals
to their intended destinations In the tel ephone network. A person skilled

in the art wil | Adpestonskiiedin the arwilhalse knew that ghei processidesetibeshaboveends t h t he
AT | 2°1) p AL bl UREA: 9ot o LR Gl BT
gi ving di f ferightt Hasveyer, other factors carresult incthe bwo ditectionsgjvingidifferentresutts,ng bot h
1ot 80,280 wAAE IRl eS8l Bl AR vt i s, 20
descri bed dimeusiGn, just asrtherbloan be BAn@REs inprodessin fobvards and baskWards in the
time dimension as described in U.S. Patent No. 5,335,250 entitled "Bidirectional
Demodulation Apparatus and Method” and filed on October 22, 1992 to Paul W. Dent
et al. and which disclosure is incorporated here by reference.
15 The other factors mentioned above include that the coefficients denoted by c.,, g,
¢, etc. above also have to be estimated from the received signals. These coefficients are
complex numbers that describe how each signal is rotated in phase and attenuated in
amplitude in traversing the propagation path or channel between a mobile unit and a base
unit. Determining these values is often known as channel estimation and according to
20 exemplary embodiments simultaneous channel and data sequence estimation can be used
herein.

In simultaneous channel and data estimations the values of the coefficients
describing propagation from a mobile unit to each base unit are updated to new values
each time a data bit from that mobile is decoded. The updating can wait until a final

25  decision for the decoded bit is made, analogous to the time-sequential Viterbi disclosed
in U.S. Patent Application Serial No. 07/942,270, entitled "A Method of Forming a
Channel Estimate for a Time Varying Radio Channel”, which disclosure is incorporated
here by reference. This method is known as delayed decision feedback. In its adaptation
to the present invention, such a method involves feeding back decisions taken not after

30 a time delay, but after processing at some point further along a spatial dimension. In



Denodul ati on Apparatus and Method" and filed on October 22, 1992 to Paul W
Dent et al. and which disclosure_is incorporated here by reference. 15
The other factors nmentioned above include that the coefficients denoted by
c.1l, co, cl, etc. above also have to be estimated fromthe received
signals. These coefficients are conpl ex nunbers that describe how each
signal is rotatygeksksiyrase and attenuated in anplitude in travpefusgiobdss
propagation path or channel between a nobile unit and a base unit.

Determ ning these values is often known as channel estinmation and accordi ng
to 20 exenplary enbodi nents sinultaneous channel and data sequence
estimation can be used herein. In sinul taneoulsz_channel and data estimations
t he val ues of the coefficients describing propagation froma m)bi le unit to

each base unit arrca,# ﬂﬁicﬁ%ﬁ taBiofl \eadBAcKSe? Both @],? spatial Sififension
nobil e i s decode he“updati ng can wai t unt|I a fina eC|5|on for
t he decoded bit icanbesmployed) ogous to the tine-sequenti aI Viterbi disclosed
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estinmation i s de S Pat ent No 5,164,961 to CGudnundson which is
al so i ncor por at edhqemwummm YPPMMS tee,cwithout weiting forpit to be

al gori thm in i GlacRgpar %&ﬂﬁwﬁg& byt Woier 6 mbiel paleR o
each row or Vit State in t above calculatlon process. That

become predecessors for new metrics, but also selects which of two associated channel
estimates survives to be used for making the predictions for the next bit. In this way,
the channel estimates are produced from the bit decisions contained in the associated
PATH HISTORY. The technique of U.S. Patent No. 5,164,961 is sometimes also
15 referred to as a "channel model per state” algorithm.

The method of accumulating magnitude square mismatches to produce a metric,
the lower of two metrics determining a preferred bit decision, is known as Maximum
Likelihood Sequence Estimation or MLSE, as the resulting sequence of bits is the
sequence with the highest probability. The sequence probability is the product of the

20 individual bit probabilities. Quadratic metric accumulation is operates as an MLSE
process only when the signal noise is white and Gaussian. Several alternative techniques
for accumulating the metric are described in the literature, which can result in
simplification of the computations. For example, Ungerboeck’s diagonal metric
decomposition disclosed in the publication entitied “Adaptive Maximum Likelihood

25 Receiver for Carrier-Modulated Data Transmission Systems” found in IEEE Transactions
on Communications, Vol. Comm-22, No. 5 at pp. 624-636 (1974) which disclosure is
incorporated here by reference, may be employed which will be recognized as useful by
a person skilled in the art of MLSE demodulation. This technique allows collection of
terms in the metric that depend on the same bit being decoded and precalculation of a

30 factor that will multiply that bit during metric calculations. The precalculated factor
appears as the inner product of a vector of samples from successively spaced antennas



separate set of coefficients c.1, cO, cl, etc is held against each

postul ate of _the corresponding bits. -An advantage of this nethaod is that ..

the estinmates can be updated on the assunption that the assiated bit
hypothesis is true, without waiting for it to be 10 decided. The decision
process then al so selects not only the |Iower of nmetric pairs to becone

pr edecesswomehesysnew netics, but al so sel ects which of twTAss6tl4es ed
channel estinmates survives to be used for maeking the predictions for the
next bit. . In this way, the channel estimates are produced fromthe bit

deci sions contained in the associated PATH H STORY. The technique of U S
Patent No. 5,164,961 is sonetines also.j% referred to as a "channel nodel
per state" algorithm The method of accunul ati ng nagni tude square
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probability, ﬁﬂm lity is the product of the 20 individual
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process only whdin the curgent application; of joint\demodulation, the sequence ofbite degoded is

al ternatg ve chni . ' . i o ' Leyef.he

literat ujre, I'C b@&‘??’é@&? | ASTp ?%I‘ ég\gifgﬁﬁo f%{elﬁglgﬁéﬁ(yt’ugpﬁgtnéal or

exanpl e, Untyansmiseticit thelsangotime byreriany transmitterso it is mob thisnaeecessarily ioff initérest

publication enti,tled "Adaptiy i j.kel.i ho 5 Receiver for

Car 11 or - Moqt TRpH AR e, PRtFaf e B prolgbiitis, buf Sifer 10, Pavops Hieih chebléns on

Conmmuni cat i ﬁ:&age‘ﬁbbabm%g Sdarect msmw&ﬁ&&ﬁbfi&ﬁﬂMﬂmF%&g&Neosure
ate

I s incorpor here by reference, may be enpl oyed which will_ be recogni zed

as usef ul bmmgﬁ feltanmetrics ppfore, apcuppilation Pickipg the: setoef bifs, which
t echni qyp ah\kﬂ‘ﬁﬁﬁ?iﬂd & 1P "thE'ne pBnénBif) FEBANS fn Whi&?ﬂﬁ &”1% same

bit being decoded and precal culation a 30 factor that w mul tiply
that bit duensembleavesage bitieonor arabebility. The precal cul ated factor appears as
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continuously received convolutionally coded data, i.e. a signal stream that began in the
past and continues into the future. However, a spatial analogy may also be made with

15  a Viterbi machine for non-continuous data transmission, such as block data transmission.
One such system is known as "tail-biting". In tail biting systems, a convolutional coder
is initialized by loading the first of a number of bits to be coded into the encoding
register. The encoder produces a number of coded bits and then a new bit shifted into
the register. The process continues until a finite number of bits have been coded and

20 then the bits first input are reinput to form a complete circle of input bits and to generate
a complete circle of corresponding output bits. A decoder for such a circle of coded bits
that have been received in a block can be started at.anypointinthe circle and can
continue to process bits moving sequentially either clockwise or anticlockwise until
convergence to a unique decoded result is obtained.

25 Figure 2 illustrates the spatial analogy made to apply tail-biting principles to a
distributed network according to an exemplary embodiment of the present invention. The
analogy can be made to a corridor running around the outside wall of one floor of a
building. The antennas of a distributed indoor wireless communications system (e.g.,
those at fixed stations B, - B,) are placed at more or less regular intervals around the

30 corridor forming a complete loop. Mobile units M, - M, are disposed in the corridor and
are transmitting to the antennas. A data highway 20 collects signals from around the



-13- wth a conjugate vector of channel coefficients, and this conputation
can be perfornmed once per_iteration_and need not_repeated for each of the
states of the nachine, thereby effecting a saving in conputation. In the -
current application of joint denodul ati on the sequence of bits decoded is 5
not a set of bits transmtted sequentially in time fromone transmtter

but a set of biwoskpgem tted at the sane tinme by many transm PCBUB6/R498| s
not then necessarily of interest to maxim ze the product of the bit
probabilities, but rather to nmaxim ze their ensenble average probability of
being correct. This can be achieved by accunul ati ng the negative
exponential of the delta-netrics before accumig-ati on. Picking the set of
bits which 10 maxi m ze the sum of the negative exponential results in the

bitset with the |y that erayciive e/ partly prodedsed: locally forofusthed propessiiip eexatrullys in a
descri bed process is also analogous o .a Viterbj decoder .for continuously,
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anticlockw se unti|l convergence to a uni que_decoded result is obtained. 25

Figure 2 il ustratasscontisue areynd| thenlerp Apaitafi 3% MAR)| ARtanEA | siages jaf gnecessary for
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15 Yet another method for terminating a Viterbi process is known as the "tail bits”
method. In this method, a convolutionally encoding process is initialized by zeroing the
contents of a register. Data bits are shifted into the register and encoded bits calculated
for each shift until the last data bit has just entered the first stage of the register, but has
not gone all the way through. This last data bit is forced through by then applying

20 known "tail® bits to the register until the last data bit is flushed through. Decoding
comprises starting with the single hypothesis of all-zeros, corresponding to the known
starting condition. Both possibilities for the first data bit are then hypothesized and tested
by computing signal predictions and metrics, generating two rows or states. This process
continues until the last of the initial zeros is flushed out of the register, at which point

25 the number of rows or states stops doubling and remains constant. The number of states

| remains constant because, for each new bit that is hypothesized, the number of states
doubles, but then because an earlier bit is flushed out, it can be decided by choosing the
lower of two metrics thus halving the number of states again. The number of states thus
remains constant until the known tail bits are processed. Because the tail bits are known,

30 they do not give rise to two hypotheses, but only one, the known one. Thus as the tail
bits flush through earlier-hypothesized bits, the number of states is not doubled before



those at fixed stations Bl - Bl) are placed at nore or |ess regular

intervals around the 30 _corridor_formng a conplete |oop. _Mbile units M

- Ms are disposed in the corridor and are transmtting to the antennas. A
data hi ghway 20 collects signals fromaround the WO 96/ 26578
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channel signals to be resolved, whereas the number of antennas can be equal to the

number of co-channel signals in the case of tail-biting. The analogy of decoding with

15  “tail bits” is thus joint demodulation with the aid of "tail-antennas”.
Inherent in the above discussion was the assumption that each signal received at
an antenna depended on the same number (for example three) of mobile transmissions.

of

The present invention can also be extended to the case where that number is variable, for
which there is no known analogy with convolutional decoders. If such an analogy were
20 to be constructed, it could be described as a convolutional code of dynamically variable
constraint length and dynamically variable encoding polynomials. Before describing the
general form of the invention, two other scenarios are envisaged in Figures 4 and 5.

Figure 4 illustrates the case of a 2-dimensional distribution of fixed base receiving

antennas which are spaced apart uniformly for clarity. A 2-dimensional distribution of
25 moving transmitters M,-M, transmit signals to the antennas at B,, B,, B, .... B,,.

Not all signal paths indicated by jagged arrows between the moving transmitters
and the fixed antennas are for clarity, but those shown are sufficient to indicate that
different base antennas receive in general different numbers of spectraily overlapping,
co-channel interferers. For example, B,, receives signals primarily only from m,, while

30 B, receives signals from M;, M,, M,, M; and M,. In the two dimensional case, the
composite signal received by an antenna no longer depends on sequentially numbered



starting condition. Both possibilities for the first data bit are then
hypot hesi zed and tested_by conputing signal predictions and netrics,
generating two rows or states. This process continues until the | ast of the
initial zeros is flushed out of the register, at which point 25 the nunber
of rows or states stops doubling and remains constant. The nunber of states
remai NS const axjio 9gRéssise, for each new bit that is hypothesi zedrusésmavenber
of states doubles, but then because an earlier bit is flushed out, it can
be deci ded by choosing the |ower of two netrics thus halving the nunber of
states again. The nunmber of states thus remains constant until the known
tail bits are processed. Because the tail biLjg are known, 30 they do not
give rise to two hypot heses, but only one, the known one. Thus as the tai
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number of ant enneguipped with @ multiple mmﬂmmmmnmumnmmmem
Case ot e AR o ks b 5, B,
in analogy with the base antenna notation used earlier. The difference in this case is that
the antennas receiving signals from those areas are located on the orbiting satellite.
15 Exemplary mobile stations M;, M,, and M, are disposed on the earth such that each
mobile signal may be received in one or more satellite antenna beams. If a mobile
typified by M, is in the center of a spot beam, its signal will be received largely only in
that spot beam and not significantly in the neighboring beams. However, if the mobile,
as typified by M,, is at or near the border of two beams, it will contribute to the
20 composite signal received by both antennas. The case typified by M, leads to the signal
from M; being received to a significant extent in at least three antenna beams, i.e.,
beams B,, B; and B,. The satellite case is a favorable one for implementing the
invention, as no beam signal would in general contain significant amounts of more than
three cochannel interfering mobile signals. To use a regular (e.g. 4 state) Viterbi
25  algorithm, it can be assumed that each beam contains exactly three mobile signals, even
if two of them are very weak. However, because of the two-dimensional nature of the
problem, the normal Viterbi algorithm cannot be used without modification according to

this invention as will be described further below.
Another scenario in which the present invention can be applied is a three
30 dimensional distribution of base antennas and mobile units, as for example may arise in
a large building of many floors equipped with a wireless telephone system. As will be



I nherent in the above di scussion was the assunption that each signal
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bl ockage due to buildings. This can meap that a base does not receive 5 a
si gnal flpom t MOBRIE NOMBER: t hat |i 2 ngaqut §9 gt hy,, be expected,
contributin rtyroftToetert es
contribute t ANFENNAy whicly pases| F rxtlhe omgnt fhowever it will be
assuned that these cbntributipnsjcan be| deter rfi nef, with the

af orenenti one e Igrents [cl,[cZjetq., widgn G 0 be updat ed
2

X X X

15 ANTENNA NUMBER
3 X X X X

ANTENNA NUMBER
4 X x| x

ANTENNA NUMBER
20 5 x X

ANTENNA NUMBER
6 x x| x x

ANTENNA NUMBER
v x X x

25  ANTENNA NUMBER
8 X x

ANTENNA NUMBER
9 X X x

30 A cross in Table 6 indicates that the mobile signal is a significant contributor to
that received antenna signal. Of course, all mobile signals are received to a greater or
lesser extent by all antennas, but the significant contributors are defined as those whose
signal strengths relative to the strongest signal are above some threshold. For example,



due to nobile novenent that is nmuch slower than the information signalling

rate. 10 Figure 5 shows another variant_of a 2-dinensional case. An
orbiting satellite equipped with a nmultiple spot-beam antenna, for exanple,
as described in the parent application, illumnates partially overl apping

areas on the ground denoted by Bl, B2, B3 in analogy with the base antenna
not ati on used eqidgsRksys The difference in this case is that the pgRiuRbiiases
receiving signals fromthose areas are | ocated on the orbiting satellite.
15 Exenpl ary nobile stations ML, M2, and M3 are disposed on the earth
such that each nobile signal may be received in one or nore satellite
antenna beans. If a nobile typified by M is _'Flg_the center of a spot beam
its signal will be received largely only in that spot beam and not

significantly in jfhg "O&Y biishglrC iR -9 HEWMYRY of BOJE BELOWPINe! strongeit 'fiztgﬂ

by M2, is at or near the border of two beams, it wll contribute to the’
conposi te signal antennaceuldhe deomed tmbereseiving pmly onessignificant sigealh yThet® x 9aike of

to the signal fro ' . | Qi b ' t el .
t hree ant enna bea%Wﬁgegw?% %ﬁ@k%@%ﬂﬁ Iﬁlni’tt%d'@%%e"fi'@&ghm'
favorabl e one f orIts totdl sizermayrbe much larger; rand dive, munben of srdennmas camexceetbthe duinber of

general cont ai sig‘%gficant anpunts of nore than three cochannel
interfering il %n%l'@‘."%se a regular (e.g. 4 state) Viterbi 25

algorithm it can be aFheisigshl dBsidingboess fbe dustriied caft b8 ekéchtdd th PRinbIpRY inny
signals, even if t of Lheﬂhﬁre ve w%ak. However, because of the

t wo- di mensi onal nﬁ’\[% »MagHng ﬂ?bﬂi“éﬁ?‘ ﬂ‘é‘l\?mﬂfi‘gwaﬁg@wmm&cﬁ‘d
be used without npid e rowsithit cotaid’ & Xdn the fiftt Solumi VFTabl Gare'iitdtifitd. These are
described firther below. Another scenario in which the present Invention

can be applied isravshrband® Theserews arnihen gyaluated fordetsrmine which-othen mobilesunits
loor s equi ppi AL SpHRERIS 5 e Girsfordihe aurdingl Pk il i s Y caion
PCT/ US96/ 02498 - 16f mapilesqwimber 2, 3; 5,c6 andrBds ithie exdmplel Asswning @dchnmobile transmits
antenna could in § i3 @3% ($T8F -HCif the polarity of bits transmitted by these mobiles (2, 3, 5,
6, 8) were known, and the polarity of the bit of mobile 1 were hypothesized, then signal
predictions could be formed for the signals that should be received at antennas 1, 3 and
15 8. Since the polarity of bits 2, 3, 5, 6 and 8 are not known they are hypothesized. All
32 (i.e., 2*) combinations are thus tried, and for each case, the bit of mobile 1 is first
hypothesized to be a 1 and signal predictions for antennas 1, 3 and 8 are calculated as
Pl, P3 and P8. The predictions are compared with the actually received signals Rl, R3
and R8, and the sumsquare mismatch is caiculated as:
20 |PI-R1|2 + |P2-R2|? + |P3-R3}?
This process is repeated for the hypothesis that bit 1 is a zero (i.e., -l1ina -1 or
+1 binary scheme) and, for each of the 32 states of the other bits, the hypothesis for bit
1 that gives the Jowest sumsquare mismatch is determined. This decision, plus the lower
of the two mismatches, is then in each case stored in a table against the hypothesis of the
25  other bits as shown in Table 7.



spectrally overlapping signals fromother floors as well as signals from
mobile units on the sane level. The above sgeparios are_dealt with by the

present invention in the follow ng way. 5 First of all, it is determ ned
whi ch of the nobile units are significant contributors to the signal
received in any one antenna. Table 6 can be constructed to show the
dependencgg¥sngizgnal s recei ved at each antenna on the si gigainsetsnrssM tted
by the nobiles. TABLE6 ANTENNA NUVMBER ANTENNA NUMBER t hat recei ved ant enna
signal. O course, all nobile signals are received to a greater or |esser
extent by all antennas, but the significant contributors are defined as
those whose signal strengths relative tgg.he strongest signal are above
sonme threshol d. For exanpl e, WO 96/ 26578

PCT/ US96/ 02498 -18- if no signal was stronger than a threshold of 30dB

bel ow t he strongest signal, that anterwgﬁﬂ d be deened to be receiving
only one significant signal. The 9 x 9 size of the above table is not neant

to be signifi ' nyW Ll U W.ggg al
size ny be m&@g%‘jﬁmlt he an lé cazbex Mﬁim&)er of
5 nobi | es or vice versa. The siynal 3ec&di ny pr8cess to be described can
be executed T [ T ar oLl ARFUe M any nooLTe. For the
purposessof illustration, noBije e rows tRe® contain an
Xin the first colum of Tab 6gre igleng figd. fhepe are rques 1, 3 and 8.
These rows are then eval uat eg o0 determ ne V\:h"I?Ch other nmobile units 10
contribute significantly to Ohe dbrredpon® ngl ant@nnfas. ThisZ®sults in the
identification of nobiles nugber 2, 3,45, a6 d 8;inthis ex | e. Assum ng
@ 93 S | ik

each nobile transmts a binary signal 1%r -1),%ifythe polarity of bits
transmtted by these nobilesi(R, 8, 56 1t O 0 4.9
10 0 0 0 1 0 1 5.1
1 o o 1 1 0 4.6
1 0 o 1 1 1 1.8
0 1 1 1 1 1 59
15

It will be appreciated that the entries in Table 7 are merely illustrative and that the
sumsquare mismatch values are arbitrary. The actual contents of Table 7 after the first

step of this process described above will depend on the received signals.
The second step in the decoding process may use any of the other bits 2, 3, 5, 6
20 or 8 on which the decision for bit 1 depends. There may be a best choice which will
shortly become apparent. For the purposes of illustration, bit 2 (mobile 2} is chosen to
decode next. Thus, the rows containing an X in the mobile 2 position are identified.
These are rows 1, 2, 3, 5 and 6. Since the signals from antennas 1 and 3 have already
been evaluated, these do not need to be processed again, and so only rows 2, 5 and 6
25 need be considered. Then the other mobile signals that contribute to antennas 2, § and
6 are determined. These are mobiles 2, 4, 5, 6 and 9 in this example. All possibilities
for mobile signals 2, 5 and 6 have already been evaluated and the mismatch results for
predicting antenna 1°s signal are stored in Table 7. To predict antenna signals 2, S and
6, the new bits 4 and 9 which have come into play now need to be hypothesized. Adding
30 bits 4 and 9 to the list of hypotheses expands the number of hypotheses from 32 to 128.
These include 64 combinations of the bits 3, 5, 6, 8 and the new bits 4 and 9 in



6, 8 were known, and the polarity of the bit of nobile 1 were

hypot hesi zed, then_S|gnaI predictions could be formed for the signals.that
shoul d be received at antennas 1, 3 and 15 8. Since the polarity of bits
2, 3, 5 6 and 8 are not known they are hypothesized. Al 32 (i.e., 25)
conbi nations are thus tried, and for each case, the bit of nobile 1 is
first hypothesiggbehgsr®e a 1 and signal predictions for antenngerissshesd 8
are calculated as P1, P3 and P8. The predictions are conpared with the
actually received signals RL, R3 and R8, and the sunmsquare msmatch is
cal cul ated as: 20 P1-R 2 + P2-R22 + p3-R32 This
process is repeated for the hypothesis that hpf 1 is a zero (i.e., -1in a
-1 or + 1 binary schene) and for each of the 32 states of the other bits,

t he hypot hesi s fogo,{j MBw&siaeumawmmmbﬁmmmme
determ ned. This ISIOI’] Ius he [ower of the two m smatches, is then in

each cawst or ed mhwqthdsisehadmzlgta ihé‘%%hﬂﬂ@ﬂbfﬂ‘ﬁmw&‘mmtﬂ t3sangd6 are

shown in Table 7.

/
PCT) Usot/ 02405 - 1 8redieh 488 i’ iftbaqe mismayptis compufed and added 1o the mismatch for bit 1

LOAEST M SMATCH 2 at the carrespondingSplace i espanded Table 7. Then, for each of the 64 hypotheses for

0 0, % 5 vity3, 4,5 6 Fand 9, thd hypptdlis fof bit 2}hat gides the lowest total mismaic?is
2.3 1 0 0 dethrmified and}hat row is selected to reindin irthe table. The determined bit 2 is stored
91, 6 1 0 0 ! 00 ﬂo}ngsidqmeprg\ﬁmﬂydgﬁﬁedbi&?gleadingmalnew talibleasoshownin'l‘ables
below.
TABLE 8
10
DECISION FORBITS 1 &2  HYPOTHESES FOR BITS LOWEST MISMATCH
3 4 5 6 8 9
1 0 [0 0 0 0 0 O 6.5
0o 0 |0 0 0 0 O 1 4.8
15 oo |o o o 0 1 o0 5.9
01 ]o o0 o0 0 1 1 3.3
0o 1]l]0 0 0 1 0 © 7.8
o 0|0 0 0 1 0 1 9.2
o110 0 0 1 1 O 6.5
20 0 1 6 0 0 1 1 1 39
o0 |1 1 1 1 1 1 15

It will be seen that the column in Table 8 for determined bit 1 does not have the

25 same column pattern as in Table 7, even though the bit 1 decisions are as made
previously. This is because the bit 1 decision in a row of Table 8 did not necessarily
come from the same row of Table 7. For example, the bit 1 decisions in row 1 of Table

8 may have come from row 1 or row 16 of Tabie 7 depending on whether the decision

for bit 2 was 2 O or a 1. Table 8 illustrates the decision "0" for bit 2 in the first row,

30 therefore the decision "1 for bit 1 is appropriate from Table 7. Of course these
selections will vary depending on how the received signal values affect the metrics.



0 1 1 1 1 1 5.9 15 It will be appreciated that
the—entries in.Tabhle Z are nerely illustrative and that

m smat ch val ues are arbitrary. The actual contents of Table 7 after the
first step of this process described above will depend on the received
signals. The second step in the decoding process nmay use any of the other
bits 2, 3WOP6268780 or 8 on which the decision for bit PG48 There
may be a best choice which will shortly becone apparent. For the purposes
of illustration, bit 2 (nobile 2) is chosen to decode next. Thus, the rows
containing an X in the nobile 2 position are identified. These are rows 1,
2, 3, 5and 6. Since the signals from aflennas 1 and 3 have al ready been
eval uated, these do not need to be processed again, and so only rows 2, 5

and 6 25  INest] thesecantenna signals which costainompbile signal [3eare; igentifiedtinTable 6,

contribute al t ' ' 4,
56 and o FRABHE S Spuenhad Wnche2ipuangh Sty BOSF nl fip MO e T,
have al r eadmismatches\of ' Tablec8l ot coireenienecejrthe remaining tunusedr rosscofi Tablen§ aret enna
| " s signal e St Ln Jable 7. To predict antenna signals 2, 5 and 6,
the new bit %q@qﬁhi%ave cone into play now need to be hypot hesi zed.
Addi ng 30 bits 4 and 9 to the list_of hypotheses expands the nunber of
hypot hes€s from 32 to 128. These im-g 64 conbi nations of the bits 3, 5,
6, 8 and the new bits 4 and 9 in W) 96/ 26578
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Iecrteg to main inthe

X X X
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15 Table 9 shows that antennas 4 and 9 receive mobile 3. The signals of these
antennas depend on mobile bits 4, 5, 8 and 9. But in Table 8, all possibilities of bits
4,5,8 and 9 have already been hypothesized. Thus bit 3 may be determined without
expansion of the number of states.

Thus, for each hypothesis of bits 3, 4, 5, 6, 8 and 9, the signals at antennas 4 and

20 9 are predicted, mismatches with actually received signals calculated, and the new
mismatches accumulated with the previous mismatches in table 8. Then, for each of the
32 hypotheses for bits 4,5,6,8 and 9 it is determined whether the hypothesis with
bit(3)=0 has a Jower cumulative mismatch than that with bit(3)=1. The decision for
bit(3), along with the lower of the two cumulative mismatches and along with the

25  associated previous decisions for bits 1 and 2 from the selected row are now recorded in
a new table, Table 10, which reduces back to 32 rows, since there are 32 possible
combinations of the as yet undecided bits 4, 5, 6, 8 and 9.



al ongside the previously detenrined bit 1, leading to a new table as shown
in Table 8 below. TABLE 8 10 DECISION FOR BITS 1 & 2 HYPOTHESES FOR BI TS

LONEST M SMVATCH 3 4 5 6 8 91 O 0 0 0 0 0 0

6.50 O 0 0 0 0 0 1 4.8 15

0O O 0 0 0 0 1 0 590 1 0 0 0 0 1

1 W@ sg26578 1 0 0 0 1 0 0 PCT/BS95/0208 0
0O .0 1 0 1 9.2 0 1 0 0 0 1 1 0

6.5 20 _ 0O 1 0 0 0 1 1 1

3.9 .. . . .. . . .. ... 0 O 1 1 1 1 1

7.5 1t will be seen that the colum in Tabl @28 for determ ned bit 1 does

not have the 25 same colum pattern as in Table 7, even though the bit 1
deci sions are as made previously. This is mt he bit 1 decision in a
row of Table 8 did not necessarily cone fr anme row of Table 7. For
exanple, the bit 1 decisions in row 1 of Table 8 nay have cone fromrow 1

or row 16 of Tabl PECISION'FORBITS 1283 heHYPOTHESHSFOR HI?S PLOWESPMISMATCH
a l. Table 8 illustrates the decision "0" for bit 2 in the first row,
therefore the decision "1" for bit 1 is 4pprdpri€te §rof Table 7. Of

Cal'ues affect the metrice w0 8 Redr ' o8 MW UE T VEL o
PCT/ US96/ 02498 - 21- 000[ 0 0 0 0 1 6.9
o010 o o 1 o 8.7

o11| 0 o o0 1 1 6.4

0o1t1| 0 o0 1 0 o 9.3

10 001l 0 o 1 o0 1 11.1

001]0 0 1 1 ¢ 7.4

010} o0 o0 1 1 1 6.8

600} 1 1 1 1 1 ' 8.2

15
At this point, it may be observed that Table 10 contains only zeros in the bit 1
position. Thus the decision for bit 1 is now unambiguous and can be extracted as the
final answer for that bit. Of course the values used in these examples have been
arbitrary, however this choice of values for the decided bits column of Table 10
20  illustrates that the older bits in the decision column have a tendency to converge to the
same value. This does not necessarily happen however, and resolution between
conflicting values in the column may have to wait until completion of processing.
_ There remains only one antenna signal not yet processed in this ongoing example.
The remaining signal dependence is shown in Table 11,

MOBILE NUMBER: 112)13]4|5|6[7]8] 9.
ANTENNA NUMBER




Next, those antenna signals which contain nobile signal 3 are identified in

TaMWMnnasze al ready been used to

conpute the m smatches of Table 8. For convaenwce, the remaining unused
rows of Table 6 are shown in Table 9 below. 5

TABLE 9 MOBI LENUMBER. : 1 2 3 4 5 6 7 8 9.... ANTENNA
NUVBER WO 96726578 X x _ 10 ANTENNA NUVBER 13PCT/US96/02498Tabl e 9
shows that antennas 4 and 9 receive nobile 3. The signals of these antennas
depend on nobile bits 4, 5, 8 and 9. But in Table 8, all possibilities of
bits 4,5,8 and 9 have al ready been hypot hesi zed. Thus bit 3 may be

determ ned wi t hout expansion of the nufdBer of states. Thus, for ach

hypat hesis of bits 3, 4, 5, 6, 8 and 9, the signals at antennas 4 and 20

9 are predict edMﬂMM&M%@MIWG andP. s The combipations lofibissi, and

for cach of PG BOCRRLAICEH e g Vel S R0 ) TR 1D ol i 7y T

whet her t haowhypbthesized iniorder o pfedict Gighals7.a | ower cumul ative m smat ch t han

that with bit(3 he, dec on for alon fth t r of the

two cumul ative h‘!ﬁ‘r’&? ﬁhﬂwﬁﬂbﬂ@ GB deci si ons

for bits 1w12 i EWB&WW&MWWWMW@%H&WG
ichr

Tabl e 10, educes back to 32 rows, since there are 32 possible

conbi nat i oifsthefexpanded, @bles the mismatch svith the secgived; signal calculatedaind addeddodlsy 26578
PCT/ US96/ O%Gﬂﬁlaﬁ?@mswmlg}b F&ld thbr the prodiss teridiffalds By el TS

LOAEST M SVATCH 4
the single row yielding the lowest mismatch. This may be, for example, the following

row.

10 TABLE 12
DECISION FOR BITS 1,2&3 HYPOTHESES FOR BITS LOWEST MISMATCH

4 5 6 7 8 9
0011 0 0 1 1 0 9.3

15
Thus all bits 1, 2, 3, 4, 5, 6, 7, 8, 9 are determined as given in this finally
selected row to be 001100110 for this example. This is the most likely set of data bits
transmitted from the nine mobile units, that best explains (in the least square sense) the
signals received at all nine antennas. The result is a true maximum likelihood result, and
20 is the best of all of the 2° (i.e., 512) possible combinations even though all 512
combinations did not explicitly have to be tested. This reduction in effort is one of the
benefits obtained when using sequential maximum likelihood sequence estimation. Unlike
the Viterbi algorithm, the foregoing process involves the step of sorting antenna signals
into groups that depend on a common transmitted bit. These groups can be of random
25  size depending on the propagation paths from mobiles to base units, and so the number
of retained rows in the calculation tables (i.e., the number of surviving Viterbi states) is
not always the same, as was illustrated in the above example.
The present invention may also be applied to processing signals received at a
single site using multiple-sector antennas. A multiple-sector antenna and the polar
30 patterns it creates for reception are shown in Figures 6(a) and 6(b), respectively. An 8-
sector array can be created by 8 columns of co-phased dipoles on a reflecting surface.
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8.2 15 At this point, it nay be observed that Table 10 contains only zeros
in the bit 1 position. Thus the decision for bit 1 is now unanbi guous and
can be extracted as the final answer for that bit. O course the val ues

used in these exanpl es have been arbitrary, -Bwever this choice of val ues

for the decided

bits colum of Table 10 20 illustrates that the ol der
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20

25

received signal in each lobe, and then applying the inventive process as outlined above.
If co-channel mobiles such as M, and M, are desired signals, the parent application
(which is incorporated here by reference) describes how both may be resolved by a
matrix inversion technique, providing the two mobiles are not cosited. Even if the two
mobiles are cosited, the parent application describes how a Viterbi process can resolve
co-channel mobiles. However, the Viterbi process increases exponentially with the
number of co-channel mobiles to be processed. The present application discloses ways
in which this complexity can be substantially reduced by taking advantage of the
knowledge that not all mobiles are significantly received in all antennas. This is
particularly advantageous in a multi-beam, mobile satellite communications scenario as
depicted in Figure §.

When one or more of the co-channel mobile signals is an unwanted interferer, the
parent application describes how a numerical matrix signal processing method can be
constructed to maximize the signal-to-noise+interference ratio in demodulating each
wanted signal. An unwanted co-channel signal is suppressed in this way by effectively
creating a null in the polar pattern at the expense of gain to the wanted signal, or at least
achieving a compromise between these conflicting parameters. With the present method
however, it is possible to include the unwanted signal in the signal set to be demodulated
by also hypothesizing its modulation bits. _

This exemplary embodiment of the present invention uses estimates of how much
of each signal is received at each antenna. This may be achieved by sampling and
digitizing the received signal at each antenna, storing a number of samples in a signal
processor memory, and then performing correlations with a known bit pattern or
syncword contained in each mobile transmission. Preferably, the syncwords of different
co-channel mobiles are received accurately aligned in time, which can be ensured by a



now hypot hesi zed in order to predict signal 7. Thus the eisting 32

hypot heses of Table l0.are expandedt{o.64.byngot heses 5

for bit 7. This allows antenna signal 7 to be predicted for each rowin the
expanded table, the m smatch with the received signal cal cul ated and added
to the cumul ative msmatch already in Table 10, and then te process

t er m natWO9E@ISHe| ecting the single row yielding the | 0\/\85'!' ch. This
may be, for exanple, the following row. 10 4 5 6 7 9 15 Thus
all bits 1, 2, 3, 4, 5, 6, 7, 8, 9 are determ ned as given |n this finally
selected row to be 001100110 for this exanple. This is the nost likely set
of data bits transmitted fromthe nine2¥obile units, that best explains (in
the | east square sense) the signals received at all nine antennas. The

result is mmwmm aticall seyup, andsaretalsoserghoponal; synewerds setthasfongl |  of
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co- phakkd tﬂ‘qm!dae as decorrelation™. i Aclackrdiagram of a signal processing unit that can be

employed at a central processing point will now be described with the aid of Figure 7.

Digitized sample streams from antennas numbered 1 .... N are collected in a

buffer memory 100 under the control of a timing unit 190. When a block of samples

have been collected, that may for example correspond to one timeslot of a TDMA

IS system, processing begins while samples belonging to the next block are collected. The

block contains known symbol patterns transmitted, for example, in the middle of the

block, surrounded by unknown symbols. Correlator 120 is then activated by timing and

control unit 190 to caiculate correlations with the known symbol patterns belonging to

each co-channel signal. This can be efficiently performed by a Fast Walsh Transform

20 process if the known patterns are chosen to be orthogonal. The sync correlator produces

a correlation spectrum, i.e. an array of complex numbers, for each antenna signal, which

is then passed to the correlation sorter 130. The sorter determines and selects, for

.example, the three strongest correlation spectrum points. The number of correlation

points selected can in fact be variable, from 1 to some maximum. The criteria for

25 selection can, for example, be to select values in order from highest to lowest until the

energy (sum square modulus) in the selected values exceeds the energy in the remainder

by at least a predetermined threshold. The energy in the selected values represents signal

energy that will be useful in demodulating wanted signals, while the energy in the

remainder represents neglected energy which appears as potentially error-causing

30 interference; therefore selection proceeds until the ratio of useful signal energy to
interference energy is adequate to ensure low error probability.
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overl apping. A nobile, such as M in Figure 6(b), may lie m dway between
two | obes and will be equally received in both | obes. A nobile disposed
nore centrally relatively to a | obe, such as ML, will be principally

recei ved by t halwogglaesygbut dependi ng on the sharpness of the 5pcrivabsnresnay
al so be received in the two adjacent |obes. Thus, the present invention can
be used by first determning a table of which nobiles contribute
significantly to the received signal in each | obe, and then applying the
inventive process as outlined above. |f co-chggel nobiles such as ML and M2
are desired signals, the parent application (which is incoporated here by
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nobi | es are cosi t @ corelation shonld he,salected: cosrespondingitp Qymmnft@vwom

can resol ve coha W%WW VS gitenkl,
exponential l'y V\Aﬁ? en er co- anngn es to proces e Mtbe
partigulananobile signabwas

present appl i cat i damadulagads SThis might ocour far exampleiifa

fnljglsf ggt :aflel gi{;nid#fcan rece%\‘/@xiﬁ%‘%gl %enwﬂ ?ﬂﬂwﬁgfﬂ‘&%‘

advant ageous in amuhildmwhsaligmmhs by ahe alsvedlescribed first
depicted in Figure V\he.n one or re f. the CO- channel nobil e signals is
an unwant ed i nterm m aF“ﬁﬁr?er“i'@élF are

matrix signal pr WM%WM%WW&&&% Wedkest Sizh that

signal -to-noi se+tinterference ratio i n denodul ati ng each wanted signal. An
unwant ed co- chann#wmmywmwwmmm N@P‘;ﬂnﬂfﬂﬂm

creating a nulg imobilCpyR pRidetefthingd Bacttlr, bt Gt 4 SRy fnmdem§
signal, or at |east ac | evi ng a conprom se etween these conflictl ng
paraneters. Wth the ph desirahlecriterion,is that, for any mobil¢-asseciated conrélation value,

ypat hesi 2i ng i t<F m"ﬁﬁrﬁﬁ 84 3o o Y S8kt Sy ooyl go

i nventi on uses esincludeds SThat is,) the antenha thiat reacivessa mobile the best shmuldonbt be omived from
antenna. This rraythg(;dm%sty sanpl i ng and
15 An alternative selection strategy that the sorter 130 can implement is to assemble
the correlation spectra from all the antennas into a two dimensional array of N antennas
(vertically) by M mobiles (horizontally). Then values are selected from anywhere in the
array in order from greatest to least modulus. The energy, i.e. sumsquare modulus,
selected from each row and column is updated after each selection. Selection terminates
20  when, for each row, the energy selected from that row exceeds the energy not selected
from that row by a first threshold, and, for each column, the energy selected from that
column exceeds the energy not selected from that column by a second threshold. The
second of these termination criteria represents the proportion of the energy received from
a mobile on all antennas combined that is usefully employed, and it suffices perhaps to
25  use a threshold of, for example, at least half of the received energy 1o be used (i.e. a
ratio of selected to unselected greater than 1). The first criteria however represents the
ratio of useful energy to neglected energy that will appear as interference, and this
criteria should be more severe, for example a ratio greater than 10.
Other selection criteria can be devised, for example to determine a signal to
30 interference ratio for each mobile signal and each antenna as the ratio of the mobile
signal energy at that antenna divided by the energy in as yet unselected components from



digitizing the received signal at each antenna, storing a nunber of sanples
i n.a_signal processor—menory, and then-perforning correl ations with-a.known.
bit pattern or 30 syncword contained in each nobile transm ssion.
Preferably, the syncwords of different co-channel nobiles are received
accurately aligned in time, which can be ensured by a WD 96/ 26578

PCT/ USO6/ w04&26s725- tinme-alignnmmt prooness at call set-upCTASsE/RMS al so

ort hogonal syncwords so that one signal does not affect the measurenent of
anot her sjgnal. An advantage of orthogonal syncwords, as disclosed in the
paent application, is that correlation wth all syncwords can be perforned

si mul taneously using, for exanple, a Fagy- Wal sh tansformalgorithm 5 I t
is al so possible to use non- orthogonal syncwords. Because the correl aton
val ues obt afhaghténna. Selectirbof compongnite thien prodebds in @pleri of bestwoleastisignal-to-

contributions from anpt he syncword, but, tqQq an a- r|0| ovvn
extent, a n’&ﬁ%‘@‘ﬁﬁ %M%M ‘Pﬁ@‘%"&"&

cross-corr einam@wa)ouﬂswasmh&l By Rh Qi dVeRRY Tombiiek of

correlations fromthe unwanted contributions. This process is Sonmetines 10

referred tm&mbbml%ﬂ'e@ﬁb@qghmw%mm ectingy uni t

that carg b %m@b% Eﬁ&t&é& I Wﬁgbed
V\nththe%a%o I gure ﬁy gltlzetgésanpesﬂam; mgﬂityennas nuntered 1

.. .. N ar e mobileclutalsoiramavésiif ascan interferer, 29@s effes on tather mobilesignals willtbeni ng
uni t 190. . alle that may for exanple
correspondmm%mﬁ%ww&%éﬁw&ssi ng begi ns while
sanpl es bel ongi riphe abovédiscussion i3 net intended ewbe Acéxhadustive listdfpoksibie sélection known

synbol pattegns nspgi tted, for exanpl.e |nth m ddl e of the bl ock,
sﬁrrounged Mgm rrpélfc”"' NG 40 4B BEesEntyi ng
and confg ol invéition Wiich cantd mhaﬁea for'exaiple] aylmwidamt fot dnyOFthe sceharios

patterns bel ongi g to each co- channel . si gnal This can be efficiently

performed bEiven Iiste Erby.png skilledin the art, AL such; proerssas which mduce thes ar e
chosen to bR gy MRAERS vallRs to°¥ Smalié' seCby bélécting Sifiicant components, in order

to reduce the complexity of the Viterbi process from that disclosed in the parent
application to the reduced complexity disclosed herein, are intended to fall within the
15  spirit and scope of this invention as defined by the claims.
The correlation components selected by sorter 130 are passed to signal predictor
140. Signal predictor 140 receives data symbol hypotheses from Variable-State Viterbi
Controller 150 and combines them with corresponding correlations in order to predict a
signal at all the antennas selected for demodulating the first of the presented symbols.
20 ‘This first of the presented symbols could, for example, be the bit in the decided bit
column of Table 7, or, when more than one bit appears in the decided column as in
Tables 8 and 10, the rightmost of these bits.
The Viterbi controller cycles through all combinations of the other bits needed to
predict the signals on all the antennas selected for demodulating the first bit, while for
25  each combination toggling the first bit, from 0 to 1 in the manner described above. For
each case, the signal predictor computes signal predictions for each antenna and passes
them to metric computer 110 where they will be compared with actual antenna signal
samples. The sum square error for each combination is accumulated with any previous
corresponding metrics from state memory 160 and then rewritten to state memory 160
30 in an address corresponding to the bit combination tested. The Viterbi controller 150
then, for each combination of the other bits, compares the sumsquare metric for the first



a correlation spectrum i.e. an array of conplex nunbers, for each antenna
signal, which is then passed to the corration sorter 130. The sorter
determ nes and sel ects, for exanple, the three strongest correlation
spectrum poi nts. The nunber of correlation points selected can in fact be
variable, from1l to sonme maxi num The criteria for 25 selection can, for

exanpl e, be to wek&gdsrs’al ues in order from hi ghest to | owest upér,bsg‘s)aggs
energy (sumsquare nodulus) in the selected values exceeds the energy in

the remai nder by at |east a predeterm ned threshold. The energy in the
sel ected val ues represents signal energy that will be useful in
denodul ati ng wanted signals, while the energypgn the renainder represents
negl ected energy which appears as potentially error-causing 30

interference; theqgidfigy bit tqedith 0wnd'eqAWE 1 resettively) Und Pidks m“‘*’%ﬁ?ﬁ | ty

energy to interference energy is adedquate to ensure | ow error
WO 96/ 26578 beretamedmstatememoryl descnbedabovewxﬂlﬂtealdof les 7, 8 and 10.

Sacrﬁgigganggﬁftl |st at a Iée‘g'st one. cor?eﬁlatlon oﬁf"%f%egﬁg%ﬁe%
correspondi ng t o predictoy 140 (oxialtersatively, unﬂlmmlﬂibmmlimdmngohﬁw other
dormaul ateq. Thi s Beoct Bl (2 a0untt Hehal 380 15F pesiodifiting the leadiie i

very weak 5 at eddl v is effectivebLp Myoﬂnémmévmcﬁﬁﬁn@mssfor

I npl ement ed at fot bile Q al has been neglected on every
antenna by the ab b W @m@!&gh“mmﬁa knowgedge-n ‘!S‘Hch bit

val ues redi ngtmmmm&wwmmﬁmluﬁ&e it §iste mem

selected in order_from strongest to weakest such that the energy In the
sel ect ed ant ennas1@yaad ghusican deteaping, when receiving the: compendivem, whether @il thhacedg@

bile b d gﬁﬁF QIEVP&h nga
rsne)l Iectaedy Z P{Jorat Ezefsrﬁaermg teri olr??ls%k;ahﬂa t ms flg?;;uésn th Zﬁ‘g‘ssom 5%'“0"‘““
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receives a nohile't not be o
Viterbi states.

The process continues until one sample from each antenna, beyond the number

15  of samples used to produce sync correlations, has been processed, and one bit or symbol
from each mobile unit has been demodulated. The sample processed is preferably a
sample collected adjacent in time to the samples used for correlation, but can be from
either side of the sync pattern. The process then repeats for the next sample from each
antenna, moving either forward or backward in time or both alternately.

20 If the collected sample block being processed in the above manner spans a small
enough time period such that said correlations are representative of signals’ strengths
over the whole block, there is no need to update the correlation values. This occurs
when the Rayleigh fading of the signals due to mobile unit motion is slow compared to
the time span of the sample block. For example, a sample block length of 0.5 mS

25  satisfies this criteria for a radio frequency of 1900MHz and vehicle speeds up to 100
kM/Hour. A sample block length of less than 10mS would satisfy the criterion for
walking speeds.

If, however, long sample blocks, high speeds, or high radio frequencies (short
wavelengths) result in fading which changes the signal phases and amplitudes over the

30 block relative to those values determined by correlation with the known sync patterns,
then it may be desirable to update the correlation values after each iteration of the Viterbi



the sel ection process. 15 An alternative selection strategy that
the sorter 130 can inplenent is t ' _

all the antennas into a two dinensional array of N antennas (vertically) by
M nobi | es horizontally). Then values are selected from anywhere in the
array in order frmgreatest to | east nodulus. The energy, i.e. sunsquare
nodul us, Y2688 fr om each row and colum i s updat ed aftpcr/osssi2eoel ection
Sel ection terninates 20 when, for each row, the energy selected fromthat
row exceeds the energy not selected fromthat row by a first threshold,

and, for each colum, the energy selected fromthat col umm exceeds the
energy not selected fromthat columm by-29-second threshold. The second of
these termination criteria represents the proportion of the energy recei ved

from a nobi Iﬂgmthmldecadummhnirﬂmm?bl%mebﬂd l?uusmtléejded Eﬂﬂt f
suffices perhaps to, 25 se_a resho or _ex st a o]
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great er t harexiendediindesigth 56 thaf fhi Sofralatich il ﬁb@mb?éie&:ef 'ﬁléefu'

energy to neglected eperg hat wi || appear as interference, and this
criteria shcfg*??fégﬁﬂ %m%%mﬁym:@mﬂmﬂ

i orf or Snced S it eac‘ﬁ‘e o B ik S570F w0 1

t he nobil e dJeynsignal poedictions is mmmm foreeacin antgyna foraeacly et

PCT/ Uso! 02.Faogah B bl B eymils S, GRRhhar sgnal depe, i mmmeas n

order of besfuﬂhcrdaserﬂiedsbelpml Whenlhiimeﬂméﬁ@&sdd@&h@preﬁtbdoﬁﬁﬁ beatirectt

be. obt ai ned WONER 55 { Bat, HkrLl fErpioRs TR ey SR ghse 'e'ae e ““ﬁ'eﬁt s
i s updatled lrgcomputing predictions. Qﬂﬁﬁﬁbﬂﬂ inben ae Dires Update ViterbiDUW) it Ritther
S E0L 9.2 dexval T T RSl Row 5 S5 saige Sadenies Macinan Lifuipoos < %
effect on otfkasodulakirt wm&iﬁm«e '8, 1992, to Paul W. Dent, which is incorporated here
by reference. Since the arbitrary data bits that are demodulated do not guarantee that the
extended correlations are with orthogonal patterns, a decorrelation approach as described
15  above is the preferred method of updating the correlations or channel estimates. The
techniques disclosed by U.S. Patent No. 5,164,961 (Gudmondsson) which has been
incorporated above by reference, and aiso Kubo (U.S. Patent No. 5,081,651) are
examples of ways to update channel estimates after decoding symbols successively in
time, and these ideas may be easily applied by a person skilled in the art to the joint
20 updating of channel estimates for multiple receive paths (antennas) as used in present
invention. Since the inventive process described here is applied to bits received at
successive locations in space, these processes may be described as resolving intersymbol
interference (ISI) in the spatial dimension rather than the time dimension, or indeed as
a "spatial equalizer®. The Viterbi algorithm is a known form of equalization for time-
25  ISI, and has been inventively modified here for space-ISI. Other forms of equalizer for
time-ISI that are known to the art such as the transversal equalizer, Decision Feedback
Equalizer (DFE), Maximum a-Posteriori likelihood estimator (MAP) and the inverse-
channel equalizer may also be adapted to forms suitable for dealing with spatial-ISI
according to this invention. The inverse-channel equalizer for time-ISI, for example,
30 corresponds to the matrix inversion approach for resolving spatial ISI described in the
parent application.



nodel | ed in the signal predictor 140 and thus taken into account. The
above discussion is not intended to be an exhaustive |list of possible
selection criteria but suffices to illustrate some of the nany devices
according to the present 10 invention which can be eval uated, for exanple,
by sinulation, for any of the scenarios given in Figures 1 to 6 by one
skilled in thevawdaes?l | such processes which reduce the N by pémedssnraonf
values to a smaller set by selecting significant conponents, in order to
reduce the conplexity of the Viterbi process fromthat disclosed in the
parent application to the reduced conplexity disclosed herein, are intended
to fall within the 15 spirit and scope of t3ps invention as defined by the
claims. The correlation conponents selected by sorter 130 are passed to

signal predictor 140 Jusbiag bnwmducaquuﬂaﬂnmmmmwmgi ﬂieyﬁ@tdaaﬁ%
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conput es si gnal precoshipa pfedﬁoudis suitablenfor application ®F thd) DUV QecbsrdingCto an
conputer 110 where the e ? npar ed Wlth actual antenna signal

sanpl es. The surf® E’We“&qdﬁ?‘“’ft IM¥ENOR; on i s accunul ated with any
previ ous regpondi ng deﬁuawmmk&% ﬁ&}nﬁ&wrdehamoh%
state nmenory 160,30, in an address correspondi ng to the bit conbi hation ©

tested. The Vit Sig9al trapsmitted from thyee mobiles, fumbess, 1c grandnd+ Assuming the mabiles
bi ts, compares tygsril BHEHA&ignalE ahil that Qorréiiifons have been dMfeRR{ned 3¢ Sescribed above,

PCT/ US96/ 02498 .
a prediction for antenna 1's composite received signal may be computed for all 8 possible
combinations of mobile/bits 1, 2 and S and stored in a table T1(b,,b,,b;). Likewise for
15 antenna Signals 2 - 9 we can precompute m(bbbdlbs)s m(bhbbbbbs)s T4(b;,b‘,bs),

Ts(bbb!), T6(b2vb59b6’b9)s w(bhbhbDL Ts(bllbl)s and Tg(b!tbhbD)'
The final metric for the best bit decisions b, ... b, is the sum of T1 to T9 using

the decided bits to form table addresses. The algorithm thus determines an optimum path
that additively links one value from each table in such a way that a global minimum sum
20  is produced. The algorithm described above may be abbreviated using this notation as
follows. First collect the tables that depend on bit 1 together, i.e., T1(b,,b,, , ,bs),
T3(®y,b2,b3, , be) and T8, , , , , , ,» ,by).
Additively combining these tables produces a new table T1’(b,,by,bs,bs,be,bs)
having 64 entries. Then, comparing the values in pairs of addresses differing only in the
25 b, position, i.e. 0,b,,b;,bs,be,by and 1,b,,by,bs,be,by, select the lower of the two entries
to retain and create a new table Tb1(b,,b,,bs,b,,b,). This table contains 32 metric values
and associated values of decided b1 bits indicating which of the two values were retained.
The algorithm proceeds to combine the table Tb,, which has a leading address bit
b,, with other tables having b, as an address bit, namely:



- 28- (leading) bit equal to O and equal to 1 respectively, and picks the
smaller of the twn . to be retained jn.state nenpry 160 as_described above

with the aid of Tables 7, 8 and 10. So hat the Viterbi controller knows
whi ch other bits nust be hypothesi zed, signal predictor 140 (or
alternatively, signal sorter 130) provides a conpendium of the other 5

bi ts neewwlosngsmer edi ct the antenna signals used for denosounesssnzues he

| eading bit. This conpendiumis effectively a logical OR of the rows of
Table 7 that contain a cross for the bit being denodul ated. Te Viterbi
controller maintains a know edge of which bit conbinations have al ready
been tested and are retained as separatgistates in state nenory 160, and

t hus can determ ne, when receiving the conpendium whether all the needed
10 bits are al r'mt(u, by,poi e di,aqyl in state menory 160 or whether the
nunber of stat es be exgsnded to include hypot heses of other bits. This
I s one exenpl ary +i on of one of the unique features of the

i nventive proces$qs, (wanelyb,) he variabl e nunber of Viterbi states. The
process continues unt 1| ‘one sanpl e from each antenna, beyond the nunber 15
of sanpl es used ‘!‘3’5 duce» bsyRe cebwel ations, has been processed, and one
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period such,t corg | are re sent at,ive of signals' strengths
over the V\,h@P'ea‘Eﬂ d o byt ab‘ 93%8 @810 bitsshat are ap i thees
This ocwrsmorhszwmwmbnwweméw bgw,a.ai;,sxﬁme shifle '¥B8 2§ Befohe. !

notion is slow conpar ed to the tine spa e sa bl ock. For exanpl e,
a sanpl e bl B lowss ofpairs of walues whose mw@smﬁx in ithe; by msmm imnowdi o

frequency Oéeérﬂmﬁda QQWW# ock
| ength of |ess than M%%‘fﬁ?&f’ B"%%’ilerl 0 |-"#faor wa k| ng gep')le ds.
| f, howevercontainsp sparsiechigonysif she Wms i, baj lyithatawtire made whemthees
(short lower of two values was previously determined.

15 Table Tb3 is now added to Tb7(b,,b,,b,) to obtain Tb4’(b,,bs,b,,b,,bs,b,) of 64
values. There are no other tables left to combine, so the lowest of the 64 entries is
determined, and its associated address b,, by, b, b;, b,, b, is the final decision for those
bits. The value of b,, b,, b, from that address is also the best decision for b,, b, and b,.

It will be appreciated that the precomputation of prediction tables for each antenna

20 signal, as described above, can lead to an algorithm that is more systematic and easier
to implement. It is also easier to implement updating for the case where the channel
changes over a data block, using the DUV technique as follows.

After deciding the bits as above, the prediction value from each table indicated
by the decided bits is compared with the actually received antenna signal of that table.

25 The prediction value in the table is then modified in a direction that will make that value
agree more closely with the received value. For example, 1/16th of the difference
between the actual value and the prediction can be added to the old prediction, moving
the old prediction 1/16th of the complex vector distance towards the received value.
Moreover, the prediction stored in a table address given by the complement of the

30 decided bits can be updated to the negative of the just-updated value. Thus, in a binary
system, two predictions in the table can be updated each time or, in a higher order



wavel engths) result in fading which changes the signal phases and
anpl i tudes over the 30 bl ock relative to those val ues determ ned by .
correlation with the kown sync patterns, then it nay be desirable to update
the correlation values after each iteration of the Viterbi W96/ 26578
PCT/ US96/ 02498 -29- al gorithm decodes one synbol from each nobile unit. The
deci ded synbokyosemésigshen be regarded as an extension of the kivesseyaasl
patterns allowing the correlation to be extended in length so that the
correl ation values may be updated to be nore recent. The effect of the

ol dest synmbol can be renoved or progressively attenuated in this process. 5
An alterative procedure to updating channel .gatimates which are then used
to produce new signal predictions is to preconpute signal predictions for

each ant enna f or measlkti ich 'as Quateiriafy, o oliGnsQfia SpddtetPéach itime las
depends. This method wi |l be furhe(rq descrii bed el ow, V\heyrll\&:{= his method is
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guarant ee that teéaeheamtennaleahdcresultsl passeinto seighbering antenhe grocessorsqte. g.r Talongathe
decorrel ation appraachh as described 15 above is the preferred method of
updating the cor ons or. channel estimtes. The techni ques di scl osed by

U.S. Patent No. 5, 164THéidble ®¢b7bL) d%mmm@mwmmamwe,
by reference, and_al so Kubo (U.S atent No. 5,081, 651), are exampl es of

ways to update cﬂ%ﬁ'ﬂ!!l’e Ds havisg determingd that-the strongest, cages]ation UE@S@M“S‘% the

time, and thgg ﬁn&ﬁé’ o3 1,3 48! it el YooB UBHaB P irohi chitelbfits i
to the joint 20 at | ng o ahnel esti mates ipleTecelve pat Fn
(antennas) as usexAmple Hioe Foytm; Mrﬂh,dheﬂ dhe, dable I’\@“ldﬂberﬂmvabb@éﬂb,bub: sby)

described here i gn fi3hilf dnd Foltidicontafnf8 2fidr Ban 8 values. The number of values included
in the table depends on the number of significantly strong mobile signals received, and

it can for exampie be decided to uniformly use a predetermined number of signals (for

1§ example, the strongest three, four or five signals), so that the tables are of constant size
(e.g., eight, sixteen or thirty-two entries, respectively). Moreover, the comparison of

the signal received at antenna 1 can be made with each of these predictions at antenna

1 to form a corresponding metric table M1(b,,b,,bs) and this is passed along signal
highway 10 in one or both directions to the next antenna down- or upstream, that is B,

20 or B,. At B,, correlations with mobile sync patterns have already decided that mobiles
2, 4 and § are the significant contributors, prediction table T2 has been calculated, and
metric table M2 has been calculated. M2 is now merged with Ml to obtain
M2'(b,,b,,b,,bs), which is passed both forwards to antenna B; and backwards to antenna

B,. B, will at the same time receive another table M0’ passed forwards from B,, that in

25  all probability has b, as part of its address, because it is likely that mobile 1 is received
at B, to a significant extent. The original M1 table is then combined with the forward

and backward-passed tables and then pairs of values are compared that differ only in their
address bit b,, and the lower selected. If in each and every case the lower of the two
values corresponded to b, = 1, then that is a firm decision for b;. If in each and every

30 case the lower value corresponded to b, =0, then the decision is b;=0. On the other
hand if the lower value did not always correspond to the same value of address bit by,



successive locations in space, these processes nmay be described as
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than the tinme dinmension, or indeed as a "spatial equalizer". The Viterbi
algorithmis a known form of equal i zation for time- 25 ISl , and has been
inventively nodified here for pace-1SI. QG her forns of equalizer for
time-1Sl téodvermss known to the art such as the transver saPCHUSHSIOR498 T ,

Deci si on Feedback Equalizer (DFE), Maxi mum a-Posteriori |ikelihood
estimator (MAP) and the inverse- channel equalizer may al so be adapted to
forms suitable for dealing with spatial-1Sl according to this invention.
The i nverse-channel equalizer for tine-188, for exanple, 30 corresponds
to the matrix inversion approach for resolving spatial ISl described in the
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Fa T ng o ¢ nyaodh R RUGAE] e RARE ind RAGOARE ditaCvalied Bt e 1e0RVEd fibfh, °
o ol ot araes. Pt charh mm”ﬁ““‘d“?“rﬁ“?‘??mi‘"‘?& !
appl 1 cat | on WEnaie. IR Sadhas Biefe Bodh BB eristuink 1 8 ok s e abie o, o
i nvention. 1@e demodulated 8t thatrsite Gs then Teldecision for Uit arobile’s data bithe sngnal of

antenna nunber 1 depends, the signal  transpitted fromthree nobil
numbes 1, 2 and 5] Aﬁﬁmgﬂg m%?ﬁmpm%w&%“ i!-‘hat

correl at 'fo)nSF{)g%% 43R SO8EpRT) 6Pt thrde Uimbaifinal BA¥ Suck? b 'aCéirdiedsOilcpRone

antenna |'s ¢ site recel ved si gnal be co ted for all 8 p055|ble
conbi nat i onssystemyinstalled [inithe ENPECMSB'&%MEN gﬁw ieases; metuic tables icapsbens) |
Likew se fOr cqieutated simultaneously at each antenna site and passed to all nearest neighbors. Upon
reception of metric tables from nearest neighbors, these are combined with the antenna’s
own table and the lowest metric determined in order to decode a data bit belonging to at
15 least one mobile designated to be demodulated at that site.

An inherent assumption so far is that data bits received from different mobile units
at an antenna are aligned in time. Where ranges are short compared with the bit period
times the speed of light, as for example in an indoor application, it is well known that
mobile transmitters can be commanded to adjust their transmit timing so that the assumed

20 condition is fulfilled. This is achieved, for example, by a process of measuring time-of-
arrival at the base station during the sync correlation procedure, and determining an
advance or retard command to be sent to the mobile unit on the base-to-mobile link. A
different procedure may be adopted for long range, outdoor systems where it is difficult
to ensure time synchronization at more than one location. Moreover, multipath

25 propagation may exist resulting in delayed echoes of a signal also being received. An
exemplary technique for extending this process for the long range, multipath environment
will be described later.

If the simplified procedure described above of exchanging metric tables between
nearest neighbors does not provide adequate performance, the process can proceed

30 according to the Sequential Maximum likelihood principle as follows. A table received
from a neighbor is combined with the antenna’s own table, resulting (most likely) in an



15 antenna signals 2 - 9 we can preconpute T2(b2, b41b5), T3(bl, b2, b3, b6),
T4(b3, b4, b5), T5(b2,b5), T6(b2, b5,b6,b9), T7(b4,b7.b), T8(blibl), and
T9(b3,b8,b9). The final netric for the best bit decisions bl ... b9 is the
sumof Tl to T9 using the decided bits to formtable addresses. The

al gorithm thus determ nes an optinum path that additively |inks one val ue
fromeach tabl ewooerzestdr a way that a gl obal mnimum sum 20 i spETAUShsORMS
The al gorithm descri bed above nay be abbreviated using this notation as
follows. First collect the tables that depend on bit 1 together, i.e.,

Tl (b1, b2, , b5) T3(bl, b2,b3, , b6) and T8(bl,,,,,,, b8). Additively

conbi ning these tables produces a new table Tl34-bl, b2, b3, b5, b6, b8) havi ng
64 entries. Then, conparing the values in pairs of addresses differing only

in the 25 b, positg i -tible degenidihghén bic fbré Rfllaidwh bit o syhibol) 8 Thealefjthbof Ao
| oner of the two entries to retain nd cr ateanew abl e
Tbl (b2, b3, b5, b6, befprwaeds @tm Mﬂrane%wmm the

val ues of decided !J%f ﬂfé"irh&ﬁl %ﬂ?‘m M&gﬁ#\e a;op&d
The al gorithm proceeds to conbine the ta Ie%%l whi‘ch has a | eading

addre/ss bit b2, wiinticationef amohilessignal, that;wapregeived-by:anianteanatsartier i thel chain but no
Y312 Tol (b2, b3 gueeryeesived st peiggbor. 1f ha mobile signal {3 slso ot piceatle 4P g

, b5,b6, ,b9) 5 stren, mﬂﬂmmﬂmﬂaﬁmm(ﬂﬁmﬁbhﬁsmmc)eﬁquSMt

Yﬁl ;Jﬁ: b'zl'hggsI E |hgnt|’ oggr Qf, em%rf&?ené L 93 Wnoﬁ%e ﬂgresi ;gl flf rs OB:.!m

address it cane frgusition. Q&Maﬁ&toﬂmﬁrﬁvﬂn&ﬁﬂhﬁ(&%ﬁf bﬁnws )or(ifi géiferal
val ues. This is now furthe nmbi ned wi t h abl es, T3 and T9 that al sq depend
on bit 3. These hdhgleyes yalusy,whese H)SP“‘&I‘!"E&W"?‘% Afier selection

10 of each lowest value, the bit or ymbol value of its address is then remembered in the
"decided bits” portion of the metric table. Of the remaining address bits, an indication
of that bit which affected the metric the greatest number of stages ago is passed on to the
next antenna site along with the contracted metric table. The process then continues
until, at some site that is connected to the network, all unambiguously decided bits are

15  extracted and passed to the network before passing on the metric tables to the next site.
In this way, the size of the tables and the number of decided bits they contain does not
grow indefinitely but remains of size on the order of M to the power of the number of
co-channel mobiles that are received at above some threshold signal strength at each
antenna, where M is the size of the alphabet of possible symbols (i.e. 2 for binary, etc).

20 If the processing is not distributed to the antenna sites, but signal samples received from
antenna sites are passed to a central processing point, then the Sequential Maximum
Likelihood algorithm adapted according to this invention can be employed. This situation
arises for example in the satellite communications scenario of Figure 5, where signals
received in all satellite antenna beams are transponded to a central ground station or hub

25  station for processing.

The present invention may be described more generally as an equalizer for spatial
intersymbol interference as distinct from the known use of equalizer for compensating
for intersymbol interference due to time-smearing of symbols transmitted from the same
mobile unit. In the case where time-smearing of transmitted symbols into each other also

30 occurs, due to channel bandwidth restrictions or multi-path echoes for example, the
present invention may be adapted to include equalizing of both spatial and temporal ISI.



10 address of Tb2, so that the new table Tb3' (b3, b4, b5, b6,b9) is the sane
size as . before._The lauwer aof pairs of values whose address differs only in_

the b3 position is now determined and retained to yield Tb3(b4, b5, b6, b8, b9)
having 32 entries. Each entry contains a separate history of the associ ated
deci sions bl, b2, b3 that were nmade when the | ower of two val ues was

pr evi ouslwoderasvsn ned. 15 Tabl e Tb3 i s now addedPCOURSN2498, b7, b9, )
to obtain Tb4' (b4, b5, b6, b7, b8, b9,) of 64 values. There are no other tables
|l eft to conbine, so the |owest of the 64 entries is determined, and its
associ at ed address b4, b5, b6, b7, b8, b9 is the final decision for those
bits. The value of bl, b2, b3, fromthass-address is also the best decision
for bl, b2 and b3. It mﬁll be appreciated that the preconputation of
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over a dat %yhbeﬁb:wm&ﬁeuﬁw NSl £ tifbing %ﬁs&n&u \%uld ne the
bits as above, the predictiaon vaI ue from each table indicated by t

deci ded b| radjust mebila transasit timing such that all symbols wbmemaa@ngm t hat
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di rectlon t ?ﬁ'ﬁ% at val ue taag(r%he“;e nor e iY%'ggl re%ﬁved
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t he predict C % 0l

predi ¢t on Mﬁnﬁﬁeﬁ C8 o, S5 Sl b hbilh whi” B el coFeinalion of
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conpl ement of the, 30 degi ded b| an b to t nega f the
j ust - updat SEHMPples depenton, °"C‘¥H"5¥JP Wﬁgﬁ 8ﬂ ?ﬂ'g'“? 'X‘?% €t abl e
can be jgndajopfécte@ntpié tiikn &ummahsﬂmrmeidéﬂrn uisPréferty G possible, is to

PCT/ US96/ 02498 - 32- nodulggtlon system such_as quj%ternary, fﬁr preldl ctions

may be upda@mlwémnw time noints spaged thropghout the symbal penndand do dgtermine
appl i cat i onygyhedGHelation with the known sync pattern which sample timing fulfills the Nyquist

condition best, i.e., gives minimum temporal intersymbol interference.
In wide area systems, fulfilling the optimum sample timing at all antenna sites
15  simultaneously may be difficult due to different propagation delays. In this case, it may
be better to take time samples regularly at one symbol period intervals, but with arbitrary
timing. Each sample in general can then depend on more than one symbol. In practice,
each sample rarely depends to a significant extent on more than two symbols. The
minimum dependence on symbols other than one occurs when that symbol is sampled in
20 the middle of its symbol period. The maximum dependence on another symbol occurs
when the sampling instant lies midway between two symbols. In that case, the sample
can be assumed to depend equally on the symbol on either side of the sample. The actual
dependence is determined during correlation with said known symbol pattern. By
correlating the signal with the pattern and the pattern delayed one symbol period relative
25 to the signal, the dependence on the current symbol and a previous symbol are
determined as two complex numbers called "channel estimates”. A pair of such channel
estimates is then obtained at each antenna for each mobile signal. A received signal at
any antenna can then depend on a number of information symbols transmitted by nearby
mobiles as well as a number of symbols transmitted by those mobiles previously.
30 Preferably the mobile transmitter timing and the sampling of antenna signals is controlled
such that dependence on previously transmitted symbols is lower than dependence on



The net hod of preconputing signal prediction tables for each antenna after
determing a correlation spectrummay al so be a_systematic way to inplenent
5 distributed processing. In distributed processing, part of the processing
is perforned at each antenna, and results passed to nei ghboring antenna
processors, e.g. "along the corridor” . The table Tl (b1, b2, b5) defi ned
above can be cghekhabsd and stared at antenna 1 (Bl of Fi gur epdirusdeneiong
determ ned that the strongest correlations were obtained using the 10 sync
patterns of nobiles 1, 2 and 5. If other nobiles had given stronger
correlations, for exanple mO, nil, n8 and m4, then the table would be
denoted by Tl (bQ, b1, b3, b4) anal ogously and yggil d contain 16 rather than 8
val ues. The nunber of values included in the table depends on the nunber of

significantly st ,&]m 'Mﬁfe%heﬁﬂﬂn Bt les &fywiestl betwediitheciifent
decided to unlf se a’ pre eterm ned nunber of signals (for 15
exanpl e, the st rayn'@eﬁsculmeﬂldﬂ\om WY m@bes\vgqna#lsymmmm symbok s The e

of constant size, Gdredt
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can be made wthmﬂymwmdﬂwmmm)aﬁnehnupphﬂfamemmdwhﬂe
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al ready deci ded that nobiles i 4 and 5 are the significant contributors,
prediction tabl chaiba gymbal al cul ated, and rretrl c table M2 has been

cal culated. M2 is nowpge mtanmtm  Bhifg YR Gomit: e tha/i o
ackwar

passed both forwards to antenna B3 an s to antenna Bl. Bl w ]l at
the sanme tinme retesodlutionoft ther spatial ISIIV!!WI&) QMVMM #haveo h’lﬁaﬂ“‘?‘ﬁ“ﬂS

| babi I DRESH %edﬂac Jldliﬂ
ﬁobl lpreolal Is %ze%eﬁ%ﬂgwggg? | can g?(t ent . HThe origina
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corrsponded tooa fature syimbol dshwéll asahacuin'emmytnholsﬂletfuthmsymbol infty also bawertodbead
"sbl=0. ' the M“&Wrrﬁéﬁgﬁ%ﬁb%#ﬂm@e%ﬁ%m
the same val y¢ Otanngé adsided ift thé future symbol is the dominant symbol at at least one antenna
deemed to be strongly receiving that mobile’s signal. By re-indexing the symbols
transmitted by that mobile such that the future symbol is regarded as the current symbol,
and the current symbol is regarded as a past symbol, only the future symbol (now
regarded as the current symbol) is hypothesized and resolved by combining tables of
20  metrics that include that symbol. The current symbol (now regarded as a past symbol
that was resolved on the last iteration of the spatial equalizer) is taken into account by
using the previously decided symbol value in predicting those antenna signals which
depend on it, even when said antenna signals depend more on the previous symbol than
the current symbol. As long as not all antenna signals depend more strongly on the
25 previously decided symbol, the accuracy of the current decision is guaranteed by the
antenna signals that depend more strongly on the current symbol.
For example, suppose the metric table T1 calculated for antenna 1 and metric
table T2 calculated for antenna 2 have the following symbol dependence.
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PCT/ US96/ 02498 -33- then its value is considered still to-be indeterninate.
If it is desired to sinplify the algorithmfor a small arifice of
performance, the |lowest nmetric value can be identified instead at this

poi nt and the associated value of its adds bit bl can be taken to be the
deci si on wew9636878 Thi s sinplified procedur can be i deni calPCIUSSERMIMNt enna,
nanely 5 val ues are cal cul ated, passed foward and backward, tnen val ues
that are received from nearest neighbors are conmbined with own netric
table, and a | owest cunulative netric identified. The address bit (e.g., bl
at Bl) corresponding to a nobile unit d@8% gnated to be denodul ated at that
site is then the decision for that nobiles data bit. This sinplified
procedure can be exiroRdOEPENDENCBO (i NEWEAKERDEPENDERCE such as 10  Figures 4
and 5 depict, or DO—a-t-hree—eiONSi hrat—ease—sueh—as a cordl ess tel ephone
system i nst al | edri(i(®,b2(i-Eyh3Asb4D 5t b1(EDIH2G),bafi-1)ibkGd)ese cases, netric

tabl es can be cal cul ated simultaneously at each antenna site and passed to
al | nearSest nei ghbSYRONG DBRENDENGEC Dt | ONWBAKERDEPENDENCED| es fr om near est

nei ghbors, these &e—combrmed—w h re—amtermra=s—o®n table and the | owest
metric deterni ne'@(ﬂ’ﬂ(i'blml),bﬁ')éé@bdbz@h&ﬂtl&bﬁi'ﬂ,‘ﬁ@rﬂhgl ng to at 15 | east

one npbil e desi $at ed to be denpdul ated at that site. An inherent

assunption so f dFirststhe symbal sequence;of mehilei2 ig se-indexad p make theolddBGd) thei t s at

oi 1 “poritba Dbl RERY velhy'cofipiod I s i5lg Yot Plabod QIS Sl "°

application, it i STReNGDEPENDBNCE hat nDIWEAKER DERBNDENCEEr S can be commanded to
adj ust their transtt—ttmng—sd t hak-t+he—asstred—26> condition is
fulfilled. This THbKLM2@EDIAbKDr oxbifbl)db2(1)dbi-hbdicds of neasuring
time-of- arrival at the base station during the sync correlation procedure,
and det¥ i ni ng amﬂ?et ard EARERREPENPENEE sent to the nobile unit

on the base-to- mftT Tk Fe'rTr—gG'rI'U'CE'd'U’r'e—r‘rB% be adopted for |ong
range, out door S%PEW%WQW) |ss b2(ir1).b3Cr kb4 &EWDe ti me synchroni zati on

at nore than one |ocation. Moreover, nultipath

20 Suppose now that the metric table for antenna 3 had the following dependence:
STRONG DEPENDENCE WEAKER DEPENDENCE
——— <— >
T3(b2(i),b3(i),b6(i) ; b2(i-1),b3(i-1),b6(i-1))
25
After re-indexing mobile number 2’s symbols, the table for antenna 3 will be
written:
STRONG DEPENDENCE WEAKER DEPENDENCE
G ———e < >
30 T3(b2(i-1),b3(i),b6() : b2(i-2),b3(i-1),b6(i-1))

Since this signal does not any longer depend on the current b, symbol, b2(i),

being hypothesized, it is not used in the decoding of b,(i), even though antenna number

35 3 receives mobile 2 strongly. Instead, the symbol b2(i) is decoded by combining only

tables T1-and T2, and the symbols b2, and b2(i-2) on which T3 depends would have

been decided previously by combining earlier tables T1 and T2. Thus decisions taken

previously in time at instants (i-1) and (i-2) (for b2) and at instant (i-1) (for b3 and b6)

are used to calculate table T3 at instant (i), which then depends only on hypothesizing

40 b3(i) and b6(), T3(b3(i),b6(i)). By use of decision feedback in this way (DFE in the

temporal dimension), the metric table sizes required to resolve ISI in the spatial
dimension are kept to a minimum,



25 propagation may exist resulting in delayed echoes of a signal also

bei ng received. An exenplary technique for extending this process for the
| ong range, nultipath environment will be described later. If the

sinplified procedure descri bed above of exchanging netric tables between
near est nei ghbors does not provi de adequate pefonmance, the process can

proceed 30 acowwsiregst o the Sequential Maxi mum |i kel i hood pripgadsbéorass
follows. A table received froma neighbor is conbined with the antenna's

own table, resulting (nost likely) in an W06/ 26578

PCT/ US96/ 02498 - 34- expanded tabl e dependi ng on one nore unknown bit or

synbol . The nei ghbor al so forwards an indicatizgn of any address bit that
affected the nmetric received by the neighbor but not the anpbunt added to

the metric by the nei giibaie tworliméniivnal\Qisé' Suchod mmig&ets (ﬂkr@fcoﬂdrﬁétH%ﬁM
signal that was recej vedleby an antenna earlier in the chain but no
hewm

recei ved at the anbBP spzes {4, eanmmunamy

significant strengide {vith Wil ;&h}ﬁg mg

then contracted around thrs grt B tget er n| n tlF%)wer 0 *%f@gﬁeﬂm
val ues whose addrMﬂM@N&dW?-ﬂMr&MB Plostratesomcolgtin afl'reellsb\lahellecbj-
four values, &t e, |l owest

all the val uesslvvhg'g resses *Wyﬁmgﬂg‘ks%%’}%&%ﬁé @Y%ﬁ

10 of each Iovvesartmny demddrmdoappwusﬂﬁhhbmimlhim@foﬁﬂm métfic adbiles, S Mdaédver,
remenbered in the_'decided ortion of tri bl e the |
remai ni ng addr ess m&ﬁ“?ﬁl&?’t‘&?‘!‘a ?ﬁrﬁ fﬁﬁ%‘ﬁmm#@tm the
the greatest nunbafetritf valiissgas hivecsigmilstiascelisl i-0rant delode Nfpfocdding ighab i-18j
along with the contracted netri c tab e, The process t hen continues unt.f‘“’“

at some site that MOCREPREEISATY P the,data symbol transmitted, in, ‘éiemﬂd&“ﬂse
bits are 15 1@xt gaskfflbosth m@ﬁ. rne i e&uﬂﬁtaﬁﬁwush@i Qﬁwﬁ\gmﬁ a.ngn have

metric tables to the next site. In this way, e size
nunber of deci dedbesn Bypothesizedon The nesbostep ibio ecide’ thectymbot Bhgxsmued ire oell by

of size on the or grfeding nly Fembining WEkive siiifs HafB&end on that symbol into the metric

table and then contracting the table around symbol(j).
Because cell(i) is adjacent to the cell(j) in which symbol(j) was transmitted, it is
15  likely that the signal received in cell(i) depends on symbol(j). Signals from all other cells
surrounding cell(§), such as j-1, j+1 and i-1 have aiready been incorporated into the
metric table computation. To incorporate the new signal(i), this signal is first predicted
as a function of all symbols transmitted in cells surrounding it. The symbols in
surrounding cells i-1, i+1, j, j+1 and k-1 have already been hypothesized and are indices
20 of the current metric table. Symbol(k) has not however, so one extra symbol is
hypothesized, symbol(k), used to predict signal(i), the last as yet unused signal on which
symbol(j) depends, the predicted signal(i) compared with the actually received signal(i),
and the squared mismatch accumulated with the current metrics. Performing the above
for all hypotheses of symbol(k) first expands the metric table, but then determining and
25  retaining the lowest of groups of metrics that differ only in symbol(j) contracts the table
back to the original size. Thus metric table sizes do not fundamentally have to grow
indefinitely. The above discussion for the infinite distribution omits however to clarify
how many as yet unresolved hypotheses have to be retained, and omits to discuss
boundary effects in a finite distribution case. It serves, however, to give an
30  understanding of how an optimum processing sequence is derived for the finite, practical
case such as shown in Figure 9.



co-channel nobiles that are received at above sone threshold signa
strength at each_antenna, where Mis the size of the al phabet of possible
synbols (i.e. 2 for binary, etc). 20 If the processing is not distributed
to the antenna sites, but signal sanples received fromantenna sites are
passed to a central processing point, then the Sequential Maxi num

Li kel i hooghoalsgaéwrgt hm adapt ed according to this invention peausheo23sso! oyed.
This situation arises for exanple in the satellite communications scenario
of Figure 5, where signals received in all satellite antenna beans are
transponded to a central ground station or hub 25 station for processing.
The present invention may be described pggre generally as an equalizer for
spatial intersynbol interference as distinct fron1the knomm use of
equal i zer for CORRARANS I | NGstfaf¥s aNCRSEY 'GIOR71 BAR' ke ?rcm
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m ddl e of t&xampleobe:peri od where the signals depend principally on a single
synbol from each nobile unit. If the conbination of transmt filtering,
propagat¥on ERBNNESTHAMERRE:| v FREPISHERSIGNALS; (BECRESQIVER St

sanpl es depend onigxnispemne synbol fxiem each nobilie. One way ofzsensurl ng
that the 10 cor¥®3sanple timng is used wwth as near the ideal Nyquist
property as possi i @195092t 0

30,31,4,21,32 1,20,3 2 1024
3 3,18,19,29,17,30
31.4,21,32,16,29,36 17,30 13 4096
4 3,19,20,17,30,31
4,2132,16,29,36,37 31 19 4096
15 s 3,20,17,30,31,4,21
32,16,29,36,37,5,22 421 3 3192
6 20,17,30,31,4,21,32
16,29,36,5,22,33 32 20 8192
7 17,30,31,4,21,32,16
29,36,37.5,22,33,6 [ 4 8192
s 17.30,31,21,32,16.29
36,31,5,22.336,8 n 21 3192
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14 16,29,36,37,22,33,6 23,7 2,6 8192
23,7,15,28,35,34,24,8
25 15 16,29,36,37,33,23,7 s 7 8192

15,28,35,34,24 0.9



take plural sanples at tinme points spaced throughout the synbol period and
to determne during correlation with the known sync pattern which sanple
timng fulfills the Nyquist condition best, i.e., gives mninmmtenporal -
i ntersynbol interference. In wide area systens, fulfilling the optinmm
sanple timng at all antenna sites 15 sinmultaneously may be difficult due
to different prgpagaéshen delays. In this case, it may be bett epctrosispli®s
time sanples regularly at one synbol period intervals, but with arbitrary
timng. Each sanple in general can then depend on nore than one synbol. In
practice, each sanple rarely depends to a significant extent on nore than
two synbols. The m ni num dependence on synbol ggot her than one occurs when
that synbol is sanpled in 20 tew mddle of its synbol period. The maxi num

dependence on anot her synbol occurs when the sanpling instant |ies m dwa
bel ween tvo synbol GEE | FOEPRATIRATE, ( FEICHRGNAS, BEERLIRE. (| HPOTiRsE AN
equally on the synigol om2e36pnh®23,51 de of tlw sanple. Th® actual depessznce
is determnmined during coBPBHatsBt with said known synbol pattern. By
correlating the signal whéfastiasmattern and the patterms del ayed onesmynbol
period relative 25 to 3sheus9gns , t he dependence on the current synbol and

a previous synbol gre dghesedy 3aglssas tWwo caqgpl ex nunberg cal l ed "chagggl
estimates”. A pair of suphsgisaegnel estimates is then obtained at each

antenna for each bi | e, .S . recei veg,si gnal at ant enna cagn,4 hen
depend on a nunbePBof |i§%’%ﬁiﬁ synbol s flransmtteéé%%é‘ near by nobiles as

wel | as a nunbgr of sy smtted by,those nobilgs previously 0
Preferably thefm)bh e %%ﬁégﬁgr timng afd the sanpllﬁng of antennao‘g,
signals is controlled such th’at dependence_on previously transmtted
synbol s is lover tfan dBgididihite on wo 6/ 26578 2048
PCT/ US96/ 02498 -36- current symbols; this occurs when the sanpling instant
|i es anywhere betw® t ::ﬁ;r:fﬁ“ symbol ' s ¥enter and t¥e nmi dway poi A¥®
between the current and pgrevious synbol. The difference in propagation
del ays from a nobi Be t oM42hboHehr est ant ABBAL \/\hi@iﬁM“ 1

27,14,13,12,11,10

10 In the above example it can be determined that 173,312 states are in total
processed to demodulate 37 bits, an average of less than 5000 states per bit. This is
considerably less than the 2 to the power 37 possible answers. Moreover, in practice the
number of states per bit for this example would be considerably less than 5,000 for the
following three reasons. First, not all signals in the six surrounding cells that can affect

15 the signal received by that cell’s antenna are active. For example, half of the 37 signais
are in general silent in one direction while the other direction is talking. Second, not all
signals that are active significantly affect the signals received in adjacent cells. A mobile
significantly affects signals received in an adjacent cell only if the mobile unit lies
proximate the border of an adjacent cell, but then it cannot simultaneously lie toward the

20 border of the diametrically opposite cell. Third, the system will not in general be fully
loaded in all cells, i.e. not all cells will contain a mobile unit using every channel

~ frequency available to that cell.
In addition, a number of channel frequencies are generally available for allocation
to different groups of mobile units, and a channel allocation method can be used as

25 disclosed in the parent application to avoid simultaneous co-site/co-channel conflicts.
Thus, in order to set up a new call, the network can first ascertain the group of mobiles
using the same frequency that the new mobile can also use, and allocate the new call to



strongly received and the farthest antenna may thus be up to half a synbol

period while 5 __neeting this criterion_or alternatively, when mohile

transmt timng and not propagation delays are the mmjor cause of
asynchronism differences in nobile timng may be up to half a synbol
period. The benefit of current synbols being the dom nant ones is that this
al | ows reswbwsnesms of the spatial 1Sl using the process deBEFUSEN248ove,
while allowing 10 conpensation for tenporal 1Sl by neans of a Deci sion
Feedback Equalizer, which does not result in an increase in the nunber of
hypot heses (i.e., the nunber of Viterbi states) that have to be tested. If
sanpl es received at one or nore antennasd4bepend significantly on a future
synbol as well as the current synbol, the future synbol nay al so have to be
hypot hesi zecthat group shichgresults in théminimum\iumbebiof statesdo berprocssseddigarder to

Cymbol PR 8 syESa A By s i obplter VIR o Spa AR
mobi | e' s si gfigthod BY the pareae dievﬂﬁﬂbdmdtbaﬂmédtb hesolution ofimdbile such

-that the futyre_synbol is re arded s the culrent ol,, .a he current
symbol is reﬁﬂﬂfe% W\'&f’ ?’Eﬂ'ﬂ'ﬁ %@Pﬂrm‘éw teded

as the cyr ngm&ou ﬁgﬁﬁrtawem& Bl spatialcdqulibativn, G s the indxahums Of

20 metric I ncl ude Symbol " The current syrrbol (now regarded as

a past synbdikelihond spatialiequalizee: dts@qseﬂﬂem aEer these 1835084 tb#mvehgtpa

equal i zer) t EH“H!@& ﬁlﬁf’?ﬂ“’ I
value in pre?fsﬁng 0Se “dnt enna sl gn Ii‘gb\E/\Eré‘grrmﬁ'epen on |t even %‘e{n

sai d ant ennemantsnabtaindd pbove forthe worst tdse, for example, nn;mtnﬂmsmnftm%mtesnt
o ovi ois|y dect d RS tert ieS N e ficint G of BiPesisis W xiiinad °°
guar ant efd babowé) whergaadel teaporarilypleaschonuotive signallingy The proeessingr ent
o et 11 o + Pt S e a1 e AATIT A Reg of SR RS ANER
gg_lp_ /e ngg /0824%tgerV@ll Poighaistio prev.rent expansnen in or to secure m{y oon.tracuon of the number

of states. All such variations may be implemented by the invention and are deemed to

be within the scope of the invention as set out in the claims.

15 The above discussion has concentrated on exemplary embodiments of the
invention applicable to, for example, the multiple-access, wireless telephone downlink
(i.e., the base to mobile direction). Of course, the principle of transmitting from
multiple transmitters distributed in a spatial dimension and then sampling the spatial wave
with distributed receivers may also be applied to the base-to-mobile (i.c., the uplink)

20 direction. In this case, the mobile units would represent the spatially distributed
receiving antennas that sample the wave in the spatial dimension. However, the methods
discussed above provide for joint processing of the samples collected by the multiple
receiving antennas. On the fixed network side, this is possible because samples can be
collected at a central processing point or exchanged between receivers along fixed

25 connections. These fixed connections are suitably wire, coaxial cable or optical fiber in
an indoor wireless application, and trunk lines or microwave links in an outdoor, wide-
area application. In the downlink direction however, mobile receiving units have no
apparent mechanism to exchange samples or otherwise cooperate in the demodulation of
multiple base station transmissions. Nevertheless, if such a mechanism were provided,

30 the system could utilize the methods already disciosed and thus fall within the scope of
the invention as disclosed above. In the absence of such a mechanism to exchange



-37- STRONG DEPENDENCE WEAKER DEPENDENCE T1(bl (i), b2(i+1),b3(i), b4(i)
. b1(i-1),b2(i),b3(i-1),b4(i-1)) 5__ STRONG DEPENDENCE WEAKER
DEPENDENCE T2( b2(i+ 1), b3(i), b4(|) b6(1) b2(1).b3(i-1),b(i-1),b6(i-1)) -
First, the synbol sequence of nobile 2 is re-indexed to make the old b2(i+
1) the 10 synbol currently being estimated, b2(i) then having been

estimat ed | ast WO 9R6SWOt ai ni ng: STRONG DEPENDENCE VEAK ERCTS96/8R9R8\CE
Ti(bl (i), b2(i),b3(i),b4(i); bl(i-1),b2(i-1),b3(i-1),b4(i-1)) 15

STRONG DEPENDENCE WEAKER DEPENDENCE T2( b2(i), b3(1),b4(i),b6(i) ;
b2(i-1),b3(i-1),b4(i-1),b6(i-1)) 20 Suppose now that the netric
table for antenna 3 had the follow ng dependedize: STRONG DEPENDENCE
VEAKER DEPENDENCE T3(b2(|) b3(1), b6(i) b2(i-1),b3(i-1),b6(i-1)) 25
After re-i ndeX| ngnfeppation or copperatively proessosi shmvamaeaimm:aenmm

be witten:

T3(b2(i-1). b3( %WWWW R Wi'&ﬁﬂ?"’m@'
not any | onger dametheluplink.he current b2 synbol, b2(i), being hypothesized,
it is not used in the di ofe P2 eventh.o h.a nna_nu r

recei ves nobile 2 stréﬁ'&l '}%& a{ﬁe%t %"&éﬁ'&‘d’egpﬁ‘fs“m‘ o
conbi ni ng onl § t&hhﬁﬂlfﬁquﬁﬂgfﬂi'zadjm ﬁbﬁﬂ&ymbﬁt dh&lwa&mﬁﬂ%h&%idﬂ?éxﬂﬂuon of

whi ch T3 depends woul. d have bheen deci ded preV| ougly by conbining earlier

tabl es T1 and T2.CofeJuvisionMultiple Acsess and, wathous the disadvantage.of having &9 isvers matrices
and (i-2) (for b3hat3asiwdh obttdbeM-cérditioned | Another dﬁﬁ%my giaﬁgpl)ﬁ(;{aﬁesulng

calculate table T3 at instant (i), which then depends

40  b3(i) and bopwlfipleTientyi r;oep@@n 915eveaylitﬁmﬂded sThus, &seefhod-suitable fori the
\rNZ}s/ol( \E/)EEI ISIn |t Eet the spa :‘hﬂ Mm on are agg%r{ ot"gb o&ﬁﬁfeﬁﬁﬁﬁuﬁﬁ&w %ﬂ)me% with
10 transmit diversity.

In joint demodulation, a mobile unit demodulates not only the signal of its serving
base station but also that of at least one interfering base station. This may be performed,
for example, using the Viterbi algorithm in a known manner. Symbol hypetheses are
made not only for the desired signal but also for the significant interferers and are used

15  to predict the signal that should be received. The quadratic error between the signal
predicted and the signal received is accumulated and the symbol sequence showing the
lowest cumulative error is chosen. If received signals are perfectly synchronous and
exhibit no temporal ISI, then no Viterbi algorithm is necessary. For example, if a
wanted binary signal and two similar interferers are hypothesized, eight hypotheses are

20  tested and the single best hypothesis showing the least quadratic error is selected. If,

- however, symbols are received asychronously with a time-stagger, the time at which a
wanted symbol would be decided may not coincide with the time at which an interfering
symbol can be decided. In that case, the wanted symbol is decided separately for all
assumptions of what the future decisions for the interfering symbols may be, leading to

25 use of a Viterbi algorithm. A Viterbi algorithm is also used when the current decisions
depend on future symbols due to temporal ISI. The Viterbi algorithm is actually
desirable in such cases to increase performance. Thus it can be advantageous to create
artificial tempoi-al ISI where none exists naturally in the propagation path. This is the
function of the “transmit diversity” element of the downlink method.

30 Using transmit diversity, two or more surrounding base stations, preferably those
which a mobile has identified as best received, transmit the same information to the same
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could be a tendency for neric table sizes to becone excessive unl ess
processing proceeds in an optimumway. First it will be illustrated with
the help of Figure 8 that netric table sizes do not need tolag

i ndef i ni t 8¥@9626518he 2-D case. Figure 8 illustrates a col uRFI/EY60HUM| S

| abelled j-1, 5 j, j+l and so an in which synbols j-1 and bel ow, and
synbols to the right, have been partially deci ded and appear in the

deci sion history of the netric tables. Mreover, signals received by
antennas in cells i and above have al reedy been incorporated into the
netric values, as have signals in cells i-1 and below. |n processing signa

i-1, :It was muhllg.ojvé)nerhsem thoweverp delays the modulation nyﬂboﬁslalab)slwclted
i 10

bnd cel | s« mfomaion Syhal forepam tw%w@etww% hop Ol ot
step i s to 'iflf@t sientiédhCthiy aiding titepossi ofmbﬁvqmmmwmmnglm

remai ni ng recei ved signals, that d endo hat, .s |ntothe netrlctable
and then coitsteadofthe P&Bﬂ@"'&‘l”g ???h%gg'é W

adj acent tonﬁéﬁdﬁﬁlaiﬁnﬁ%, ﬁ#ﬁbﬁdﬁuiawdaﬁb‘tsrﬁmwma elghl and i kely

\delaged
t hat the signal received in cell (1) depends on synbal (i). rom al |
ot her cel | s thusrprevides » pathcdi YW}Y BainChreing; xh%ﬁw \Mg fE‘&B& been

i ncor por ate Eﬂe&ﬂfi Ry bBC TRY
signal (i), S}HS signal is fII’St pre |cteg as ap?ﬂinct on Of aII synmbol s

transm tt ed introduetions ofs transmit divensity thusTliowsthe use; of ﬂies\mrbualcmgnnewmgh i -

the curr ent HRAEe HES Jmrivel peofSrfihea 8P 1SNIBE Split 181 S (s s sy,%m s
hypot heqozed-esomig:)ﬂie(deh trodmedechmpoml I§hal (i), the | ast as yet unused
ZIC?EZ: I on whi ch f})‘lgnb%t(de en g o ﬁ‘gpredl cted sig { % cO are WI th the
y receive # the
current net igphssed 16 mm«lpbﬁla!swwgfeas a&ﬂmdmmrtdqeﬂmnoo‘o dtudfbldn(dil)s first
expands the Ontﬁérr lggmgl%bcllowsugmttpa?ngoggtd%;n%ngl or}gent%er time or space domains. For
example, the frequency domain is the Fourier transform of the time domain. ISI arising
15 in the frequency domain means interference between symbols transmitted on different
frequencies, for example adjacent channel interference. Adjacent channel interference
is usually eliminated by using selective filtering in the receiver to pass only the wanted
signal and to reject the unwanted signal, however, the present invention may be adapted
as an alternative to or supplement to filtering, to provide enhanced adjacent channel
20 signal rejection. This invention is particularly useful in a base station that aims to
demodulate signals on all channels, and in particular, to a form of multi-carrier base
station known as a wideband digital base station. In a wideband digital base station, the
signal received at an antenna is digitized in a wide bandwidth using a fast AtoD
convertor. The high-sample rate numerical stream is then processed numerically to
25  separate different frequency channels. The digital processing can comprise a digital filter
bank and/or a Fast Fourier Transform machine. The output of this digital channelization
processor is an array of numbers représeming at least one sample per symbol transmitted
to the base station in each frequency channel. The samples, however, may not be purely
a function of the symbol in one channel due to adjacent channel interference arising
30 because of imperfect channel filtering or imperfect transmitted spectra that spill over into
adjacent channels, causing interference even with ideal channel filtering at the receiving



25 retaining the | owest of groups of nmetrics that differ only in symbols)
contracts the table back to the original size. Thus netric table sizes do

not fundanentally have to grow i ndefinitely. The above discussion for the
infinite distribution omts however to clarify how many as yet unresol ved
hypot heses have to be retained, and omts to discuss boundary effects in a
finite distri bWO%/M2687se. |t serves, however, to give an 30 PCI/US96/02498
under st andi ng of how an opti mum processi ng sequence is derived for the
finite, practical case such as shown in Figure 9. WD 96/ 26578
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1 1, 2,3, 18,19, 20
256 17,30,31 2 WMIQ 20,17 30, 31.4, 21, 32 1.20.3

i?, 30 THU4 on lnventive delndditator &gﬁol‘éﬁﬁ%m 'é%“'% %&eﬁ?‘%‘f‘sﬁf
4,21, 32, 16, 29, 36 a@jicent channel interférénce would include a procedsér for making hypotheses of
4096 symbols transmitted on a first channel as well as hypotheses of symbols transmitted on

10 a second channel; using these hypotheses jointly to predict the signal that should be
observed on the first channel viewed through the receiver’s channel filter; comparing the
predictions with the actually received signal and to calculate a mismatch or metric
therefrom; making hypotheses for signals on a third channel to use jointly with
hypotheses of the first and second channels transmitted symbols in order to predict the

15  signal viewed through the second channel’s receive filter and accumulating mismatches
for sequentially-consistent hypotheses made on successive channels in a like manner and
to select the sequence having the lowest cumulative mismatch after processing all channel
signals, thus demodulating a symbol from every channel while cancelling the otherwise
deleterious effect of imperfect adjacent channel isolation.

20 It will be realized that a receiver with enough processing capacity to handle the
expanded number of states to be tested can be constructed according to this invention to
demodulate multiple signals transmitted from multiple locations using multiple frequency
channels and multiple receiving paths. An algorithm can be so-constructed which will
simultaneously handle temporal ISI, spatial ISI and frequency ISI (adjacent channel

25 suppression). With the current state of the art in digital signal processing, complexity
may limit full implementation of Maximum Likelihood Estimation in all three domains
simultaneously, but it is expected that technology will continuously improve to allow
extension of the invention to ever more complex situations involving greater numbers of
mobile signals, receiving sites and frequency channels.

30 In two-way wireless telephone systems it is often the performance of the uplink
which is the limiting factor, due to mobile signals received at base stations exhibiting
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31 16384 33, 6, 23,7, 15,2835, 34 13

32, 16, 29, 3tndspendentfading. The downlipk is often not the limiting faggor, owing to multiple

16384 6, 23,. 4 . . 7
22,0 . sgn watisnitied fogt e dame pse Satif Shbiing froctet) the same fading &
16, 29, 36, 3recdive® hy’/a single mobile. Thus in the above descriptiot of a correspondingly
8192 15, 28, 35, 34,24, 8 96/ 26578 . . . .
PCT/ USos! 0 3gatEiHs splyton “&Vg“z‘g"’?g’%f Fpbig upit can establish the instantaneous
23 S  channel estimaté ¥o¢the Path Trohd thé‘bake Shitwith a single correlation, however many
overlapping co-channel signals the base signal comprised. Since the uplink often has the
poorer performance, the present invention has concentrated on providing new techniques
for improving the performance of the uplink, however alternative, similar means have
also been described for improving the performance of the downlink.
10
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BrrS 34 ...10 10 In the above exanp##€-it can be deternined that
173,312 states are in total processed to denodulate 37 bits, an average of
| ess than 5000 st ic®Mper bit. This is considerably |ess than the 2 to the
power 37 possible answers. Mreover, in practice the nunber of states per
bit for this exanple would be considerably | ess than 5,000 for the

follow ng three reasond. FiAsnethedbof edrhmunicatinigsbetweenteplurality of sputially distributed
cells that can af e received that cgell's antenna are
active. For exam@hﬁﬁo#&ﬂé%m %%@ﬁﬁﬂ}'ﬁ UERTY> COMPHSRE the
direction whil® tiseppdfaer direction is talking. Second, not all signals
that are active significant] f,fect t he si %L’@erecel ved jn adj acent

cells. A nobile significant tanequslyfram; said-mobile-units
only if the nobil gnykidisamée Padid € the border of an adjacent cell, but
then it cannot si mJItaneoust I|e toward the 20 border of the

di anetrical |y opposi te ceI | sampling @ radie, wave on said same radio: frequenayras differtns pointd in

cvery channel 1 eohis oy Bty of Gl dikchotid e Fodhce Spith Mgk sifpies;

channel frequ&lci gmd are generally available for allocation to different

groups of nobile units, a“%ﬁxﬂ%%&&?ﬁé&&%&%ﬁﬁ@ﬁ%%&n&%ﬂﬁe . asadapted
to resolve spatial intersymbol interference between said information symbols in order to
reproduce said transmitted information symbols.

15 2, A method according to claim 1 in which said information symbols
transmitted from said mobile units include at least one known symbol pattern.

3 A method according to claim 2 in which said known symbol pattern is
different for each co-channel mobile unit within a given area.
20
4. A method according to claim 3 in which said different symbol patterns are
mutually orthogonal symbol pattemns.

S. A method according to claim 2 in which said equalizer calculates a
25 correlation with said at least one known symbol pattern.

6. A method according to claim 3 in which said equalizer calculates
correlations with said different symbol patterns.

30 7. A method according to claim 4 in which said equalizer calculates
correlations with said orthogonal symbol patterns using an orthogonal transform.



25 di sclosed in the parent application to avoid sinultaneous
ca-site/co-channel .conflicts Thus _in order to set up anewcall the

network can first ascertain the group of nobiles using the sane frequency
t hat the new nobi |l e can al so use, -and al |l ocate the new call to WO
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mobi | es. Thus the channel "al [ocation nethod of the parent application,
which aimed to facilitate the resolution of nobile signals by the
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obt ai ned above for the wor st case, for exanple, only 128 i nst ead of 16384
states. Moreov V. n roceSS| ng t han
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si gnal I§i ndikeEhoodosequense mwefadapt ed to take
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states. Nhﬁﬁﬁﬁd\@ﬁmm%bm&ﬁmﬂﬁobmmﬂﬂﬁﬁiﬁ' on and are

deened to be within the scope of the invention as set out in the clains. 15
The above di scussi on has concentrat ed on exerrpl ary enbodi nents of the

i nvention appligg I | b SdeERn
t el ephone downl i nk | , a e to rmbl Fp‘le |ree&t‘?§ﬁ§. 5mcgurse, t he
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units to a symbol transmitted from a last of said plurality of mobile units wherein

15  symbols within said order of first to last that have already been estimated are used to
assist estimation of symbols remaining to be estimated.

11. A method of communicating between a plurality of mobile radio units and
a radio network using a first plurality of radio frequencies, comprising the steps of:
20 transmitting information symbols simultaneously from said mobile units
using, for each mobile unit, an associated one of said plurality of radio frequencies;
sampling a radio wave on all of said radio frequencies using a multi-
channel receiver to produce samples along a frequency domain; and
jointly processing said frequency-domain samples using an equalizer
25  adapted to resolve frequency-domain intersymbol interference between signals on adjacent
ones of said plurality of radio frequencies in order to reproduce said transmitted
information symbols.

12, A method of communicating between a plurality of spatially distributed
30 mobile radio units and a radio network using the same radio frequency, comprising the
steps of:



di scussed above provide for joint processing of the sanples collected by
the multiple receiving antennas. On _the fixed network side, this is
possi bl e because sanples can be collected at a central processing point or
exchanged between receivers along.fixed.25 _ connections. These fixed
connections are suitably wire, coaxial cable or optical fiber in an indoor
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invention is that YSingA pluality stributed antennas 1o, produce. spatialsignal sampless y
for adjacent nabiles, witho obaﬁdvnnmasexgaﬁfd of niibileAfts whose
av

Division Multiple Access and wt h_ouet the di sadvantage o ing to invert
matrices that can trassmissions are mignificant contributass dol thatrantepaa’s ttegpeldf grobping

present invention d.% tiple diversity reception of every signal is
provi ded. Thus, a nethod Suitable for the downlink that provides these sane

advant ages i s "joint denpdulpeacessing saishipatial dignal samples sequentially indan/ender dependent

joint denodul atio . L ' onk he.signal of its

servi ng base stat W@‘@“ﬁﬁ?@@#@ﬁ@% W@%@?’?ﬂg“‘ on symbols.

station. This 1@ay be perforned, for exanple, using the Viterbi algorithmin

a known manner. Synbol Rhypotheses are nade,nqgt only for the desired signal

but also for the signi fPcan?® N‘?&‘@fiﬂér"@@%“%ﬁ Ee'ﬂégha Pl tyoe% sPa“a%Y distributed
mobile radio units and a radio network using a plurality of radio frequencies, comprising
the steps of:

transmitting information symbols simultaneously from said mobile units
15  using, for each mobile unit, an associated one of said plurality of radio frequencies;
sampling a radio wave on a number of said plurality of radio frequencies
using a multi-frequency receiver to produce samples along a frequency domain;
determining, for each of said number of frequencies, a group of mobile
units whose transmissions are significant contributors to a signal received on that
20 frequency to produce grouping information; and
proceésing said frequency domain samples sequentially in an order
dependent on said grouping information in order to reproduce said transmitted
information symbols.

25 14. A method according to claim 9 in which said maximum likelihood
sequence estimator has a state memory to hold a number of symbol hypotheses to be
resolved and an associated number of cumulative metrics.



15 to predict the signal that should be received. The quadratic error

between the signal_predicted and the-signal_received is accumilated and the

synbol sequence showi ng the | owest cunul ative error is chosen. If received
signals are perfectly synchronous—and exhibit no tenmporal 1SI, then no

Viterbi algorithmis ne Ie, I f a wanted binary signal and
two sim % W@ferers m M’[ﬂﬁ Ma . ei ght hypot hesBETNSW2E8 o5t od
and the single best hyp he | east quadratic error is
selected. If, however, synbols are received asychronously with a

tinme- stagger the tine at which a wanted synbol woul d be deci ded nmay not
coincide with the tine at which an intedering synbol can be decided. In

t hat case, the vvant ed synbol is deC| ded s#)arately for all assunptions of
what the future &&cis ﬁgthsymrymzat}aet;@quéadu ng to 25

gz(rarg;t adgl:it girlojlng&gepedl%é]ghmﬁﬂt ureﬁ,ts)%?g{(#g[‘%‘lﬁjgEnbh orﬁﬁ‘?wnﬁ t er bi

al gorithmi mm«hsmmo&esmammmmmeﬁmmwmm Thus
it can be aﬂgantf;\ ous to create artificial tenporal ISl where none exists
naturally i vﬁopagatlon path. This is the function of the "transmt
diversitg" elenent of the downlink nethod. 30 Using transm t
diversity, two or_nore surroyndi ng pase statlons referably those whi ch a
mobi | e has i dent 46 egAJuethpdgl '}l E@P\‘F@%“S mpbile t o

the sane mm7Monetworkmgmemmdmﬁeqmcyformobnesmme _
PCT/ US96/ 02498 -43- nobile. One base sation, however, delays the no uI ation

of the si gnm“DyWWE@PMFQﬁ synbol for exarrpl e. This has the effect

that the transmtted el t he
possibility of destru@og@gém ghal 1 nt é?gfr'@ﬁ %s ﬁ‘é%%gg’ w{?ﬂg’econd
si gnal &0nt factlitate dgmodulation ¢fthe sjmbols axanstytmtmdhemmles withigr groep by 5
i nstead an g! sl gﬁ“%‘% del ayed signal path that exhibits uncorwated
Rayl ei gh fading a Us provides a path diversity gain, being sinply that
t he chance of both patrimmitting inforsatioh spmbols simultaneobsiy fronh mobiléénitslin ke of a
single path teanr aril Et{\agali&gmg%tﬁeqwcy,
sampling a radio wave for each said group frequency at different points
15 in space using a plurality of spatially distributed antennas to produce spatial signal
samples; and
jointly processing said spatial signal samples using a spatial equalizer for
each group adapted to resolve spatial intersymbol interference between mobiles in the
group in order to reproduce information symbols transmitted by mobiles in said group.
20
17. A method according to claim 16 in which said spatial equalizers also
produce demodulation performance information for each group.

18. A method according to claim 17 in which said demodulation performance
25 information for each group is used to indicate when a change to the original grouping
should be performed.

19. A method according to claim 17 in which said performance information

for each group is used by a channel allocation algorithm to determine the group

30 association and radio channel best allocated to a new mobile unit requesting
communication with the network.



I ntroduction of transmt diversity thus allows the use of the Viterhbi

al gorithm which provides then inproved perfornmance for resolving spatial
| SI at the sane time as 10 resolving the deliberately introduced tenporal
| SL. The adaptation according to the present.invention of equalizers for
spatial, as opposed to the usual tenporal, ISl suggests adaptation of

equal i zers t o WORESSHONAI N domai ns ar e transPCRUSaNOIB NS
of either tinme or space domllﬂi“ﬂ}mﬁaﬁl\m e, the frequency donmain is the
Fourier transformof the tirme donkhin I5SI *arising 15 in the frequency
donmmi n means interference between symbols transmtted on different

frequenci es, for exanple adjacent channel in80+ference. Adjacent channel
interference is usually elimnated by using selective filtering in the

Lecei ver t(r)] pass only20.he Aomminications| égsglhl?;g);:;gnmqw llnfdrmamwnlnﬂk sanymitted
owever, t epre |nv t|f i tgn.aterntlvg r

suppl enent to f| W %ﬂ'ﬁg 6‘”""

rejecti 03. Tgi Is bm_ 'eomlpnmg palr]t [ ClI:]I.| ar | Iy usefgl ina baseI station tpat f
ains to denodul ate S|gnas a annel s nd.,n particulgr, to,a, Qrmo
mul ti-carrier base st at i onSi&Hb mﬁ“&n ﬁﬂ'ﬂ?‘ﬁ\"g‘ﬁmﬁ%@aﬁ‘ﬁ’ﬁmﬁ‘“

w deband di gi § al aphrdéais phase of sighalsitliiSthitted froim'said MobiRUniS At ¥édeived using saxd
digitized in a wide bandw dth using a fast AtoD convertor. The high- sarrpl e

rate nunerical sbPP%nis then processed nunerically to 25 separate
di fferent frequency channa+9§hn tﬂ&m? #@sw%ﬁmgpagﬁlﬁ Eﬁg I
filter bank and/or a Fast ou er st or m-machi ne e outpu |s%
di gi tal channel i received beam signalay group ofimabileynitsiwhose transmitted symbels are gigaificant
| east one sanple BEH l@ﬂﬁ ;Rglt tign in each
frequency channe e sarrpqdés ?’w& %W‘Z’Z‘“ﬁé&eﬁ'@ a function of
t he symbol i #one channel signal spatiakbqaaiizet medna forsequentisily proceesing id beafCsighils
because of inpertect channel .filter] oL erfect trapsmti.ed spectra
that spill over MY %mm%r?é(ﬁﬁ‘é‘l&"“l’é'ém #@?‘@rﬁ@t &Eﬂgﬂm mbols
i deal channel fi iransminéd by sdidh énobilé @hits. N9 WO 96/ 26578
PCT/ US96/ 02498 - 44-
21.  The communications system of claim 20, further comprising:
15 means for determining when a mobile unit has temporarily ceased
transmission and to temporarily remove said mobile unit from the group determined by
said sorting means.

22. The communications system of claim 21, further comprising:
20 means for re-adapting said processing order used by said spatial equalizer
to take account of removal of said mobile signal from said grouping.

23. The communications system of claim 21 further comprising:
means for determining when a mobile unit has resumed a transmission that
25  was temporarily discontinued earlier and for determining new grouping information, and
means for re-adapting said processing order using said new grouping
information.

24, The communications system of claim 20 wherein said directive beam
30 antennas are located on an orbiting satellite and signals received using said antennas are
relayed to a central ground station for processing.



station. This interference ariss principally between channels that are

adj-acent. t o each—other—along the frequency.dinensiot and interference from

two channels away is nost |ikely negligible. Thus, adjacent channel
i nterference can be ré&garded- as TSI -in-the frequency dinmension and resol ved

by adapting an equaliz o the present 5 I nvention to process
signal s Wepssise freq ﬂm % ’!unsad of al ong t hePCI/H$8602498 pace

di mensi ons. Thus, an in tor for a multi-channel receiver in
t he presence of adjacent channel interference would include a processor for
maki ng hypot heses of synbols transmtted on a first channel as well as
hypot heses of synbols transmtted on 10-§1-a second channel ; using these
hypot heses jointly to predict the signal that should be observed on the
first channel vi2sed Tk oughuhihamnsmy'stunrbﬁchinmufeint sid directp@r beagn t he
redi ctions th t, receiyv Si |__and to calculate a m snatch
gr nmetric t JﬁﬁmﬁﬂHFﬁﬁh¥ ﬁ%@@éﬂﬂﬁa on a third channel to
use jointly with hypotheses of the first and second channels transnmtted

synbols in order o predict the 15 sigpal vj evved throg?h t he second
channel 's recei v&9fi | %Em symbols transmitted

sequenti gl | Ymﬁﬁ‘flhﬁh shatidy dRBfuRHsbiR unity' Mﬂﬁm fs) ke
manner and to sel ect e seqxence havi ng the Fﬁﬁgs cu ative m srratch

after procecomprising:| channel signals, thus denodul ating a symbol from every

channel while cancell}

adj acent channel i 30|WWW%bﬂ§*§W§w%%a§m§hbe§el ver
Wi t h enoughaptenmacelements toefonmia plutalityrafbbam sipeealsecqreesparmling wbsignaly restinéds t 0
be tested cgn be constructed according to this invention to denodul ate

mul tiple si S ‘é'}f’fromrrultiplelocations using nmultiple
frequengg channel s ansi Iéamonemw fér cehaeﬁmtshmman an

so-construct ed | i.mul taneou handJ oral 1Sl t| al ISl
and frequend® “‘VS}?‘ V&é%ﬂf“&?ﬂlﬁm’ml ‘g’%‘“ ts gpd gortain %%t
state of thth,ﬂsdl gital si gnal proce55| ng, corrpl exity may limt full

i npl ementation o MBXi mum Li kel i hood Estimation in all three domains
si nul t aneously, but i %orting means m%mhagssmﬁh%dmgmh@

: g%%.engogr erg@g nu%&agﬁuﬁoﬁe Si gn%@ogér)gg\éﬁ?% sites a%?“ﬁ equtelng;S
channel §§  contributors to that beam signal to provide grouping information; and
spatial equalizer means for sequentially processing said beam signals in an
order determined by said grouping information to resolve said information symbols
transmitted by said mobile units.

20 27. A method of communicating between a plurality of spatially distributed
mobile radio units and a radio network using the same radio channel frequency,
comprising the steps of:

transmitting information symbols simultaneously from said mobile units
on said same radio frequency;

25 . sampling a radio wave on said radio frequency using a plurality of antenna
elements to produce antenna signal samples;

processing said antenna signal samples using a beam forming network to
separate signals received from different directions to obtain direction-corresponding beam
signals; and

30 jointly processing said beam signals using a spatial equalizer adapted to
resolve intersymbol interference between information symbols received from different



30 In two-way wirel ess tel-ephone.systens it is often the
performance of the uplink which s the limting factor, due to nobile.

signals received at base stati oH "!l”uﬂcm WO 96/ 26578
PCT/ US96/ 02498 -45- i ndependent link is often not the

limting factor, owing to nultiple S|gnafs fansnmitted fromthe sane base
station exhi bi woesigssmci sely the sane fading as recei ved by a BCIUS96/02498
nobil e. Thus in the above description of a correspondi ngly advant ageous
solution for the downlink, a nobile unit can establish the instantaneous 5
channel estimate for the path fromthe base unit with a single correlation
however many overl appi ng co-channel signals t§% base signal conprised.
Since the uplink often has the poorer prformance, the present invention has

concentrated on pmobileiunils e \ungealatipi alicent deanisin @rdergta ireproduct osaid: teansmitted

the uplink, however al ternati simlar neans have al so been described for
| mprovi ng the pef'& tﬁ\‘ﬁe downl i nk. 10 -46- | claim 1. A

met hod of ommunicating between a plurality of spatially distributed nobile
radio units and a radi o network using the sane radio frequency, conprising

the 5 steps of: trar®i ttAWWWWM@&M of commupicatinighetwaen g plurality
sane radio froquch o pibai 1 ARl AL, chfiling e Aefrdt | IUUF D) o
spatial |y distributed ant ertransmittingouplinkdnformpatianafirom jag ieast twenofl saidt mobile units to
said fixed network using the same radio frequency;
using a spatial equalizer in said fixed network to resolve spatial
intersymbol interference between said at least two mobile signals to reproduce said
10 transmitted uplink information;
transmitting downlink information from said fixed network to said mobile
units using a second plurality of transmitters; and
jointly processing at at least one mobile unit signals received from at least
two of said plurality of transmitters to reproduce a portion of said downlink information
15 intended for said at least one mobile unit.

29. A method for receiving a plurality of signals via a plurality of paths in
which each path comprises an independent signal mixing process giving rise to an
independent mixture of said signals, comprising the steps of:

20 applying said independent mixing processes to hypotheses of said signals
to produce predictions of said independent mixtures;
comparing each of said predicted mixtures with a mixture received via a
corresponding path and generating a mismatch indication; and
processing said mismatch indications to decode said signals.

25
30. A system according to claim 29 in which said processing step further
comprises the step of determining the hypothesis which gives the lowest sum of said
mismatches.
30 31. A system according to claim 29 in which said mismatch indications are the

magnitude squared differences between predicted and received signal mixtures.



10 and jointly processing said spatial signal sanples using an'equalizer

adapted to resolve-spatial intersynbol—interece hetween said information

synbols in order to reproduce said transmtted information synbols. 15
2. A met hod accordi ng 't'o'" claim 1-in which said information synbols

transmtted from sai d i ncl ude at | east one known synbol
pattern. W09r26518 et ho u Z] t Im2 in which salRCIGRINP2488 nDhol
pattern is different for eacC m)bile unit within a given area.

20 4. A met hod according to claim3 |n whi ch said different synbol

patterns are mutual |l y- orthogonal synbol patterns. 5. A et hod accordi ng
to claim2 in which said equalizer calcuf®es a 25 correlation with said
at | east one known synbol pattern. 6. A nmet hod according to claim3 in

whi ch said equal | 32%r Cﬁl systém taccording teetlhino29 imivhichsaidomisimafchessare asfunttion

Caual i 2or oot the maibRe, vepem’l‘oqf‘e ft EFeare; Siwer qutinied nd ecrimt 3epal

using an ort Kpgeresind mﬁﬁaﬁmchofﬁwﬁmﬂwxﬁeﬁﬂwmuﬁdai m 7
i n which sai d.ort.hogonal transtormis one of a Fast Wal sh Transform a Fast

Fouri er TranStidmis “Wal sh- Fourier Transform 9. A net hod according to
claiml 4n which said equaiizer is a nmaxinumb5 | i kel i hood sequence
estimator and further conprising the step of . estimating a bl ock of

i nformation synbdd cdfhersystemgacgordingator 33ymvduclt saidh ds a negative
si mul taneousw @ﬁgﬁﬂof said plurality of said nobile units. 10. A
nmet hod accor 1 in which said equalizer is a decision 10
f eedback equalizer and further conprising the stop of:
34, The method of claim 12, wherein said step of determining further
10  comprises:
identifying a predetermined number of mobile units whose transmissions
are most strongly received at each of said antennas as said significant contributors.

35. The method of claim 13, wherein said step of determining further
15  comprises:
identifying a predetermined number of mobile units whose transmissions
are most strongly received at each of said antennas as said significant contributors.

36. The method of claim 20, wherein said step of determining further
20  comprises:
identifying a predetermined number of mobile units whose transmissions
are most strongly received at each of said antennas as said significant contributors.

37. The method of claim 26, wherein said step of determining further
25  comprises:
identifying a predetermined number of mobile units whose transmissions
are most strongly received at each of said antennas as said significant contributors.

38. A method for processing signals received from M mobiles by N antennas
30 comprising the steps of:



estimating a block of information synbols conprising at | east one synbol
transmtted simultaneously froma_plurality of said nobile units, wherein
said synbols are estimated in order of a synbol transmtted froma first of
said plurality of rmbile uni-ts tﬂ a syrrbol transrritted froma |ast of said
plurality of nobi Its where ols within said order of first

to last that hmady bel ﬂ l"ﬂllei used to assist eRCOIHIOFIUIDT
synbol s remaining to be esti t hod of conmuni cating between

a plurality of nobile radio units and'a radi o network using a first
plurality of radi o frequenci es, conprising the steps of: 20

transnmtting informati on synbols sinultaneous$ fromsaid nobile units
using, for each nobile unit, an associated one of said plurality of radio
frequencies; sanpling a r ackioprelating compenentscif saidi néceivad sigrialsctq gencriatesa oarirelation
mul ti- channel regeiyer to produce sanples along a frequency domai n; and
jointly processinéxfgfﬁ frequency-domai n sanpl es using an equalizer 25

adapted to resol ve frequencasseibling saidcorrelation spectra into hanatrik of size W &'M;

signals on adjacent ones of gaid plural, f radi o fr engLes in or
reproduce said transnmitted ﬁ‘ﬁ‘f‘mﬁt MF@“‘ gﬁ%&'ﬁé@“ vaFues%or
comuni cati ng $et yRArofaidl N adlehias; #id spatially di st ributed 30 nobi | e

radio units and a radi o network USLB& the sane_radi o frequency, co%rgm n
rSignalsgenera y sai

the steps of: W006/ 2657 SProeRssing N

si mul taneously frgngai d nobile units on said sane radio frequency;
sanpling a radio wave on said radio frequency at different points in space
using a plurali ty of spatially distributed antennas to produce spati al

G755 of o [ uni 5 s e mlll G A 8 ISl o i A s
10 thestepo

selecting values in said matrix based upon their sumsquare modulus.

40. The method of claim 38 wherein said step of reducing further comprises
the step of:
15 selecting values in said matrix by determining a signal-to-interference ratio
for each signal relative to each antenna and selecting said values in order of highest to
lowest signal-to-interference ratio.

41. A demodulator for a multi-channel receiver comprising:
20 means for receiving signals on each of a plurality of channels;
means for making sets of symbol hypotheses for signals received on each
of said plurality of adjacent channels;
means for predicting said received signals using said sets of symbol
hypotheses;
25 means for comparing said predicted signals with respective, actually-
received, signals and calculating mismatches therebetween; and
means for accumulating said mismatches for each set of hypotheses for
each signal and selecting a set having a lowest cumulative mismatch after processing
signals received on each of said plurality of adjacent channels.
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transm ssions are significant contributors to that antena's signal t yield

graupi ng infommation. and processing said spatial signal

sequentially in an order dependent on said grouping information in order to

reproduce said transnmtted information synbols. 10 13.
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co-channel interference while reducing the number of Viterbi states being processed. A spatial analogy to the Viterbi MLSE process is

provided. Both the uplink and downlink cases are described.




be resolved. 5 16. A met hod of comm angbet ween groups of spatially
distributed nobile radio units and a radia network usi ngthe samwe—rae-o——
frequency for nobiles in the sane group, conprising the steps of: grouping
mobile units into groups t1at use the sane radi o*7*equency to 10

facilitate denodul ation of the synbols transmtted by the nobiles within a
group bywdosgeéhs al equalizer: transmitting informati on BEHEEH2498

sinul taneously fromnobile units iniype same group using the same radio
frequency; sanpling a radio wave for each said group frequency at different
points 15 in space using a plurality of spatially distributed antennas to
produce spatial signal sanples; and | g z:y rocessi ng said spatial signal
sanpl es using a spati al equalizerf(nﬁzz gpoup adapted to resol ve spati al
i ntersynbol interference between nobiles in the group in order to reproduce

information synbols transmtted by nobil ¢RyANRESM gpup. 20 17. A et hod
according to clai m 16dnwiich-said—s] ; f 0 Pr oelte
denodul ati on perforneance] 1 nt ornat1 on for jeach group. 187 A et hq

according to claim17 inf wich said denno%Iation per f or ma %-,gg
I nformati on for each g ik" Is used to i éate when a chghge to tf
ori gi nal grouping A0y RR per Tormed- glo. RTTET MO0 g4 COoT | I claim 17
i n which saidg€rTorgance ixformationAor each group i 2 used Ny a nonel
allocation @lgorith@to detgfmine th# group 38 assglfiati gr—gnd fadi
channel bes®-lal | ocat®@d to a™ay nEhbPRe unit "eguesdi Mg=somuntbcati th
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-50- 20. A communi cations systemfor receiving information synbols
transmtted froma nunber of spatially distributed nobile units using a

nunber of directive antenna beans, conprising: signal corration neans for
determ ning correlations indicating an 5 anplitude and phase of signals
transmtted fromsaid nobile units and received using said beans; sorting
means f orwoseessdsi ng said correlations to further deter nmpggnkogin2esch

recei ved beam signal a group of nobilg;units whose transmtted synbols are
significant contributors to that beamto provide grouping information; and
10 signal spatial equalizer neans for sequentially processing
said beamsignals in an order determ ned by said grouping information to
resolve said informati on synbols transmtted by said nobile units. 21.

The comuni cati ons system of cIain128f?(E2: conprising: 15

means for determ ning when a nobile i as-tenporarily ceased

transm ssion and to tenporarily rennve said nobile unit fromthe group
determ ned by 3§|d soBflng nmeans. ) The co ni cations % stem ¢f claim

21, further i sing 2 -~~~ mears- gbr re-adaptiflg sai
processi ng o "usedg§&5E$rd e Blywaiv al
of said nobile|signal fro sala‘gﬁouang- < comuni_catd ons jsyst em

-

of claim 21 further conpry I ng. nmeans tor ermn

has resunmed a transnlsS|on that 25 was teﬁboraripﬁ di sconti
and for determ ning new grouping information, and neans for re-adapting
sai d processing order using said new grouping information. 24. The
comuni cati ons system of claim 20 wherein said directive beam 30 ant ennas
are located on an orbiting satellite and signals received using said
antennas are relayed to a central ground station for processing.

By Bi2 B3 Big
X X X X
\ o
O MZ (o)
My Mg
“)2(1 B)z(z B3 Bg
O X
M 3 X
o]
o M5
Ng
By B3y / B3 B3g
X X\\\\b\\\ X X
N i
7 9
Bay Bg2 Bg3 Bag
X o X X



W96/ 26578 -51- 25. Mhe comuni cations system of claim 20 wherein said

directive beamantennas include a cellular base station sectorised antenna.
26. A commruni cations systemfor receiving information synbols transmtted

5 froma plurality of spatially distributed nobile units using a
plurality of antenna el enents, conprising: conbining neans for conbining
signal s wasedness using said plurality of antenna el enentpcrngseboishg 2
plurality of beam signals correspondisg to signals received fromparticul ar
directions; 10 si gnal correlatlon means for determ ning
corelatlons i ndi cating an anplitude and phase of signals transmtted from
said nobile units and contained in said beam signals; sorting neans for
processing said correlations to further determ ne for each forned beam
signal a group of nobile units whose transmtted synbols are significant 15
contributors to that beam signal to provide grouping information; and
spatial equalizer neans for sequentially processing said beamsignals in an
order determ ned by said grouping information to resolve said information
synbols transmtted by said nobile units. 20 27. A et hod of
comuni cating between a plurality of spatially distributed nobile radio
units and a radi o network using the sanme radi o channel frequency,
conprising the steps of: transnittiqg;rcgor tion symbol s sinmultaneously
fromsaid nobile units on said sane d equency; 25

sanpling a radio wave on said radio frequency using,a plurality of antenna




separate signals received fromdifferent directions to obtain

di_rection-correspondi ng beam signal s.._and_230 .. jointly

processi ng said beam signals using a spatial equalizer adapted to resolve
i ntersynbol interference between information synbols received from

di fferent Wo6/ 2678

PCT/ USO6 M@ déies7852- nobil e units in angularly adjacent beeyesssn2498 der to
reproduce said tansmtted informati ogspynbols. 28. A two-way

conmmuni cati ons net hod for conmuni cat ngbetween a plurality 5 of nobile
units and a fixed network, conprising the steps of: transmtting uplink
information fromat least two of md nobile units to said fixed network
usi ng the sane radio frequency; usLﬁﬁV@?ﬁpg;(%téequalizer in said fixed
network to resolve spatial intersynbol Thteé&r nce between said at |east
two nobile signals to reproduce said 10 transmtted uplink information;
transmtting downlink information_fromsaid fixed network to said nobile
units using a secgnd pl ur 3ot rqﬁgﬁittcrs;,and,icith Q[ ocessi ng at
at | east one nobit™e ugzr’signals received fromat |east A/wo of\said
plurality of transmt S TP rERTodute &{porti omyof Jwi/d downl i N
information 15™intenged for sald at | east one nobile
for receiving a plurafity of signals via a plurality of paths injwhich each

pat h conprises an i ndgpendent si 0 an
i ndependent ni &

appl yi ng sai d i ndepen 5 of sai/d signhals to
produce predicti dgs—of—sa . ' agedch of said
predi cted m xtures with i f i

FI1G. 6(b)



respondi ng path and generating a m smatch indication; and processing said
m_smatch indications to decode said signals, 25 30. A system according to

claim?29 in which said processing step further conprises the step of
determ ning the hypothesis which gives the | owest sum of said m smatches.

30 31. A system according to claim?29 in which said m smatch
i ndi cat i owe 9anes78 he nagni tude squared differences betweercpusstiozsssd and
recei ved signal m xtures. 8/ 26577- 53- 32. A system according to

claim29 in which said msmtches arega finttion of the magnitude squared
of the difference between predicted aMg received signal mxtures and said
processi ng determ nes which aid o heses nmaxi m zes the sum of said
m smat ches. S 33. §me yste cord FJ 0 claim32 in which said fiction
is a negative expo ial furcf{on.” 3& = The nethod of claim 12, wherein
said step of detern&rﬁng fur rises: identifying a predeterm ned
nunber of nobile un&t‘ whose ngly received at
each of said a§ AR 'd%@ﬁ| cant con §butors. 35. The net hod of
claim 13, wheZzijn said RNESr pidi ng @ Ther 15 | conpri ses:
identifying a & NUEBRR SOf | Mobi | € @ s whosp transmissions are
nost strongly T CHof g ant enn%“'r‘:as sai d| si gni ficant

contributors. 36. bd of cl ?,_m ZU',_V\ﬁer'eQn“é'éi step of

determ ning fun
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20 conprises: identifying a predetcni m ned nunber of nobile units whose

transm ssions are nmpst strongly recej ch of said antennas as said
significant contributors. 37. The net hod of claim 26, wherein said step

of determ ning further 25 conprises: identifying a predeterm ned nunber
of nobile units whose transm ssions are nost strongly received at each of
sai d ant eppagnésg sai d significant contributors. 38. A petiossénbak
processing signals received fromM mgil es by N antennas 30 conpri si ng
the steps of: -54- correl ating conponents of said received signals to
generate a correlation spectra; assenbling said correlation spectra into a
matrix of size N x M reducing said matrix @ygsépyecti ng a nunber of
significant matrix values for 5 each of said g¢fgntennas; and processing
said reduced matrix to determ ne signals ge?ﬁgﬁggd by said N nobiles. 39.
The met hod of claim 38, wherein said step of reducing further conprises 10
the step of: selecting val ueg,4 aid matri x bjpased upon their sunsquare
nodul us. 40. The net hod W&ﬂw wherein paid step of reducing
fuirther conprises the st & selecting values in said
matrix by determning a sign lffo-i nterfegenceggratio for each signal
relative to each antenna and sel ecting sald,valugs in order of highest to
| owest signal-to-interference ratio. 41 K defbdul ator for a

mul ti-channel receiver conprising:
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20 means for receiving signals on each of a plurality of
channels; neans for.nmmling sets_of synbaol hynatheses for signals received
on each of said plurality of adjacent channels; nmeans for predicting said
received signals using said sets of synbol 25 means for
conparing said predicted signals wth respective, actually- received,
signal s amas&zesTaufti ng m smat ches t herebet ween; and neaneCiusssasmsimul ati ng
said m smatches for each set of hypepheses for each signal and selecting a
set having a | owest cumul ative m smatch after processing signals received

on each of said plurality of adjacent channels. 30




