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SYSTEM AND METHOD FOR . MULTI PLEXI NG A SPREAD
SPECTRUM COVMUNI CATI ON SYSTEM This invention rel at es to a
met hod and sys&srp’l; 5 reducing the crosscorrelation int e? 95g:,}aused
by mul tipath %ﬁopagat lon in a conmunication systemw th orthogonal
digital signals. Mdre particularly, this invention relates to a
met hod and system which utilizes nultiplexing of distinct and

orthogonal digital signals which ar &%% Detudy bi or t hogonal
nodul ation, and unequal error prot LI‘QBLéJPING A Sm{&uce I nterference
caused by rrul tipath propagationgi QPR 2y system (e. g.
spread spectrun) to inprove the’ rate conpared to

ant i podal nodul ati on. According to certain enbodi nents, sinultaneous
mul tiplexing of 15 Thiplinvehtion gelaken taca methodradtguaeem fognal s i s
provi ded. BACKGROUND OF THE | NVENTI ON

Robust nobi | e di gietating ke nérwscorrelatdes finterfenepce causedcbymilitdpatin
view of the deleterious effects of the envi ronment on the propagation
characteristics @ropagitdon dpa commpigatior RFptemaind| erthogonak digisal

At nmospheric conditions and variations in terrain, foliage, and the

di stribution andsignals.deMore yagtienlardtdeder H%Y%‘tégnsﬁ]@ﬁgﬁyﬂafaf ect the

medi um
method and system which utilizes multiplexing of distinct and

orthogonal digital signals which are determined by

10 biorthogonal modulation, and unequal error protection to
reduce interference caused by multipath propagation in a
communication system (e.g. spread spectrum) to improve the
decoded error rate compared to antipodal modulation.
Accoxrding to certain embodiments, simultaneous multiplexing of

15 a plurality of distinct and orthogonal signals is provided.

BACKGROUND OF THE INVENTION
Robust mobile digital communication is difficult to
accomplish in view of the deletericus effects of the
environment on the propagation characteristics of radio-

20 frequency (RF) channels, for example. Atmospheric conditions
and variations in terrain, foliage, and the distribution and
density of man-made structures strongly affect the medium
which such signals (e.g. RF) traverse. In satellite broadcast
systems, the received propagation path is primarily 1iné-of-

25 sight, and adequate reception may be limited by the presence



whi ch such signals (e.g. RF) traverse. In satellite broadcast

systens, the received propagation path is primarily line-of- 25 si ght,
and adequate reception nay be l'imted by the presence WO

97/ 17789 PCT/ US96/ 17993 of
background ndYR¥IM¥n the available field strength is PCHYUSIGIIT3ent .
However, in terrestrial comunication, for carrier frequencies |ess
t han about 8 gi gahertz (GHz), mul ti path interference often causes
syst em degr adati gn, or 5 failure before the effects of sinple additive
noi se becone  ©F bRgkayonpd noise when thgyavailabhefitedff ayrengthis caused by
t he si mul t aneous . .reception of multiple signal paths with varying

del ays, arpPrt i RdEnt on dyR¥eEs inTRersaatniat pomeypiration. dicrf use and
10 specular reflectigons of the transmtted signal, typically from

obj ects sit uat e§2FEtSTedneTrRRELENLTAS toRn ARPUENR Figebrties (GHZF,  The
plurality of recejved signals, due tg the different paths, sum

t oget her and caﬂggt’&?r@t ?ﬁ%‘f’iﬁ%eﬁ?e REEERRAYUSEE PYSHeHy degradatiep &ff er ence.
The distortion res | ti g fromnulfipath varies 15, wth changes in the
posi tion of %he ?’rgfﬁ%g foxe the g 8 ghpimple additdve sioing Rasomet s.
Multipath is a freguency-sel ective phenonenon. The changes in the
recei ved signal © % ude, phase, and del ay vary with frequency,

whi ch causes di spersj in the received :
P ﬁ&HL1pat£ f%ter erence is caused by the simultaneous

reception of multiple signal paths with varying delays,
amplitudes, and phases. The paths correspond to diffuse and
10 specular reflections of the transmitted signal, typically from
objects situated between the transmitter and the receiver.
The plurality of received signals, due to the different paths,
sum together and cause constructive or destructive linear
interference. The distortion resulting from multipath varies
15 with changes in the position of the transmitter, receiver, and
intexrvening objects.

Multipath is a frequency-selective phenomenon. The
changes in the received signal amplitude, phase, and delay
vary with freguency, which cause§ dispersion in the received

20 signal. The rate of.change of multipath distortion is in part
determined by the relative difference in velocity between the
transmitter and receiver. The composite multipath signal is
usually comprised of the line-of-sight (LOS) signal component

with minimum path delay and a plurality of echo signal



20 signal. The rate of change of multipath distortion is in part
determ ned by the relative difference in velocity between the
transmtter and receiver. The conposite nmultipath signal is usual |y

conpri sed of rﬁg of -sight (LOS) signal conponent prinsob7bdTUMm
path delay and a plurality of echo signa
WD 97/ 17789 '

PCT/U896/17993 conponents, with |onger delays. However, in
obstructed ﬂ gs'tﬂ%hL %bzglagi ey H&é}egm{ﬂ %ggi.,yc&htenuat ed or

absent altogether ough the n possi bl e si gnal propagati on

paths is i nNUITEY pbl A9 CRRL 108 kligasd WBhaS sigiieschREiatechiined Bese paths

whose received signal anplitudes are significant” need to be

considered in a gdhgidakie @kcatﬁl@i‘xough theSHSHRAS of Gdbsibl@ A gRat hs
wi thin about 15 decibels o | ar gest anplitude path).

The del ay spread f&péd&%léﬂ&fa%hhn?é rfiuhatdR DelepRetn iR sifpRakhs of

si gni fi cant anplltude w th the m ni num and maxi mum time-of-arrival at

the receiver s A pESARHET amﬁ@naa@%tnaf whose reégltveanéfgﬁmt bRl ilchdes are

transmtted in a spe0|f|ed I nt erval tinme transmtter
system This intg{yplricainkHeea 88 ﬁé’l%oﬁaitﬂared in a Bi&{eal commhilcBei s

signal transmtted is known as the 15 synbol. Unless specific
count er measur es gy#tdmacC @é ) &hefe tgaths within about 15 decibels of the
largest amplitude path).
The delay spread is the approximate duration between the
10 paths of significant amplitude with the minimum and maximum
time-of-arrival at the receiver. A predetermined amount of
bit information is transmitted in a specified interval of time
by the transmitter system. This interval is known as the baud
interval, and the RF signal tranamitted is known as the
15 symbol. Unless specific countermeasures are incorporated to
combat multipath, the symbol rate throughput is bounded by
approximately the reciprbcal of the delay spread. The delay
spread can exceed, for example, tens of microseconds in very
high frequency {(VHF) RF propagation in the circumstance of
20 specular multipath, which restricts the symbol throughput to
less than about 100 kH=z.
In terrestrial broa§cast systems, the transmitter site is
fixed and a signal is transmitted to a plurality of receivers

through atmospheric free-space. One known way in which to



conbat multipath, the synbol rate throughput is bounded by

approxi mately the reciprocal of the delay spread. The del ay spr ead
can exceed, for exanple, tens of mcroseconds in very hi gh frequency
(VHF) RF propagation in the circunstance of 20 specular nultipath, which
restricts the &1+t hr oughput to | ess than about 10 396/17993

In terrestrial broadcast systens, the transmtter site is fixed and a
signal is transmtted to a plurality of receivers t hrough at nospheric

free-space. One known way in which to . .
3 VO SPmPRE7 tipath is to use a directional antenna for fixed

PCT/ US96/ 17993 ,__conbat nultipath is to use a directional antenna for
fixed r eceFRRELYerg PUtH RIS IRV pRe jimpracticadl in obdbe | vdronmentitent s
whi ch require omidirectional reception. . Known di versity antenna
systems use a pl'¥gh reoykre ownidizeckional XefRRY4PBd by a di st ance

approxi mately equal to hal of the carrier frequency_wavel ength.

Diversity systens redtio¥® ‘;i"ersliﬁ% PIEEBPR AYSLers pef £ RPBIRLHEFEIQF strength

due to the destructive i n{gfer ence caused bg%rrul tipath gr opagat i on.
However, di vBrsiIRFeSDas APAFFHTL Y § WPHR5Fe anpserimately orquatote pkier si ve

ef fects. Furthergmrhe, di v,erskté/ ant ennas _may be ,
of the carrier frequency waveleng&h. Diversity systems reduce

the problem of insufficient field strength due to the
destructive interference caused by multipath propagation.
However, diversity systems typically do not compensate for

10 dispersive effects. Furthermore, diversity antennas may be
impractical in personal communication systems because of size
requirements.

The effects of multipath propagation can also be
mitigated by the design of a signal set and modulation.

15 Orthogonal Fregquency Division Multiplexing (OFDM) and spread
spectrum are two methods that are currently used in
environments where multipath is a problem. Both methods
require that the communication sysﬁem utilize the full
available bandwidth for maximum effectiveness.

20 In free-space atmospheric prdpagation of high-power RF
signals, for example, bandwidth restrictions are typically
imposed by regulatory agencies such as the Federal
Communications Commission {FCC) in the United States. The

method of OFDM [reference: W.Y. Zou and Y. Wu, "COFDM: an



I npractical in personal conmunication systens because of size

requirenments. The effects of nultipath propagation can al so be
mtigated by the design of a signal set and nodul ation. 15 Ot hogonal
Frequency D vy Pnpg! tiplexing (OFDM and spread S peGiciARogfi e WO
met hods that are currently used in environments where nultipath is a
probl em Both net hods ~require that the comrunication systemutilize
the full avai | abl e bandwi dth for maxi mum effectiveness. 20 In

free-space atnmospherl G PhopasR r-0Re e 10hS hﬁf%%édﬂéting, voll 9! %o.fPr

exanpl e, bandw dth restrictions are typical | nposed by regul atory

agenci es such as_the, Eed | | 1SS CO in the
O ted States. TRE L& RkEm 1905} SHEHMGRAOS JOPRARAR ) 1T

"COFDM - an inusoid-lik band_signals, hict? togeth AHPcRé/ 17789
PCT/ US96/ 17993 smusmdovér?/ingvffgwIaI?EEs ans?ac‘fi ocns_ 8%e Bregascasti ng, Vol.
41, No. 1, 2BL1ah1d bR AR a8 Oinfn PLALsh L Ve sV DA 0N

si nusoi d-1i ke narrowband signals, which together spah the aval | abl e

bandwi dt h and, ar | n : It i 0 L gna
W 4 gﬁé%c;uﬂtahg 4 allycaﬁ@}m %r%g:t EACE tne a&sigﬁﬁﬂb&rﬁp

conveys a fracti data“(bit rate throu e use

of multiple narroubangd 3RS The use of multiple narrowband signals
permits the duration of a single information signal (i.e.
symbol orx baud) to be made long in duration comparéd to the
expected delay spread, which minimizes the sffects of
10 intersymbol interference, because the simultaneous
multiplexing decreases the required bit rate for each of the
individual narrowband signals. In OFDM, each of the
narrowband signals has the property of being orthogonal to all
of the other multiplexed narrowband signals.when properly
15 synchronized. In principle, a sufficient number of the
narrowband signals will be minimally affected because of the
frequency-selective characteristics of multipath so that, with
known error correction coding (ECC), the overall bit rate
throughput is still reliable. However, multipath may still
20 cause destructive interference to some of the narrowband
signals in OFDM modulation so that they may not be received
reliably.
Orthogonal signals in OFDM may be simultaneously

transmitted and uniquely separated from eaéh other in the



permts the duration of a single information signal (i.e. synmbol or
baud) to be nmade long in duration conpared to the expect ed del ay
spread, which mnimzes the effects of 10 i ntersynbol interference,
because the sinultaneous mul ti pl exi ng decreases the required bit rate
for each of tWR9178 ; ndjvidual narrowband signals. | n OFDRFTESEATER t he
narrowband signals has the property of being orthogonal to all of the
ot her multipl exed narrowband signals when properly 15 synchronized In

principle, a suffici S 4 Qg s "iaghie 'Lf‘ica r1:!r‘:&ugrro %nd siaq;ggns,, WI,IJh| be

m ni mal |y affect gﬁelbecau Y- sePetTiVE%Rhar acteri stics
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overall bit rat& roughput wever path may
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signals in OFDM D 'on so t the recerve reliably.
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correlatlon '?hE ﬁient to |cggtwo mgnasétl[P ortﬁo%’anal IS
determned by  ynyontdie PBEAIdY9CotndgBib] natkOf $iRskEoA8P iod WAThEON. The
of zero.
A fundamentally different metheod which combats the
effects of multipath propagation is known as "spread spectrum"

10 modulation [reference: R.L. Pickholtz, D.L. Schilling, and
L.B. Milstein, "Theory of spread-spectrum communications - a
tutorial, IEEE Transactions on Communications, Vol. 30, No. 5,
pPp. 855-884, May 1982]. See also U.S. Patent Nos. 5,063,560;
5,081,643; 5,235,614; and 5,081,645.

15 In a spread spectrum communication system, the bandwidth
occupied by the digital data message is expanded (spread) by
multiplying the data message by a spreading signal or
sequence. Since multipath is a frequency-selective
phenomenon, if the bandwidth spreading is sufficiently large,

20 only part of the spread signal will be deleteriously affected.
The spreading process is reversed in the receiver in order to
recover the original data message. The improvement in
robustness brought about by such spreading is weasured by the

"processing gain" of the gpread spectrum system, which is



crosscorrel ation value or sumis proportional to the sumation 5 of the
mul tiplicative product of the two signals. Signals whi ch are
perfectly orthogonal have a crosscorrel ati on val ue of zero.

A fundanent al Wbsﬁ)ﬁﬁf’r ent net hod which conbats the ef f

mul ti path propagation is known as "spread spectrum 10 nodul ation
[reference: R L. Pickholtz, D.L. Schilling, and L.B. MIstein,
"Theory of spread-spectrum conmuni cations - a tutorial, |EEE

Transactions on Js@ERtiHIa3t kRO SratY8! of 3he Boread signal bRRdwidkh-€84nabhy
1982]. See also U S. Patent Nos. 5, 063, 560; 5,081, 643; 5, 235,614; and
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sequence. Since nultipath is a frequency-sel ective phenonenon, if the
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reversed in §he doge€lattilonl, Nty @EEetts of mulyipackedidtbetidr groadigiat a
nmessage. The inprovenent in robust ness brought about by such
spreadi ng i s neafitigakdy, t he "processing gain" of the spread spectrum
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many simultaneous narrowband signals so that only a amall
number of the signals are disturbed by multipath, the idea of

10 spread spectrum is to disperse a single signal across the
widest available bandwidth to minimize the fraction of the
total signal energy which is susceptible to muitipath. Spread
spectrum modulatioﬁ may also effective against many forms of
frequency-selective interference other than multipath,

15 including narrowband continuocus-wave (CW) interference.

Unfortunately, a disadvantage of spread spectrum

modulation is that if.the available bandwidth iz limited as in
RF, the bit rate fregquency (i.e. reciprocal of bit intexrval)
of the data message must be a amall fraction of the available

20 bandwidth (e.g. leass than about 1/10) in order to ensure
sufficient processing gain. Thus, a spread spectrum
communication system with only one spreading sigmnal exhibits
relatively poor spectrum efficiency (e.g. less than about one

{1) bit/symbol/Hz).
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advantageous in systems which must support muf@iple
independent users, where synchronization is often impractical.
However, spread spectrum communication systems with high
spectrum efficiency (greater than about 1 bit/symbol/Hz) are
generally only possible when the multipleked orthogonal
signals are synchronized.

In a synchronized spread spectrum system, it is known
that multiple signals may be simultaneously transmitted and
independently recovered so long as the spread signals are
orthogonal to each other. This is similar to the method of
OFDM. However, because each of the spread signals occupies
the full available bandwidth, it is not pbssible to use
conventional frequency-specific bandpass filtering or Fast-
Fourier Transform (FFT) mathematical processing to separate
the spread signals. Instead, the characteristics of each of
the spreading signals (spreading codes) are constructed so
that they may be separated from one another by the process of

correlation. Since the spread signals are orthogomnal, the
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In order to inprove the efficiency, nultiple spread spectrum si gnal s
can be multipl exed and sinul taneously transmtted. It is possible to
si mul t aneous|yolofpigen t mul tiple signals w thout synclpegiisséizmn
anong the signals, 5 which is not possible wwth OFDM This is known as the
nmet hod of asynchronous "code-division nultiple-access" (CDMA). It is
advant ageous in systens which nust support nultiple i ndependent

users, where syn&loegBbEAlatioh eRkb&N AnfP6mE (dfCohe spreadinddWRyRils SRACA
spectrum comuni cation systenms with hig 10 spectrum efficiency (greater

than about 1 bi tyrppebeidddd) congonents ofJ€hél dinpys OFd Y mADEHplleked WatRfhatLhe
mul ti pl exed orthogonal signals are synchroni zed. In a

synchroni zed spr@adhsS@eGiotUtoeuheAl dd thé dprewling signahals nultiple
signals may be sinmultaneously transmtted and 15 I ndependent |y recovered
so long as the wppeodimkitgdsl sexty.e Therefopé! waghnet tihe eftHvgehlErsighBils i s
simlar to the nmethod of OFDM However, because each of the spread
signal s occupi exan be sdpaeated |framathe lebaphritdwbdtdorrielatitngnehe possible to
use conventional frequency-specific bandpass filtering or Fast- 20
Fouri er Transf orcompbsite maghelatithatheappegaiiage t spreaghidgitsignal . Thie
spread signals. Instead, the characteristics of each of t he spreading
si gnal s (spreadistguctuies jisakmowodst sigrad dpxessing liikatatureyassy Hamk-
separated from one another by the process of correlation. Since the
spread signal s afemat¢hesigdniterst.heThe data-specific modulation which is
impressed upon the spreading signal generally does not disturb
10 the orthogonality property of the signals. Unfortunately,
each of the above spread spectrum methods suffers in multipath
environments as will be discussed below.
Spreading signals or codes can be determined by various
methods. Because communication systems typically incorporate
15 some amount of error correction capability, it is often not
necessary for the spreading codes to be perfectly orthogonal.
The crosscorrelation magnitude for approximately orthogonal
(A0) signals is small but non-zero (e.g. =1/VN for Gold codes
where N is the code length). AO signals are often used for
20 spreading when the total crosscorrelation interference
generated by the interaction among all of the signals is
significantly smaller than the processing gain (e.g. smaller

by at least about 15 decibels). In the absence of multipath,

the performance of AO signals is inferior to perfectly
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signal s and t hose signal conponents of the conposite, mnultipl exed

si gnal whi ch do not correspond to the spreading signal is

appr oxi mat el yYWO&7&78Xher ef ore, each of the orthogonal signaP§$TUSBATIVn pe
separated fromthe conposite by correlating the conposite signal with
t he appropriate spreading signal. This structure is known in signal

processing literature as_a bank- of -natched filters. The .

dat a- speci fi ¢ noPRHRASPBAL fHioBals Decause 9fm§”§% tﬁp‘iﬁ?’?ﬁ%""s‘B‘P&éﬁ?r‘Fﬁ"‘%i gnal
generally does ngt disturh 10 t he orthoggnaljt p&ﬁggrt%' f thei%#gnals.
Unfortunately, (knowneagthsr cpie-noiseeok fEdinEfst r JI"FEEHodS 81935 i n
mul tipath envirgggg ts . as w di scussed_be

|| be bel ow. ,
Spreadi ng si gnal %%t & vanLase) gk EPHiTTRRSERFFAR TR sume tYRAgRhbySe
B [ ti { t . . .at 15 t of
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spreadi ng codes to be perfectly orthogonal. .__The crosocorrel ation

magni t ude fof app? xgﬁa{"é‘f fegp%/ﬁeoggﬁggse synchyodakihal s is small but
- .g. 1 N f CGol d _caod wh N.is th d

iy 56 % gher o) S 00 e T08 seqymmcn B kP S

croescorrel ati Onit%lpr'{[e?ngzxgég r}.%eprior art spread spectrum systems include, but

are not limited to, distinct m-sequences, which are also known
as pseudonoise (PN) sequences or maximal-length sequences

10 [reference: D.V. Sarwate and M.B. Pursley, "Crosscorrelation
properties of pseudorandom sequences," Proceedings of the
IEEE, Vol. 68, No. 5, pp. 593-619, May 1980), distinct phases
of a single m-sequence [reference: S.L. Miller, "An efficient
channel coding scheme for direct sequence CDMA systems,™

15 Proceedings of MILCOM '91, pp. 1249-1253, 1991}, orthogonal m-
sequences with bit stuffing as disclosed by Gutleber.in U.s.
Patent No. 4,460,992, issued July 17, 1984, Gold codes, Kasami
codes, Hadamard codes, and Bent éodes [reference: S.
Tachikawa, "Recent spreading codes for spread spectrum

20 communications systems," (translated) Electronics and
Communications in Japan, Part 1, Vol. 75, No. 6, pp. 41-49,
June 1992]. It is also possible to determine spreading
sequences which occupy the available bandwidth and which are

orthogonal using matrix eigenvector methods, such as disclosed

10



generated by the interaction anong all of the signals is

significantly smaller than the processing gain (e.g. smaller by at

| east about 15 decibels). In the absence of nultipath, t he

perfor mance of lgnals is inferior to perfectly

P V\D%@%W A PCT/US96/17993
PCT/ US96/ 17993 orthogonal signals because of the finite

crosscorrel ation sum (known as the code-noi se or self-noise).

However, AO signalsu.s. pacfeauend.ha,a@ly.ey}.tlasf B et gd R rar %6 GE! Ghaliey, SUNs
typically do not deteriorate as quickly when nmultipath is present

because 5 theyidiRedOseptefibeyF &, PLOS T Sg'\fdl'h@n&.zﬁ{ohgﬂnal wavelets agSOME
spreadi ng signals or sequences whi ch have been i npl emented 1 n prior

art spread spect rdi@csysée By Réikder, UH a1. in U2EE PMent iNE.t 8d0d 0 648! St NCL
m sequences, which are al so known as pseudonoi se (PN) sequences or

maxi mel - | engt h - seysess afanubby 14,1 €661 eNCGe aldv¥-1SMMAESrHMnY! Soquidntsl ey,
"Crosscorrel ation properties of pseudorandom sequences,” Proceedi ngs

of the i EEbr ¥9gnalmBmapNdbe Gse@pin 2HPs Gh¥endbon,198MYiscdbséd NCt phases
of a single msequence [reference: S.L. MIler, "An efficient channel
codi ng schene fomegteisneftexequence CDVA systens," 15 Proceedi ngs of
MLCOM ' 91, pp. 1249-1253, 1991], orthogonal m

A multiplexed spread spectrum system has a specified
number, N, of simultaneously transmitted orthogonal signals.
Each signal has "antipodal" (bipolar, binary phase-shift-

10 keying or BPSK) data modulation, where the source data message
bit determines the transmitted polarity of the spreading
aignal. "antipodal" modulation conveys one information bit
rer baud per signal. Therefore, the overall bit rate of such
multiplexed systems is N bitg per baud. It is possgsible to

15 increase the efficiency to 2N bits per baud by using both the
in-phase and quadrature phases of the RF signal carrier. This
is known as Quaternary Phase-shift Keying or QPSK. A spread
spectrum system with N signals and QPSK modulation is
equivalent to a system with 2N signals and BPSK modulation,

20 where signal pairs have a quadrature phase relationship. The
information rate can be further increased by replacing the
two-level BPSK modulation of the spreading signal with a

plurality of distinct amplitude levels. This is known as m-

11



sequences with bit stuffing as disclosed by Gutleber in U S Pat ent
No. 4,460,992, issued July 17, 19B4, Gold codes, Kasami codes,
Hadanmar d codes, and Bent codes [reference: S. Tachi kawa, "Recent
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10 WO 97/
PCT/ US96/ 17993 U Pat ent .No. 4,403,331 by P.H Hal pern and

P.E. Mallory, 18 °th¢ sigllfg.aa%egaptsgﬁ%’é"rwé,ty15%?%#by usi ng ort honor mal
| di R L kof f t al.. inUS P No.
5081 645 i ssUREtoamEny i Haflngley ?Faﬁg%%g 5881 ng d
5 ' | ; d.i his i to. '
horeinat ter  EereStleSol Mok mifioicred Folgad Rtk 8 odRrmme L 155

speci 110y bl dhclaBUARSOY ! Y WFELQELo0onc

si gnal s. Signal I poda -phase-shift-

10 keying or ?Eg{%?&%ﬁ. ls%%tﬁbt\s;\@%l o BEnS Q! glg%éjeqi %f”&?aiﬁgﬁal _

bit determ nes ansnm tted polari he spreadr ng

"Antipodal " modylghi P RANYE edmBike WILRT PRL8Y Bidiitudes, phases, and

delays. Thus, the signal becomes a source of interference to
itself for all propagation paths with delays other than the

10 one which is established by the process of synchronization as
the reference path. This is usually the LOS path with the
largest received signal strength. The correlation of a single
signal with itself, expressed for varying.delays, is defined
as the autocorrelation function.

15 The amount of interference caused by'an echo at a
specific delay is determined by the magnitude of the
autocorrelation function for the spread signal at that delay,
weighted by the amplitude of the received echo path relative
to the LOS path. If the processing gain is much larger (e.g.

20 more than about 10 decibels) than the magnitude of the
autoqorrelation interference, the system will be robust
against multipath.

However, in a multiplexed system (i.e. where N>1), the

additional or other signals act as sources of interference.
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per baud per signal. Therefore, the overall bit rate of such

mul tiplexed systens is N bits per baud. It is possible to 15 I ncr ease
the efficiency to 2N bits per baud by using both the i n- phase and
guadrature p the RF signal carrier. This s k

Quat ernary P@?’%ﬂ;?t Keying or QPSK. A spread spectrum sys 73?3n W th

N signals and QPSK nodul ation is equi valent to a systemw th 2N
signal s and BPSK nodul ati on, 20 where signal pairs have a quadrature

phase Tel al’ ONShidie1pdtie disturnd BhQ" SRNGBad S £8WU LHIINS ahd O eased by

repl acing the I"'evel BPSK nodi I on Of t spreading signal with

a plurali t%&EagééEhQCﬁaﬁRhaéLEFCESA(@éo}reIQ&ﬁ:ﬂ $ntd¥FeReRSe M The
WO 97/ 17789 PCT/ US96/ 17993

ary anplitude mﬂ y‘e‘hgﬁ %d!al%a%e%eﬁew r@&%@&ﬁaﬂox even | S the

I ncreased sensitl y to“noi Unf ortunately, mul ti path

significantly d%ﬂi’p%@ﬁﬁéé%@y orthogQﬁ&i QTRRE SR SHGRLITNbALP! eWRE Rl ead
spectrum systens. I n a sysftemwi th a single spread signal (N=1),

nultipath g van:apagﬁﬂgqe SEHRES My @Hae ralgnattiPns sehrchees of the LGOS
signal path to conbine with varying anplitudes, phases, and del ays.

Thus, the signal;ReeedFsnce £6Ute@1H] imkeﬁx&ﬁh@iﬁﬁe& Qystem withsgl f for all
propagation paths with del ays other than the - one which is established

by the process ofigh¥ish’dehZald @2 8fe signals may also be affected by all

(N-1) of the remaining signals. Even when the
crosscorrelation between any pair of signals is relatively

10 small, the effective (N-1} amplificatidn of the interference
is a significant problem. For example, when the multiplexéd
signals are ﬁodeled as statistically independent and
uncorrelated random processes, and the sténdard deviation of
the crosscorrelation magnitude between a pair of signals is

15 1/¥M, the detected signal-to-noise ratio in severe multipath,
where there are equal parts echo path and LOS path, is only
approximately M/ (N-vM)=vM/N, which approaches zerc decibels as
N approaches M which significantly decreases the reliability
of the demodulation. As a result, the nnﬁber of multiplexed

20 signals must be limitéd to a number much less than vM, which
diminishes the potential bit rate throughput of the system.
The problem of crdsscorrelation interference is less severe
{but still present) in OFDM systems because the signals are

narrowband and occupy relatively distinct frequency regions.

13



the reference path. This is usually the LOS path with the | ar gest

recei ved signal strength. The correlation of a single signal with
itself, expressed for varying delays, is defined as the
autocorrel ation function. 15 The amount of interference caused by

an echo at a WO9M778becific delay is deternined by the nmagnPCEFSIEKTIBhe
autocorrelation function for the spread signal at that delay,

wei ghted by the anplitude of the received echo path relative to the
LGS path. If the processing gain is much |arger (e.g. 20 nor e t han_ about
10 deci bel s) t h&yepheithGampirtelys ranfdom phases,due &t Varind fehatamidrence,
the systemw || be robust agai nst _nul ti path. . However, in a
nul ti pl exed systtdfeg; e %ﬁﬁ%’h@%)?“ﬂ?&s which apg)iseparated, A8t L gnal s
act as sources of interference. , .

WO 97/ 17789 frequency by more than one frequency spac:.ngp&//bgsggyﬁe? ¢g3is

Mul tipath disturbs the_orthogonality, between sjgpals gnd . I ncr eases

t he magni t ude ofthGrB%%WéF‘éﬁ]i)oﬁeF%%’bt‘“PéFé?fcé.h yherthogonalibks| s may t hen
no | onger be perfectlé/ ort hogonal or even approxi mately orthogonal in
the face of hul PREFE8Mereas 5 with a single signal, only that signal

is a source of interference to itself, i a | tiplexed systemwi th N
It Rs known that crosscorrelaé}on E%ker erence cag be

reduced by the use of an adaptive digital equalizer in the
receiver as shown in prior art Figure 2,_for example. The
equalizer attenuates the effects of the éignal path echoes by

i0 either subtracting out the signal contributions of the echoes
directly from the received signal (usually performed at the
intermediate fregquency) ;; by removing the effects of the
echoes from the metric which is used in ﬁhe bit determination
{i.e. decision-feedback equalization). However, digital

15 equalizers may require significant amounts of hardware to
implement. The required update raﬁe for the equalizer
coefficients can be very fast, typically_kilohertz rates for
VHF carrier frequencies and automobile velocities. Because
multipath conditions rapidly change in the land mobile

20 environment, it is difficult to implemenﬁ an equalizer which
can completely compensate for the effects of multipath in all
conditions and all instances. Therefore, even with an

equalizer, there may be a residual level of multipath

interference.

14



signals, each one of the signals nmay al so be affected by all (N-1) of

the remai ning signals. Even when the crosscorrel ati on between any
pair of signals is relatively 10 small, the effective (N-1)
anplificationvﬁagiJ; I nterference is a significant propfis

exanpl e, when e nﬁ?ﬂiplexed signals are nodel ed as statlstlcafly

| ndependent and uncorrel ated random processes, and the standard

devi ati on of the crosscorrel ati on nagni tude between a pair of signals

is 15 1/[err]M thersst @eteébtiicanadaing MEEOECibadid kiowe €8l Be dedl P&t h,
where there are equal parts echo path and LOS path, is only

approxi mately M cohb&d ful}ipedt® LhNdbmnbeiofPsystaaBes THEO1islar meehsd as

N approaches M which significantly decreases the reliability of the

dermodul ation. As tfaf efdést not M mikidethef effectivd @i8lortidn. SirHtakq, Must be
limted to a nunber nuch less than [err]M which di m ni shes the

potential bit raftgrgdramieghtsitofoboditly F¥aRIEncy are udb® o @RtE¥asef the
crosscorrelation interference is | ess severe (but still present) in
OFDM syst ens shec geseasinlatgi gahe Bite informatidhrsvveaat wied spsearpisr el ati vel y
di stinct frequency regions. 13

WO 97/ 17789 tolerant of large amounts of interference, #Ndlcbind¥yubrfDs
Even with conpletely random phases due to varying echo arriva

high bit error rates. _Uhfortunately, the implementation cost
of the redundancy is additional overhead in the bit rate
throughput, which reduces the available bit rate for the data

10 'message. The overhead is expressed as the "code rate," which
is the average ratio between the data message size in bits and
the encoded (i.e. including redundancy) message size. As the
redundancy is increased, the code rate diminishes towards |
zero. A communication system with ECC exhibits coding gain

15 when compared to a system without BCC or with an inferior ECC
system. Coding gain is a characteristic, similar to
processing gain, which expresses the improvement in
performance brought about by redundancy after decoding the ECC
code. It may be interpreted as an effective improvement in

20 the signal-to-noise ratio present in the equivalent
demodulation method without ECC. Because the conditions for

continuous mobile reception are difficult and require high

coding gains, practical code rates for communication systems
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times, the narrowband signals which are separated in carrier
frequency by nore than one frequency spacing (1/[err]T where [err]T is
t he baud interval) retain nost of their orthogonality 5 properties.

It is known th t crosecorrel ation interference can be reduced by the
use of an adaPtPY¥™P gital equalizer in the recei ver XSTURMH3N
prior art Figure 2, for exanple. The equal i zer attenuates the effects
of the signal path echoes by 10 ei ther subtracting out the signal
contributions of _the esﬁ Se q&ectl y. from the received_signal

(usual |y perfor 8§ BPU&n& 2POut Oopfg ]TfeﬁFalte@sfrﬂﬁchéhéﬁ)eWVB}eﬁ“erFﬁvPhﬁ t he
effects of the choes e tric which is used in the bit

determ nation IRdre P@“ﬁ’é%.@%hw A Yequal i zati on). However, digital

15 equalizers may uire si anpounts of hardware to,

i npl ement. The requi &ggnﬁﬁ'&af% 165{3 ‘T‘ qrﬁgre"’tﬁ?al"f’zgl‘ \A?tlplc‘?&éWi cients

can be very fast I_C kilo er rat VHF carri er

frequenci es and %88 %%’Eﬁ%’%f‘i YA t? %‘a&égnals' Tﬁﬂl"tylpﬁét‘l’lf condi ti ons

rapidly change i nvi ronng is difficult to

i npl ement anrbgequa ‘l’%’gtrm%ﬁg ulagm%gﬁe lgrff’&ne?ﬁl f"&} %‘ﬂsaﬁﬁdf or the

effects of ”U”'nB%Qtﬂo%oﬁLi moy latloorﬁdrgl on I nst ang Therefore,
e 1?’ uSio §| “%FEPPF%at h

even with equal zZer, R may

interference. functional blocks of a prior art system for é%e transmisgion

of multiplexed orthogonal digital signals with "antipodal”
modulation (either spread spectrum or narrowband). Source bit
10 information (message) 1 is randomized by scrambler 2, which
multiplies binary message 1 by a scrambling polynomial such as
that specified by the CCITT V.29 specification {reference:
W.T. Webb and L. Hanzo, Modern Quadrature Amplitude
Modulation, London: Pentech Press, Ltd., 1994, pp. 266-268].
15 The coefficients of the binary polynomial are selected to
cauge the elimination of long runs of consecutive binary ones
or zeros and to cause the resulting binary message to have
approximately equal probabilities for binéry digits zero (0)
and cne (1). The polynomials are typically m-sequences, but
20 this is unrelated to the possible use of m-sequences as
spreading signals.
Scrambling function 2 is important because the source
message may not be random. A non-random measage biases the

exrror statistics and can diminish the effectiveness of the

16
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Error correction coding (ECC) is also known to be used to conbat
mul ti path in conmuni cation systens. This is a nethod t hat does not

di m ni sh the %W;Gﬁi ' ¥9e di stortion. Instead, | ar ge armupgf,uggs,ﬁﬁgi ng
t

redundancy are uSed to increase the 5 reliability of the
I nformation so that the systemis tol erant of |arge anmounts of
i nterference, and consequently high bit error rates. Unfortunately,

the i npl ement ati QR-COSf,y 2 hAS Leundancyrich afdiddanakavar head in
the bit rate thI’OUé: Bﬁttlo \/\hi%ﬁ'rﬁgﬂuces t he avail abl e biat‘ rate for the

dat 10 . d. i, " whi ch
at a ”essaqgggngégatﬁ,soaéﬁa{lh%g #&&&%ﬁ%gm&faﬂ Bgta GRdepF ic

is the average ra wee ata nessage size in bits an t he

encoded (i.e. ingLuding,  eouidaRciinBSSAhcal stabhAishdlf a bijectiggdundancy
is increased, the code rate di m nishes™towards zero. A communi cation

system with ECC expibif $heOshi¢edRbdbagtiand WaLEMSIAAD36@te! Redadts WRIRK
wi t hout ECC or with an inferior ECC system Coding gain is a

characteristic, $h{fbéfudiGuely inveFREIR the FaL&iveshi Ch expresses the
| nprovenent in performance brought about by redundancy after decoding

the ECC ~ code. | ked®aaReyi il QuREE IR tAE AArafbl&T bolifced MREBY, in
20 the signal-to-noise ratio present in the equival ent enodul ati on

met hod wi t hout EQeroBessreesridif c6@8 dHOCPNéndodbr 3. Thé OfdsulbOns sebehee
reception are difficult and require high codi ng gains, practical code
rates for comunicgabied) 1846ifencoder 3 is the encoded message. The optimum
error correction encoder depends upon the expected
10 characteristics of the error distribution, which requires
knowledge of the specific modulation method and the expected
RF channel impairments. Convolutional codes {reference: A.J.
Viterbi, "Convolutional codes and their performance in
communication systems," IEEE Transactions on Communications,
15 Vol. 19, No. 5, pp. 751-772, October 1971} have been found to
be optimum in circumstances where the error rate is
substantially random, uncorrelated, and resembles a normal or
Gaussian diétribution. However, in bursty error environments,
block codes may be used (e.g. binary BCH éodes, Reed-Solomon -
20 codes, concatenated parity-Reed-Solomon codes, and quadratic
residue codes) [reference: X. Chen, I.S.'Reed, and T.X.
Truong, "A performance comparison of the binary guadratic

residue codes with the 1/2-rate convolutional codes,% IEEE

Transactions on Information Theory, Vol. 40, No. 1, pp. 126-

17
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are usual ly about one-half or less, which is equivalent to one

hundred percent (100% redundancy. There is considerable prior
art in the nultiplexing and/ or nodul ati on of orthogonal signals. Two
types of 5WO¥A{Antional nodul ati on are known as "anti poBETUSHAde3

"bi ort hogonal " nodul ati on respectively. Figure 1 illustrates

functional blocks of a prior art systemfor the transm ssion of

mul ti pl exed orthogonal digital signals with "antipodal," dyl ation
(either spread %Bgtt'zf‘aﬁlﬁfﬁ’? Wgﬁromﬂhﬁ&f‘.’x\%oarc%‘%ilfng% of Fﬂ?oﬁ'ﬁ?&gfe‘gn
(nmessage) 1 is random zed sc ! lies binary

z Qy. tanbl er §ﬂrwh%cq: . | t]
nessage 1 by a §8Y5‘Fﬂ)l"\eﬁ§a$oll§nb?ﬁrﬁasga Fgractor "’Pﬁ%ﬂ lgpé%’f ied by the
CCrTT V. 29 ificati ' T. \Webb d Ha d
Quadr at ure Al FRTARFOcSY of (58 Fiiior. cods. agke solkpesd o Bag Sbeglohooy,
pp. 266-268]. 15 The coefficients of the binary polynom al are sel ected

to cause AR MiPR3E%-on of | ong runs of consecutive binary ones

or zeros and to causg the_ resulti,ng binary nessage,t h%ye
appr oxi mat el’y equal 'gl'r‘%l)earﬁf’fi?r?cgge?o“r‘esgfﬂér’ys 5Fg‘|9’fdser%gr (Grerieaver, &y one

1). Th I ' o] ; | S i I d
(1), The pol YnogLels BtEal Vil GhlthdR SEUGA°ERoellity & to! NibrkBnt 6! 2 ©

to the possibl e lse 0 equenc

Scrambl | NG 1 UNCLE OR A ol fmd 0T ERPiHES GrbDE 1HHE Brrors ard $HA0ECABY NO!

be random A non-random nessdge bi ase
due to signal fading, such as in land mobile communication.

Interleaver 4 disperses the encoded message so that

10 consecutive encoded bits become separated by a sufficient time
interval to eliminate probable correlation between errors.
The interval is typically chosen as the amount ¢f time
required to traverse a distance which corresponds to several
wavelengths of, for example, the RF carrier frequency at a

15 medium vehicle velocity (e.g.. 30 miles/hour). Interleaver 4
is implemented with random-access memory (RAM) and a shuffling
algorithm which is used to address the RAM. A typical
shuffling algorithm is the convolutional interleaver algorithm
{reference: J.L. Ramsey, "Realization of optimum

20 interleavers," IEEE Transactions on Information Theory, Vol.
16, No. 3, pp. 338-345, May 1970}, which is unrelated to
convolutional error coding. The interleaving process is
reversed in the receiver by deinterleaver 20 in order to

recover the original encoded bit seguence.
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error statistics and can dimnish the effectiveness of the WO
97/ 17789 PCT/ US97/ 17993

ECC. Furthernore, many synchroni zati on and equali zati on al gorithns
require appro random data for proper operation

scranbl i ng ne?hgggestabllshes a bijection bet ween t he SE%Q@%“H%%%age
and scranbl ed source nessage which 5 may be uniquely inverted in the

receiver. Redundancy is added to the scranbl ed source nessage by
error correction code I q of bits
| eavi ng encoder 3 is the enco qgnésgigeygﬁeedsﬂ% r%ig ailag ed u?t"

t d . f. the
crror di Stri buti g, o AR P?’%ﬁ‘ﬁ‘ st egiﬁ’gmfg‘@‘lé‘a‘égg‘%ﬁ? E%Ae‘ﬁ“ﬁ'*‘?geg =
nodul ation net hOdaaﬂgagtlQelﬁ%Q{:f&a symbol %'évﬁg'@timgk' #%%%i}%?ﬁﬁa%ﬁé}e]éodes

Convol utional codes [reference: er'b

and their perfornggard . qmgj A sactions on
Communi cations, 15 IJ\%]I: > 19Th§No SM%%{ a?Sﬁ%%‘%Eﬁ%t%ébgrggi%%% ave been

found to s DCAONGHIVER ) EhEAUERKARCES M0 el dihoddh Lignats

substantial |y random  uncorrel ated, and resembles a norma
Gaussi an di stri DU 1sHOHRM R hne dub19UE S4abnS LE QY &Q}(.' CANFERLS 1 bl ock
codes,

codes may be used (e.g. binary BCH codes, Reed- Sol onon

concat enat ed par | éveriBaedeeiolsaNer & ase omd sS4 21 koh orthodezaidue codes)
[reference: X. Chen, |.S. Reed, and T.

apreading signal in the plura11ty of multiplexed signals is

generated by a corresponding signal generator 6. Each signal
20 generator 6 is implemented with a RAM or read-only memory

(ROM) look-up table for arbitrary signals or tapped linear

shift feedback registers (LSFR) for m-segquences. OFDM-like

signals, for example, can be éenerated by an Inverse Fast

Fourier Transform (FFT) algorithm. Each generated signal is
15 distinct across all signal groups.

The characteristics of each signal generator 6 in the
antipodal system determine whether or not the system is
characterized as being narrowband or spread spectrum. Whether
the Figure 1 system is a spread spectrum or narrowband (e.g.

20 OFDM) system is determined by the output of signal generator
6. For antipodal data modulation, each of the encoded bits
determines the polarity of thé corresponding orthogonal signal
for the duration of the signal baud. Modulation of the signal

polarity is performed by multiplying 7 the operated signal by

19



Truong, "A performance conparison of the binary quadratic resi due
codes with the 1/2-rate convol utional codes," |EEE Transactions on

| nformati on Theory, Vol. 40, No. 1, pp. 126-

17 WO 97/ 17789

PCT/ US96/ 1799%%0 9117789 136, January 1994. In encoder 3, the RGWFONITS t he
encoded source nessage is increased by a factor which is the

reci procal of the encoder code rate conpared to the scranbl ed source
nessage. 5 The error encoded nessage is re-ordered by interl eaver
4. | nt er | e@itiiey asSpesindvaocsk alegatine davensiofyumity,i 8sidgterndmed i n

RF environnents, for exanple, where burst errors are preval ent due to
signal fading, sbghthesswitdanehbatbiilsereprasenteditasopolarity mktipiexewer 4

di sperses the encoded nmessage so that 10 consecutive encoded bits becone
separated by a sqii)cisentMuX Beis a switoh evhich prvpepaves ndy pPnshal| @

correl ati on between errors. The interval is typically chosen as the
anount of tine pluralieguof csiptits taceording &odenst afice pivrehitnafesprirdd t o
sever al wavel engt hs of, for exanple, the RF carrier frequency at a

15 medi um vebi cl piteel oGnt sadhemyltdlexpt cd/ ltbargontralbingdpput pit(s) ig s
I npl emented with random access nenory (RAM and a shuffling
labeled "S" to distinguish it from the data inputs.
A composite digital signal is formed by the summation at
9 of the polarity-modulated orthogonal signals from each
multipliér 7. In wmany such Figure 1 systéms, the preceding
10 processes are typically implemented with digital circuits as
shown. Prior to transmission, the signal is converted from
the digital representation to an analog representation by
digital-to-analog converter (DAC) 10. The composite signal is
then amplified and translated to the RF carrier frequency to
15 be propagated in free-space by RF gp—ccnverter 11. Up-
converter 11 typically includes a mixer, a sinusoidal carrier
frequency source or local oscillator (LO), a bandpass filter
to limit noise and to eliminate the image-freguency generated
by the mixer and other spurious frequency.artiﬁacts, and a
20 tuned power-amplifier and transmitter anténna gystem to
generate high-power RF signals. A linear combiner S is used

to combine or sum the orthogonal signals when they are in

analog form, while a summer or adder 9 may be used for

20



algorithmwhich is used to address the RAM A typi cal shuffling
algorithmis the convolutional interleaver algorithm [reference: J.L.
Ransey, "Realization of optinmm 20 i nterleavers,"” | EEE Transacti ons on
Information T ol . 16, No. 3, pp. 338-345, My L.ch is
unrelated to WJ%’Z:’ nvol uti onal error coding. The interleavih cggs S
reversed in the receiver by deinterleaver 20 in order to recover the
ori ginal encoded bit sequence. 18
WO 97/ 17789 - - . . PCT/, 17993

The encoded and CRERPTES SH FETERGCHS CqrRIRIES PiFgt @ Alggggéps of bits,
which are to be gj ﬂﬂﬁ sly transmtted in a single information
synbol or baud, %§g§%%|a ??b-parallel converter 5. The bit width at

t he out put of convert Rrblsotc}l]ca{iis?%raqleﬁkgyaéo?ge%onﬁ%%%ﬁn%t@?%rdé %P%jr#%%linber of

ort hogonal signals st mul taneously tr e Figure
1 _ transm t&SEeJF{]Lrt g{(§té1!flgr{i99d£?tlth%§§ﬁa%{"nuggﬂleg.riﬁ?qgsog%wn in
spreadi ng signal “In e pturality of mul'tiplexed'signars is gener at ed
by a correspqndi g nal ﬂ%ﬁg{, a&ﬁé p‘}gu'fé%‘ rebdid %%@g@éte%{chgf' S
I npl emented With a or read-only nory f ook-up table for
arbitrary signal 5ot ABACH: [4pI8RN spectrut b1 AAAGH58RST Higub bR
for m Sequences. I Ke
depending upon the output of generators 18. The received RF
signal is first amplified and filtered with a bandpass filter
in tuner 12 to remove interference and noise which is outside
10 of the bandwidth of the composite of orthogonal signals. The
RF signal is typically frequency-translated to a lower
frequency, known as the intermediate frequency {IF), for
further processing, which simplifies the implementation. In
some digital systems, the IF frequency is zero, which requiies
15 that the remaining processes be implemented with complex (i.e.
real and imaginary components) digital arithmetic. These
combined RF functions are abbreviated as RF tuner 12.
In many conventional Figure 2 systems, the signal is
converted from an analog reptesentation to a digital
20 representation by analog-to-digital converter (ADC) 13. The
received signal is made synchronous with the transmitter in
baud frequency and carrier frequency by baud clock recovery 14
and carrier frequency recovery 15 subsystems. Typically,

these functional blocks are implemented with early/late or

21



signals, for exanple, can be generated by an |Inverse Fast Fouri er
Transform (FFT) algorithm Each generated signal is 15 di stinct across
al | signal groups. The characteristics of each signal generator
6 in the anti podal system determ ne whether or not the systemis

char act eri zeWO83188Png narr owband or spread spectrum Whet RGIASIE/N7993 he
Figure 1 systemis a spread spectrum or narrowband (e.g. 20 OFDM) system
is determ ned by the output of signal generator 6. For antipodal data
nodul ati on, each of the encoded bits determ nes the polarity of the
correspondi ng oPuhsgoinallovipsfalgorithmgrphase-togked doone (PRbski gmdVobaud.
Modul ation of the signal polarity is performed by nmultiplying 7 the
oper at ed si gnal fagquency-lockegDlogps 7(F3)s). The overall function of

PCT/ US96/ 17993 either a positive or negative factor of unity, as
det er mi ned repoveri@ssihf tand 1hhiwiFo slinipats cinesiency pffaets \caused

mul ti pl exor (MJUX) 8. MUX 8 is a switch which propagates only one of a
plurality of inpit$aEatdPai iRy coBPerrntsf apd (wher effeck of Rappiep|freguengyt s.

In each nmultiplexor 8 the controlling input bit(s) is | abeled "S" to
di stingui sh 8t PhékFth&hgatnabrppization also establishppddier prewey ttaming gnal
is forned by the summation at | 9 of the polarity-nodul ated orthogonal
signal s from ea®R that thg magnitpde of thp groaspcarredariembetveeydihens, the

preceding 10 processes are typically inplenented with digital circuits
as multiplexed orthogonal signals will be at a minimum at an

instance in the baud interval known as the sampling point.
The digitized signal is optionally equalized 16 in some

10 prior art systems as discussed above in order to attempt to
mitigate some of the effects of multipath. Equalizer 16 may
be implemented with a finite impulse response (FIR)
transversal filter (tapped delay line). The coefficients of
the equalization filter are computed by a tap-weight update

15 algorithm. The number of coefficients is determined so that
the time interval spanned by equalizer 16 is at least as large
as the expected multipath delay spread. In the VHF RF
channel, the egualizer 16 extent is tyéically more than about
ten (10) microseconds and less than about fifty (50)

20 microseconds. There are various methods for updating the tap
weight coefficients in the equalization filter, including, but
not limited to, least mean square (LMS), recursive least
squares (RLS), and Levinson-Durbin algorithms, all of which

are known.
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shown. Prior to transm ssion, the signal is converted from t he
digital representation to an anal og representation by

digital -to- analog converter (DAC) 10. The conposite signal is t hen
anplified and ted to the RF carrier frequency to 15 peristepinesoat ed
in free- space p converter 11. Up- converter 11 typically

I ncl udes a m xer, a sinusoidal carrier frequency source or | ocal
oscillator (LO, a bandpass filter tolimt noise and to elimnate

t he i mage-frequency g erate the _nxer nd ot.her. spur i.ous
frequency artifacts, 8 ﬁqu Gzedt%ﬁlp’lﬁmgpp ?l%rptl ﬁlJf'Paﬁgm tter

ant enna systen1t S|c1als | i ear conbi ner 9
i s used ?ﬂfﬁﬁ}ﬂ% 2 7# A&Y givar 513#?r Yhey Fre in

ggalog form \Nhlle aﬁg ercggréT%ggon sugaﬁétéaegséﬁL r%&eived signal and

PCT/ US96/ 17003 one. of fOYRENdLeObrliit] lsagga%orxrwﬁ' t&{.ﬁaﬂgorrespondl g

digital environnen | agra

Shown in 5 ¢ FiRiFEE Prxéé&e' ofF uS AVBCFsN Y, OSBRI RR, oftpbl ASAED | ©
has been established by synchronization circuits 14, 15 and
equalizer 16, it is only necessary to compute the correlation
sum at the nominal sampling point for each orthogonal signal.
Without proper synchronization, it would be necessary to

10 compute the correlation sums for each orthogonal signal
corresponding to various delays and then determine the
maximum, which increases the receiver complexity
significantly.

The orthogonal reference signals 18 of the receiver are

15 identical to those in the transmitter (6 in Figure 1). These
orthogonal reference signals (either spread spectrum or
narrowband) are generated in the receiver by a plurality of
signal generators 1B, one generator 18 corresponding to each
correlator 17. The correlation sums determined by correlators

20 17 at the sampling point are reorganized as a serial seguence
of sums by parallel-to-serial converter 19. For soft-decision
maximum likelihood (ML or Viterbi) decoding of convolutional
error codes, approximately three bits of quantization

information is preserved for each correlation sum. For hard-
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narrowband or spread spectrum nmul ti pl exed orthogonal signals,

dependi ng upon the output of generators 18. The received RF si gnal

is first anplified and filtered with a bandpass filter in tuner 12
to renove interference and noise which is outside 10 of the bandw dth of
t he conposi tWO@8Y hogonal signals. The RF si gnal RCI/USHEIT8R |y
frequency-translated to a | ower frequency, known as the internediate
frequency (IF), for further processing, which sinplifies the

I npl ementation. In sone digital systenms, the IF frequency is zero,
whi ch requires de¢gisiomhdecediagr ofitkGl tgdes oondyzemehdit mA ahented with
conplex (i.e. real and i maginary conponents) digital arithnetic.
These corbiyaiRktikpnf suw tisopresaryed binr epak eepraslationysen. 1The

I n many conventional Figure 2 systens, the signal is converted from
an anal og repr esequendeonfteorredptiom|sumgOis thepressivedtdasie Bgquence

anal og-to-digital converter (ADC) 13. The recei ved signal is made
synchronous wit Brior tior dacedinger in baud frequency and carrier
frequency by baud cl ock recovery 14 and carrier frequency recovery 15
subsyst ens. 5Typi cal | Jor the methpsk off QFRM.| she| caswretatorgr and igeaknted with
early/late or 21 WO

97/ 17789 generators in the receiver are typicallypdimpleyented gigg

pul se-swal | owi ng al gorithns, phase-|ocked | oops (PLLs), and/or
parallel with the Fast Fourier Transform (FFT) mathematical

algorithm.
The additional bits of quantization information, beyond

10 the sign bit, for each of the correlatiomn suﬁs provides
reliability information thét can be used to improve the
performance qf the Viterbi soft-decision decoder. The bits
determine an approximate measure of the distance between the
correlation sum and the zero value. The zero value is

15 typically the decision-switching threshold between the two
poseible polarity values for antipodal modulation. In
principle, as the distance between the correlation sum and the
zero value increases, the reliability of the polarity estimate
also im@roves. Unfortunately, if the amplitude of the

20 received signal fluctuates widely and is not sufficiently
compengated for, then the magnitude of the distance between
the correlation sums and the zero value also varies widely.
This significantly diminishes the utility of the additional

reliability bits.since it may not be possible to determine if
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frequency-| ocked | oops (FLLs). The overall function of recoveries 14

and 15 is to elimnate frequency offsets caused by variation in
conmponents and the effect of Doppler frequency 5 shift. The
synchroni zati on al so establishes the proper timng SC)ﬂééﬁ E?ﬁm

magni t ude of WRI7ATWEscorrel ati on between the mul ti pl exe sgr osgonal
signals will be at a m nimum at an I nstance in the baud interval
known as the sanpling point. The digitized signal is optionally
equalized 16 in some 10 .. prior_art syste as discussed _above_ in order to
attempt to the VBERRCAEA HLAABOL e tES Gt SHOPRRBRPRES SaM, O 6
may be inplenmented with a finitelhgﬁukse.res onse, (FIR e

transversal filteP* @apPEkrats &5 Henafounmmer AFAFF RIS & t he

equalization filter are conmputed by a tap-weight update 15 al gorithm
The nunber of coefIT=ELBRE B8 et er ni ned so t hat the tinme interval

spanned by equali zer S l.east _as. | ar ge as,the expect ed

nul ti path delay spr ea(]j'&'el ﬁhﬁfé%fié“ 3 q‘“&ﬁ’éﬁ%’lef e é:%ﬁa 18 16
extent is typically nore than about en (-10) m.gr esecon nd | ess
Chan about 1 Pty PEBFREe a8, S8kkssd by frbfiardvel 41,38 FR Resd Ve

Updting the LaD ) oo AL GOLLLELEL S LD dhE oAV AbLZplle) TLLL S

i ncl udi ng, but ( €ast” nean squar , “recursive
least - sauar g RePlaveddo L kR OPeRVEL oA LAY A R Aliler2bavdl 4N

in the transmitter, the implementation of deinterleaver 20
typically requires more RAM than the corresponding interleaver

10 because of the importance of preserving reliability
information associated with the correlation sums.

After deinterleaving 20, the code sequence is decoded by
exrxror correctibn code decoder 21 to determine the estimate of
the scrambled source message. The ECC decoder reverses the

15 effects of the ECC encoder according to the error correction
code, substantiaily reducing the number of bit exrrors after
decoding. The size of the decoded message is made smaller
than the message prior to decoding by an amount corresponding
to the code rate factor. The decoded message is unscrambled

20 by descrambler 22, which reverses the bijection established by
the scrambling in the transmitter, the resulting message 23 is
substantially similar to the original source message 1 except

for the occurrence of bit errors.
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The equalized signal is applied to a plurality of correlators 17. The
function of each correlator 17 is to conpute the correlation sum

bet ween the received signal and one of the reference orthogonal
signals 18 bWO¥MI8g the 5 pairw se product of the two sPEGHHS®MI7MBnce
the proper timng has been established by synchronization circuits
14, 15 and equalizer 16, it is only necessary to conpute the

correl ation sum at the nom nal sanpling point for each orthogonal

si gnal . W t houtWhsno ke dargcmedilatipn cimpressed mpdn heneubsigiexedo 10
conpute the correlation suns for each orthogonal signal correspondi ng
to various del aySriPgopat Figaats fismantipodal (i.qmpionsd pabacity)nctimses t he
receiver conplexity significantly. The orthogona

ref erence si gnal Rit1§T¥EPr tBrObRRLLIG e LT a¥ate, 1By, indihet Presenas phoxddiitive he
transmtter (6 in Figure 1). These ort hogonal reference signals
(either spread sYEder Gavsfian noise, ARG dsdfetarmiged vathe falloking ecei ver
by a plurality of signal generators .18, one generator 18

correspondi n§ t c;BRERCR [refereneer afeR. LropTh@andof iRl Mctoblemimdlodeter ni ned
by correlators 20 17 at the sanpling point are reorgani zed as a seri al
sequence of ompgrrd cvtd gpar akd Hpriegd specakum.ontew t¥orkl 9. MdGraw-Hill,
sof t - deci si on maxi mum | i kel i hood (M. or Viterbi) decoding of

convol uti onal Inc.,ell98f, ppdebd§9lapproximately three bits of quantization

i nformation is preserved for each correlation sum For hard-

»ot (?vzéézi) | {1)

10 where E, iz the energy in any one of the orthogonal signals,
which are assumed to be equiprobable and equal in energy, N,
is the noise spectral density, and Q is the complementary
cumulative distribution function for the Gaussian probability
density function (a.k.a. the Marcum Q function) {[reference:

15 G.R. Cooper, et al, ibid., pp. 423-425). The noise spectral
density is determined by measuring only the noise power_
through the bandwidth of the orthogonal signal. Generally,
the total transmitter power is divided equally among the
modulated orthogonal signals. the process of antipodal data

20 modulation does not change the signal energy; only the
polarity of the resulting correlation sum computed in the
receiver is affected.

An exemplary distribution of the correlation sum for the

received signal for any one of the antipodal signals in the
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PCT/ US97/ 17993 deci si on decodi ng of ECC codes, only one bit of the
correlation sumis preserved for each correlation sum The seqguence
of correl ati %y@#}s the received code sequence pri eeriSodaeadi ng.
5 For od of OFDM the correlators and signal

generators in the receiver are typically inplenented in parallel wth
t he Fast Fourier Transform (FFT) mathemati cal al gorithm

The additional bit$oPfa.quaRd%AkkeE égg:gﬁ,wpgilgqges tﬁ&}é@ﬂﬁthlgdamv% oyt

for each of the Correlation suns provid labrlity |nformat|on

that can be usedghsh{Hy AYEsd *1% shown &eﬁf&aﬁﬁnﬁ? ok NereViFh 81U
soft - deci si on decoder. The bit determ ne an approxi mate measure of

the distance bet %sa,[ggaevalues c69£é Siclal £ t%é"?@%ﬂlgecgﬁegaﬂﬂd’%um-rhe zero

value is 15 typically the decision-swtching threshold between the two

possi bl e pol ari t%a)(@é#%%céﬁi t@i&&' QPcE'fiiorEQﬂHeﬁt b?ﬂ:he' Bignal enéf %'.P' §n as
t he di stance between the correlati on sum and t zero value

increases, the rehbabiddncy &F nbheep@n%r uiytﬁshtmse would be?k&01ddER QYGS-
Unf or t unat el y, if the anplitude of

two point masses, centered at minus one (-1) and plus one
(+1), respectively, since there are two possible polarity
values. As the result of ncise, the point masses are smeared
out into continuous distributions. The combined effects of

10 noise and the antipodal modulation result in two regions 24
and 25, which correspond to negative polarity modulation
{arbitrarily, encoded bit wvalue 0) and positive polarity
modulation (arbitrerily, encoded bit value 1}). As a result of
the assumption of Gaussian noise impairment, the distribution

15 of the two regions intersect, which is shown as shaded region
26. Bit errors occur when the correlation sum values are
distributed in shaded region 26.

The error probability P,, determined in equation (1)}, is

the area of intersection weighted by the a priori bit

20 probabilities. A significant factor in determining the error
rate P, is the Euclidean distance 27 between the mean abscissa
values of the indicated regions. For antipodal modulation,
this distance is 2E, taking into consideration the

normalization of the abscissa values shown in Figure 3. This
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20 received signal fluctuates widely and is not sufficiently

conpensated for, then the nmagnitude of the di stance between t he
correlation suns and the zero val ue al so varies wi dely. Thi s
significantly dimnishes the utility of the additional reliability
bits since iWORH#bt be possible to determine if PCT/US96/17993

24 WO 97/ 17789

PCT/'US96/ 17993 the variation in distance is due to unconpensat ed
gai n change or an increase in the anmobunt of noise present in the

correl ati on sumdistance is reprpsented fin ke sfperatast of nthe radiedl 4 in the
Figure 1 5 transmtter is reversed by deinterleaver 20 in the receiver.
Al t hough the ti fEaFkiQT & emsiesehtled E%e UPE FEMFFPT sfFEFesFion coding
deinterleaver 20 in the receiver is the sane_as interleaver 4 . Inthe
transmtter, thdPFrprsftPetsdechiveidiftanqeclyctheogmount of; fhe gadipg
requires nore RAM than the corresponding interleaver 10 because of the

i nport ance of pi9@&Br viMGEPRIR e g3ip is only xpealized; gfters&Be; samdekpt h t he

correl ation suns. . After deinterleaving 20, the code sequence is
decoded by 5  ECErdegodigs prqcedf +H@erfeaisder the g@dn PR Ferqpeetedi nat e
of the scranbled source nessage. The ECC decoder, reverses the 15

effects of the BECLERAFEr bal B5£B #1) IFBToVRIenE 1) ths, firt@ngh prior to

decoding. According to the firat-error-event approximation

[reference: A. Dholakia, Introduction to Convolutional Codes

with Applications. Dordrecht: Kluwer Academic Publishers,
10 1994, pp. 104-108], the error probability after decoding, PP,

may be approximated for small error rates (P%<1x10-?) as:

P% = Q <V'E)
Nio (2)

where Q, E,, and N,, are as in equation (1}. dg is the

15 multiplying factor corresponding to the increase in distance
due to the ECC coding gain. The accuracy of equation (2)
degrades as the error rate increases towards 1x10-'. Tabulated
approximations such as those determined by Burr are required
for highér error rates (P%>1x10?) [reference: A.G. Burr,

20 "Bounds and approximations for the bit error probability of
convolutional codes," Electronics Letters, Vol. 25, No. 14,
pp. 1287-1288, July 1993]. Eguation (2) is an approximation
and does not take into consideration the effects of the ECC

" code‘'s specific distance profile.
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code, substantially reducing the nunber of bit errors after decodi ng.
The size of the decoded nessage is nade snaller than the nessage
prior to decoding by an anount correspondi ng to the code rate factor.

The decoded Sﬁégﬁgﬁﬁis unscranbled 20 by descranbler 22, WaifhisdeArRHBSES
the bijectio | shed by the scranbling in the transmtter, the

resulting nmessage 23 is substantially simlar to the original source
nmessage 1 except for the occurrence of bit errors.

PCT/ US96/ 17993 commonly nemd BoC s o dalt TR ash T ™he

mul ti pl exed Q%E%te?rla%é' Sorvo1884 dra@dabad | ‘wi@h &IagNghed Ay ?r&ﬁ&’ )
proba

t he bi t error ity or rate, Plerr], in the presence o

additive t&ﬁéj%&h@&m&sar{g’w@\&eg gnsieré@rwﬂ B8ked¥nt i fol | owi ng,

5 equation [reference: G R Cooper and | em Mbdern

Communi cations angde &@@:S%.C%u&né!%wnw&emk@ﬁ ¥Wehhdl rate one-hAts-
1956, pp. 159]: [err

5 binary convolutional codes," IEEE Transactions on Information
Theory, Vol. 21, No. 4, pp. 464-468, July 1975]. For this
code, having binary generating polynomials 634 and 564, d,.,
known as the free distance, is 10. The Q function is
monotonic and rapidly decreases as its argument is increaéed

10 go that use of the code results in a substantial improvement
in decoded error performance. Larger constraint lengths (K
values) improve the distance even further but at the cost of a
significant increase in the complexity of the ECC decoder in
the receiver, which is proportional to 2! for Viterbi

15 decoding. The ratio E,/N,, in equation (2) is the signal-to-
noise ratic (SNR} at the detection of any one 6f the antipodal
modulated signals in the multiplexed composite. When |
multipath propagation or other dispersion is present, the
apparent noise term increases well above that due to

20 background noise and interference, and thermal noise, often
dramatically. Severe multipath can occur even when the
receiver is in close physical proximity to the transmitter and
there is ample signal strength. As the SNR approaches zero

decibels, where there are equal parts signal and interference,
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10 where E[err] is the energy in any one of the orthogonal signals,

whi ch are assuned to be equi probable and equal in energy, Nerr] S

t he noi se spectral density, and Qis the conplenentary currul ati ve

di stribution function for the Gaussian probability densi tg function

(a.k.a. the MO function) [reference: 15 G R Cooperk 961799 b d. |
pp. 423-425]. The noi se spectral density is determ ned by neasuring
only the noise power t hrough the bandw dth of the orthogonal signal.
General ly,

nodul at ed ort hogehfalef§eghidies coding gRriR LRtEIPURiCRBE Hbedh

the total transmtter power is divided egually anong t he

G dip@nighad;| ati on

does not change the signal energy; only the polarity of the resulting
i JQa

correl ati on sum Ba%RsEeEY: it LRt
exenplary distribution_of the correlation sumfor the

for any one of t%R 9&GPAIRFaLVER JEPsPPYERENE, low-rate qgded7are7739

PCT/ US96/ 17993
additive white
absci ssa val ues correspond_ to the

3. The

rior art nultiplexed system (Figures 1-2) with

ntagequs errqducyfthe #ggor rate prior Ap
recei ved si gnal

implemey ian noise is shown as a graph in prior art Figure

val ues excepf they artenGFaRASerzEal qnhéng?rﬁﬁﬁF‘E%éF‘ﬁ?g pudfiplexed o

absence of noise, the distr,i bu#i %15 woul d_be replaced with two point

MASSES,

cent er edPZRPOFPRYS S5ABR

10

15

20

-] S&HHb?ﬂ-&g Tﬂﬁglpath is, gn general,
proportional to the number of signals. The interference
sources can be modeled as combining coherently ox
incoherently, depending upon whether or not the
characteristics of the multipath are specular or diffusive,
respectively. The crosscorrelation interference can thus be
mitigated by reducing the number of orthogonal signals that
are simultaneously transmitted (i.e. summed in the composite).
A modulation method which can be used in order to reduce
the number of simultanecusly transmitted signals without
reducing the bit rate throughput is known as biorthogonal
modulation {reference: W.C. Lindsey and M.K. Simon,
Telecommunication Systems Engineering. Englewcod Cliffs, New
Jersey: Prentice-Hall, Inc., 1973, p. 198, pp. 210-225]. The
egsential difference between antipodal modulation (spread
spectrum or narrowband), previously described, and
biorthogonal modulation is illustrated in Figures 4 and 5,

respectively, for an exempiary transmitter system with two

generated orthogonal signals. In the transmitter system with

30

ossible correl ati on sum
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(+1), respectively, since there are two possible polarity val ues. As

the result of noise, the point nmasses are sneared out into continuous
di stributions. The conbi ned effects of 10 noi se and the anti podal

nodul ati on r(;?#%"k@ two regions 24 and 25, which cor peppsdeeT699
negati ve pol dul ation (arbitrarily, encoded bit value 0) and
positive polarity nodul ation (arbitrarily, encoded bit value 1). As a
result of t he assunption of Gaussian noise inpairnent, the

distribution 15, QbakiiCdiOnl&0008n] MeBlRoHl pot0L Gl #1500 o5 ghaded
region 26.a1§ eTTOrs oCcur when’ the corr§1a I on suntval ues are
distributed in s | 6 ol gials Iy Pb,
determned in eqﬁg’%ﬁg‘ﬁef% %’1{:% are con’t’%edafg%m?%i %tgerségtplé%r#&mé?%ht ed by
the a priori bit Ll idqi:e8. hopi S ca C ' mnin
the orror  FefavRrO PRRERYHITE sad sRIRRLATBE MRS el T DD
absci ssa val t Lhdi e ' ' dul ati on,
this distance i SOE%F ?‘%1 t%%ggit%% %%%??gg%ﬁegﬁg%ﬁemfaBMtﬁg?ml i zation

of the absci Sag%%lf%gé&'%fs HeIUhE 25, FBigectively. After multiplying

27
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radi cal fractién 1 n equation use oOf error Correction coding
9 to form a composite. Each orthogonal signal conveys a

single bit by the determination of its polarity with respect
to an arbitrary reference polarity. The information bit is

10 recovered in the receiver ({(see Figure 2) by determining the
polarity of the correlation sum between the received composite
signal and the reference orthogonal signal; arbitrarily,
positive polarity for bit value one (1) and negative polarity
for bit value (0), as discussed above.

15 In a transmitter system for biorthogonal modulaticn,
however, shown in prior art Figure 5, only one of two
orthogonal signals (either signal 31 or signal 32) is
transmitted in each baud interval. .Thus,-the Figure 5 system
transmits only one of the two orthogonal éignals to the

20 receiver. The one orthogonal signal which is transmitted for
the duration of the baud in biorthogonal modulation conveys
two information bits. In prior art Figure 5, one information
bit is conveyed by the selection between which of the two

crthogonal signals {31 and 32) is transmitted for the duration
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I ncreases the effective distance by the anount of the coding gai n.
Al though the gain is only realized after the conplete 5 ECC decodi ng

process is performed, the gain can be interpreted as if there had been
an inprovenent in the distance prior to decodi ng. According to the
first-error-YWOSM?BHpr oxi mati on [reference: A. Dhol akipg?’qsﬁg’r"%ct i on
to Convol uti onal Codes with Applications. Dordrecht: Kl uwer Academ c
Publ i shers, 10 1994, pp. 104-108], the error probability after decodi ng,
Plerr], may be approximated for small error rates (Plerr]<ixl0[err])
as: [err] of t ud. The felpetigh) PRPesss ig, TRiemeRted AR otignad
dierr] is the 15 _ multiplying factor corresponding to the increase in

di st ance R HEBLEXRE BeC CBWRRgPHA AR e3eedrh EPUBTe BGEaRFON (2)

degrades as the error rate ingcreases towards 1x10 erqr}}é. Tabuyl ated
appr oxi mati ons s‘ﬁ’&ﬁ" a87% REEECHSS i HR Py SR PLart e Bignad selectipy,

hi gher error rates Plerr >1?<1 [err 2} refe ence. A.G Burr, 20 -."Bounds
and appr oxi mat i dis &ée#ﬁgeaﬁl T&eﬁ‘l’:b}’ p&’ﬁbéﬁ#qmlﬁ? 34. convol uti onal
o esbon (5 M Shliihos i rsahn gt sgablt 217 g ot
consi deration the eLlecld o' al "SoBia bie vafSSe%iP ) s 2SS
profile. bpas] Y.
the transmission of signal 32 (instead of signal 31) to the
encoded bit value of zexo (0). The remaining information bit
is conveyed by modulating thé polarity of the signal to be
10 sent. Polarity modulation is implemented by multiplying 7
both of the possible orthogonal signals 31 and 32 prior to
selection multiplexor 33 by the factor of positive or negative
unity using each polarity MUX 43, as shown in Figure 5, or,
eguivalently, by multiplying the signal after selection
15 multiplexor 33 (not shown). The pélarity of the transmitted
signal (either 31 or 32) is determined by those encoded
message bits in the source message which have been associated
with polarity bit information 35.  Together, the functional
blocks in Figure 5 illustrate a conventional biorthogonal
20 modulator where there are two possible distinct orthegonal
signals 31 and 32 (only one of which is sent). The encoded

message bits are divided among selection bits 34 and polarity

bits 35.
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A commonly used ECC code in nobile commm cation systens Is the
nonsyst emati ¢ convol utional code with code rate 1/2 and an i nput
constraint |length esi gnated K, of seven (7) [ r ef er ene@ushinToos
Johannesson,vﬁ%ﬁmﬂﬂhy'optinal rate one-hal f 5 binary convolutﬁgnm
codes," | EEE Transactions on Information Theory, Vol. 21, No. 4, pp.
464-468, July 1975]. For this code, having binary generating

pol ynom al s 634 and 344, Hitbkhogonal molilfiIoR® HiCcld Ry dk PG ot | thel O
The Q function is monotoniT and raprdly decreases as 1ts argunment is

i d 10 h | |
i ncrease stquahg,g{teg eaQ%nél %rggtgfterzﬁﬂgé By both ?U?éfﬁﬁ gfl'i‘é] t engths

i mpr ovenent ecoded error perfornmance. " Largef cons

(K val ues) JTRLONS, biE HALAHEFoPY Oy e Belefiul nd MRe6ANnaRlof

significant increase In € conplexity of the E ecoder 1 n

receiver, which ig Bﬁ?%ﬂk—?ﬁgﬁkﬁﬁg[f&%}cﬁéq_rq Vhi Cidtermimariode6PdiHAg-  The

ratio E[err]/Nerr equa I's the signal-to- nol se ratio

SNR t th t eghl ' : ' |
(SNR) a Epge 100 paRY mﬁg&uémyaﬁﬂtfl%eogg ction andPYhRIGA p3EONal s

in the nultipl exed conposite. | pat h propagat’i on or" ot her

di spersion is presgl rifie are coupRREtI¥aubPitie {:fsﬁab&mtfxff%%e r¥&l logabove

that due to 20 background noise and interference, and ermal nol se, often

dramatical l'y. Sewgieengillticpabits ABpehdd lonCURdt Weethd BR1ection HECE! VRhe! S 1N
cl ose physical proximty t0 the transmtter and there is anpl e signal

strength. As the -3NB: AP ReASEs Bebween the dREPRlrivHESL chleL& &t§or Ul
parts signal and interference,
and polarity bits in a prior art receiver for biorthogonal
10 modulation is illustrated in prior art Figure 6, which is a
block diagram of the relevant part of the receiver system for
the demodulation of the biorthogonally medulated signal shown
in Figure 5, corresponding to transmission of one of two
orthogonal signals, [reference: W.C. Lindsey and M.K. Simon,
15 Telecommunication Systems Engineering, ibid.]. The received
signal 54, having been tunéd, synchronized and equalized as in
Figure 2, is correlated 17_with the two possible orthogonal
signals, 55 ana 56, for the exemplary group, which correspond
to transmitter signals 31 and 32 respectively in Figure 5.
20 The magnitudes of the two resulting correlation sums are
computed by abscolute value functions 57 and 58. A comparison
of the absolute values is made by comparator 59, which

determines the demodulated selection bit 60 by selecting the

signal with the larger correlation sum magnitude.
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PCT/ US96/ 17993 the effective coding gain contribution of the ECC
di m ni shes. Therefore, it is advantageous to reduce the error rate

prior to decodi ng, even when powerful, |owrate codes
I npl ement ed. WQp717789 The crosscorrelation interference anﬁﬁ%?ﬁl exed

orthogonal signals disturbed by nultipath is, in general,
proportional to the nunber of signals. The interference sources can
be nodel ed as conbi ning coherently or . | i ncoherently, dependi ng upon
whet her or not t fitmlfgneoysly, jthe Rodpritios #h@?ﬂ&f"?i‘ﬁ?&%ﬁlﬁ’é’%ﬁ%ﬁl% or
di ffusive, respectively. The crosscorrelatiqgn,interference can thus
be mitigat SEFERPERRN N HEM IR 67 - ork HOBSHE PEPEREYSE PRLY
o P aneous . ST Lede [ a BHTIR L S SOMROME D
Shul Caneously, Lol ted B anel Sl Blccer e EEBSA0 LEGLLL 1ol
L ey 2 K oS R gy BSSTURESLAON SUE IF SRLASEE My
210-2281. The 20, , 5338 \ahodl T RkeNER.PULMESN ARl Bgako Al ghlgr
: determines which of the two polarity values, determined by the
limiters, is propagated as the demodulated polarity bit 64.
The polarity bit informatién which corresponds to the signal
10 with the largest correlation sum magnitude is selecged. The
orthogonal signal with the largest correlation magnitude is
determined to have been the most likely signal transmitted.
The determined polarity and selection bité are propagated to
the next subsystem, which is parallel-to-serial converter 13,
15 as in Figure 2, to be deinterleaved and ECC decoded. Thus, in
: prior art biorthogonal demodulation, the selection bit
estimate is determined and utilized in the determination of
the relevant polarity bit estimate, both.ﬁunctions being
accomplished in the demodulator. .
20 Prior art Figure 7 illustrates an exemplary distribution
of the possible correlation sum values for the biorthogonal
receiver of Figure 6 with one of two possible orthogonal

signals transmitted in the presence of additive white Gaussian

noise. The distribution of Figure 7 is representative of the
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spectrum or narrowband), previously described, and bi or t hogonal
nodul ation is illustrated in Figures 4 and 5, respectively, for an

exenplary transmtter systemw th two generated orthogonal signals.

In the transm stemwth PCT/US96/17993 30
WO 97/ 17789 Whbiirsy PCT/ US96/ 17993

anti podal data nodul ation, shown in prior art Figure 4, two

information bits are conveyed fromthe transmtter to the receiver
controlling the palarities. h i tferent. r genal..si.gnal s
that are sinultafédts yext"?égéréﬁr E%a\,,\pc’r%SH 1d‘e§%b%%t"‘€5 gjf %gl g 28$ lglﬁ 29,
respectively. After |.tip iqg . S] 2 pqolagrjty

pur poses, they are esﬁ’g#'nmaé'a%é{e P@%%zfoér%%%%%oggﬁqﬁ % é%?'o?‘%h%gonal
si gnal conveys a

by

e . or i . : T i th
r espect to suftiets ?tpglfsc‘;r?% g?%n%%eﬁgfééﬁpywﬁg%%norh% ﬁgln%é%t yi \é\n
10 recovered in tRe,{ e&f!tﬂgrtéﬁ%gaigéﬂﬂ 8£ Zn1Y ol E’hé"dlg;g&%‘i for all . gnal

polarity of the correlation sumbetween the recelved conposi

and the ref efse“C%a% ﬂg%goais Sr@N@en & lﬂ%@aﬁygrﬁ%y lﬁdt%‘l%{»% éa%(lggke%js ty

for bit value one negative polarit

di scussed above. ylSapgosgsa fdluds! &R0 HE-hLEe8Y2d AW EoLull 87 t hapAng

nodul ati on, owever, shown in prior art Figure only one of two
abgence of noige, there would be two point masses, centered at

zero (0) and positive two (+2), respectively. The presence of
noise smears the point wmasses out into continuous

10 distributions. Distribution region 45 illustrates the
correlation between the received signal and the orthogonal
signal which corresponds to the correct selection bit. The
mean abscissa value for the region is two (2), not one (1) as
in Figure 3 for antipodal signals, because only one of the two

15 orthogonal signals was transmitted with biorthogonal
modulation. Thus, for a fixed composite signal transmitter
power, each of the two possible signals with biorthogonal
modulation can possess twice the signal energy compared to the
individual signals of antipodal modulation where both

20 orthogonal signals are transmitted.

Distribution region 46 in Figure 7 represents the

correlation between the received signal and the other
orthogonal signal in the group (i.e. corresponding to the

incorrect determination of the selection bit). The mean
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ort hogonal signals (either signal 31 or signal 32) is transmtted in

each baud interval. Thus, the Figure 5 system transmts only one of
the two orthogonal signals to the 20 receiver. The one orthogonal
signal which is transmtted for the duration of the baud in

bi or t hogonal WBHL# i on conveys two information bitsPCHYSHATER o ¢
Figure 5, one information bit is conveyed by the sel ection between
whi ch of the two orthogonal signals (31 and 32) is transmtted for

t he duration . . . 31 WO 97/ 17789
PCT/ US96/ 17993 abscissa yalye, of regionrdf 18,2889 PtpPHRME oof sl i p PRt ed

w th signal , mul tiplexor 33, Thqase bits in the encoded soqurce nessage
whi ch are assoc?é?‘é’EF\Ll?/i fQ' T nsipgdat 5‘I"95?P5t hgeg?‘tﬁ?althge?“@cf?‘%‘?‘ﬁls are are

| abel ed as sel ection bi %nfornation 34. 5 . Fogﬁggangle, t he
transmi ssion of EFRAARRS1 1Y +F o 2B5R FrogRcorTelatio) o sh £8° HPEEFELMRd bi t
val ue of one (1 nd, sim)j)arly, the .,transm ssi on .,of signal 32

(i nstead of si g%‘fﬁ?h%dl)fqz)%’t%é"k‘ggm‘l BRAGAE4OBi 19 PaFATPHHS9BY (0). The

ining informatian bit ' d by nodulating. the polarjty of
the signal Co bESTIUSCIZRfum wpapthdls. SRFGFALTEN") &0 I ARRCRA =BT

mul tiplying 7 47 both of the possible orthogonal signals 31 and 32 prior
to )

However, biorthogonal system errors also occur in regions
48 and 49 which correspond to the images of the overlapping
region 47 for the opposite polarity. .These additional error
10 events occur in conventional biorthogonal systems (Figures 5-
7) because the correlation sum polarity information cannot be
used to determine which of the two signals was most likely to
have been transmitted. Instead, the polarity of the
correlation sum is used to determine the remaining information
15 bit, the polarity bit. In comparison to Figure 3, the
combined area of the regions where errors occur for
conventional biorthogonal modulation (Figure 7) is twice that
of the antipodal system (Figure 3). The mean abscissa values
of regions 46 and 45 in Figure 7 are separated by Euclidean
20 distance 50, which is equivalent to the distance for antipodal
modulation.
Prior to consideration of the ECC decoding, the

probability ¢f error in the determination of the selection
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selection nultiplexor 33 by the factor of positive or negative unity
usi ng each polarity MJX 43, as shown in Figure 5, or, equi val entl vy,
by multiplying the signal after selection 15 mul ti pl exor 33 (not shown).
The polarity W ransmtted signal (either 31 or 3Pernsss17993
determ ned by ThoSe encoded message bits in the source nessage which
have been associ at ed wth polarity bit information 35. Together, the
functi onal bl ocks in Figure 5 illustrate a conventional biorthogonal

20 nodul ator wagtg §1CREoABGbIR m%lbifoxﬂi(ﬁ%%&% 8L edghals, ps,,
f e e

signals 31 and 32 (only one of "which is sent). ncoded message
bits are divided;anpong selection bits 34 and polarity bits 35.

32 WO 97/ 17789

PCT/ US96/ 17993 Wth biorthogonal nodul ation, the
characteristics of the transmiget @dz.g r}Vlz;g.re determ ned by both
polarity and sel ection bit informatioR. ¥lngjhg receiver, ths

determ nation of the polarity bit is relatedto the determ nation of
the 5 selection bit. Consequently, the selection and polarity bit

error rates ae GRueh & BREGISE chrlde Hhebaktlpokixl _Cérx%&[rﬁfouabiucy gives
polarity bits depends on that of the selection bits. e
by equation (1). The probability of error for the polarity
bits in prior art Figures 5-7 is more complicated and depends
upon the probability of error for the selection bits. 1If the
selection bit is correctly identified, which occurs with

10 probability (1-PS5,), the conditional polarity bit exror

probability, pPeIs,, ie:

pPlsb = Q (1? 2:2:E
Nyo (4A)

Once the correct orthogonal signal is identified by the
15 determination of the selection bits without error, the

demodulation of the polarity bit is similar to antipodal

demodulation. The antipodal exror probability is often

abbreviated as:

) nos(fEE o)

where SNR is the detection signal-to-noise ratio. 'Therefore,

the polarity bit conditional error probability for
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coupl i ng mechani sm between the determ nation of the selection and
polarity bits in a prior art receiver for biorthogonal 10 nodul ation is

illustrated in prior art Figure 6, which is a bl ock di agram of the
rel evant part of the receiver systemfor t he denodul ati on of the

bi or t hogonaWQSM#A at ed si gnal shown in Figure 5, cBFFUSHEA%ng to
transm ssion of one of two orthogonal signals, [reference: WC.

Li ndsey and M K. Sinon, 15 Tel econmuni cati on Systens Engi neeri ng,
ibid.]. The receive nal 54, having been tuned, synchronized and

d Si
equal i zed as i nPiorthogppal, modylation, sxhihitpcq threR; () CGREIRE (Bossi bl e
or t hogonal signals, 55 and 5, for the exenplar roup, which
correspond fa‘it(?%t PENLYR P‘Per%?'Snéfiga%tfgan’cP ﬁr%@%&:gﬂ@%eﬁ FA Figure 5.
20 The magnitudes qf _the t resulting correlation suns are
conmput ed by abs%‘f"i}tp(?%@él ABE1 orfdeseagen £ tRe RMAREAFR Nt of the

absol ute val ues is made bﬁ’@é}%
b

aratqor 59, whjch . determ nes the
derodul at ed sel 2HA"5A96; 1%#&8{?*}?@%% modulatign, ig) that fhehe | ar ger
correl ati on_sum nmagni

WO 97/ 177895 tx mig:ggg'signal, representing only one O%&Flm/ 179933
rrelati on suns_are

Si nul t aneously, tr}{%ggog rsiit i es tha;[ h? { wo ﬁo
det ermi ned by | 1533180 haR FIHFS &PC FASKa1 FBTGY| §F the
antipodal system for the same level of noise.
Prior art Figure 8 illustrates the improvement in the
Euclidean distance 51 between the mean abscissa values of the
10 regions 52 and 53 compared to the distance 27 in Figure 3 for -
the distribution of the correlation sums for the two possible
transmitted polarity values when the selection bit is
correctly demodulated.
However, when the selection bit is incorrectly identified
15 in the biorthogonal demodulator, which happens with
probability P%,, the conditional prﬁbability of error for the
polarity bit is one-half (1/2) because the polarity of the
correlatién sum corresponding to the incorrect signal is
unrelated to the correlation sum of the correct signal. The
20 polarity determination is then esmentially random; in other
words, a coin toss. The overall error probability for the
polarity bits, P%,, is the weighted sum of the two conditional

erroxr probabilities:

PP, = P% - ¥ + (1 - Ps) - pris, {5)
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the sign information (arbitrarily, binary one for positive polarity
and binary zero for negative polarity, randomy zero 5 or one for

exactly zero). The result of the conparison in 59 is a binary val ue.
The val ue coru,(r,gJ,@.,EQJI tiplexor 63, which det er m nes wptctfssiirodde t wo
pol arity val ues, "'determ ned by the limters, is propagated as the
denodul ated polarity bit 64. The polarity bit information which

corresponds to the signal 10 with the largest correlation sum magnitude is

I d. Th h, . Sl it h I | aki .
vagni tude 190 doPbriraeatd ARk, (1 BUEF Hhoff ) Shifilecsc
' d. The .det ' l.aL L | ' '
o opagated 1o *siiaR EL B, @Rt RPaRRuTity W BHS: 367

converter 19, Qe St bl S pB1adi 1681 pher | gaved apd FCC decaded.
Ahin ki § AE x

1
Thus, in prior i ort hogonat demodul & i on, e sel ection

estimate is det %H%?‘?Q“gg?? n%%‘;gk;,%gl?ﬁigiw%nﬂﬂ WU Bgéi»aﬁ'i Bélaritxp?we |

rel evant polarity uncti ons bein acco I shed in

t he demodul ator. er@% rate wollll g% e&ﬁg BAftRad 48 'tﬂétsfé’ite%r?%%? bt‘iﬁgm&f y

di stribution e possi correlation sum val ues

biorthogonal ol 0G81VeE: ol EhGWaloBelil B10NE-Al LA0, RASSURLG G4t hogonal

signals transmt in Yhe presence o ussi an noi se.

-:I),-Ze distributi One&&aﬁjoglur(?) 7t:oi Be rtﬂﬂ%@S%@toifvﬁlé)mebﬁodal system with
equivalent throughput, the overall polarity bit error rate
can, at best, approach the antipodal error rate as the SNR

10 becomes infinite. The biorthogonal selection bit error rate
is then inferior to the bit error rate of the antipodal
system, assuming the same ECC coding. Therefore, the overall
error performance of prior art biorthogonal modulation
(Figures 5-8B) is inferior to antipodal modulation (Figures 1-

15 4) for a specified SNR. The method of biorthogonal modulation
has the advantage of decreasing the crosscorrelation
interference by reducing the number of simultaneously
transmitted signals. This lowers the effective noise variance
in the biorthogonal system when compared to the antipodal

20 system in multipath. Unfortunately, however, any advantage
brought about by the use of biorthogonal medulation compared
to antipodal medulation is greatly diminished by the strong

dependence of the polarity bit error probability on the

selection bit error probability. BAn cbject of this invention
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WD 97/ 17789 PCT/ US96/ 17993

signal exiting correlators 17 in prior art Figure 6. Since t he
signal s are equi probabl e and possess equal energy, it is sufficient
to consider the possible correlation suns in the event of the
transm ssi orWORTEMWBY one of the signals for all 5  baud FCRUSPYLPE and
wth a fixed arbitrarily positive polarity. The absci ssa val ues are
normalized as in Figure 3. In the absence of noise, there would be
two point nmasses, centered at zero (0) and positive two (+2),
respectively. THe be cwnaken itis depemmcsetmghsthmelspovﬁtﬁicﬁase@slgout into
continuous 10 distributions. D stribution region 45 illustrates the
correl ati on betwadn-t he received signal and the orthogonal si gnal

whi ch corresponds to the correct selection bit. The mean absci ssa
val ue for the regi onU-8§. tRasepg)No.ndy 26hP4f 150 HMalm disclioges| the use ¢hr
antipodal signals, because only one of the two 15 ort hogonal signals was
transmitted wt wrbh@gqmégeﬁatpmrthosm}?édaﬁﬁwoe'ﬁs g reegivex pYRka® &orposite
signal transmtter power, each of the two possible signals with

bi ort hogonals 2 Blﬂ%ﬁul‘iﬁﬁoﬁffs SEReTRIedeRY frpapendyrehd £ kayisdctegetistipar ed
to the I ndi vi dual nal s of antipodal nodul ati on where both 20

ort hogonal si gnéﬂl§ha)f%°at1r g%?ﬁ‘t’?‘éét‘keymg The ypagiver Hakss wegiafn 46 in
Figure 7 represents the correl ati on between the received signal and
t he ot her FPERCRFFIFAPLLPR) FaPS | determinad, hptyeere the oyeqeiyed Fisgatlo t he

incorrect determination of the selection bit). The nmean .
and four orthogonal signals, corresponding to the in-phase and

quadrature components at two frequencies, to demodulate the
10 signal.
Biorthogonal codewords [reference: W.C. Lindsey and M.K.
Simon, Ielecommunication Sygtems Engineering, ibid., pp. 188-
194] are sets of binary sequences (i.e. ones and zeros) which
are constructed so that the permissible qodewords are either
15 pairwise orthogonal or complementary to each other.
Biorthogonal codes are typically used to phase-modulate a
narrowband sinusoidal signal. The use of biorthogonal codes
ié unrelated to biorthogonal modulation ;cross'a plurality of
orthogonal signals and hence is also unrelated to the instant
20 invention.
U.S. Patent No. 4,730,344 to Saha discloses a four
dimensional modulation method known as Quadrature-Quadrature
Phase-shift Keying (QQPSK). The system of the '344 patent

makes use of the in-phase and quadrature components of a
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35 WD 97/ 17789

PCT/ US96/ 17993 absci ssa value of region 46 is zero, not m nus one
(-1) as in Figure 3 for antipodal signals, because the two signals
are ort go(i . €. zero crosocorrelation). Since thepsrisdeirond

met hod for biort ogonal nodul ation is a conparison of 5 correlation sum
magni t udes, errors occur in overlapping region 47.

However, biorthogonal systemerrors also occur in regions 48 and 49

whi ch correspond é%gewitgggﬁlitﬂér td&@aoéﬂplﬁgqugach compbéltOBcédrdidg t he

opposite polarity L onal error events occur in

conventional biorg cf‘ci:%n@ w kg §2° This coresBEhd'te EHE prior
ol arity information canfo

correlation sump t "be used to determ ne

whi ch of the two éf@%%éeﬂ("%% FRGrds Kegryd Owith foulWiGmBELkduEapsM tted.
Instead, the polarity of the correlation sumis used to determ ne the
remai ni ng infor mafiiRipldred Rthogddd® BA@L! ¥itH hntigddat ORBMRALEER IO Figure
3, the conbi ned area of the regions where errors occur for
conventional piorthogang, gRelHeaithOn Gahysd= tz)nazfgebur&tthaiscloses &f the
antipodal system (Figure 3). The nean abscissa val ues of regions 46
and 45 in Figure ginﬂ-ﬁmf@ﬁﬂ'éﬁégdréb\él@fléﬁﬁéﬂ wh%@eln dinat afae18lor Whi Ch 1S
equi valent to the distance for anti podal nodul ati on.

sampling point is controlled dynamically so as to take
advantage of the multiple correlation peaks present in a
received signal which is subject to multipath propagation.

10 The system of '662 al;ows for coherent signal reception which
pexrmits the use of biorthogonal binary éhase codewords in the
corresponding transmitter. The demodulation of biorthogonal
codewords is not novel and is thus unrelated to the instant
invention.

15 U.S. Patent No. 4,700,363.to Tomlinson et al discloses a
method of m-ary phase modulation and unequal error protection
whereby those bits corresponding to a lessor difference among
permitted éhase states, being less reliable in the presence of
noise, are afforded additional error correcting code

20 redundancy. In the receiver systém, after error decoding,
these bits are subtracted from the base signal in order to
demodulate the remaining bits. The system of '363 uses m-ary

phase-shift keying together with the possible use of
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Prior to consideration of the ECC decoding, the probability of error
in the determ nation of the selection
36 WO 97/ 17789
PCT/ US96/ 17993 bits for biorthogonal nodul ation (Figures 5-7
signals, P[VOPIITY s: [err] 5 which is exactly twPEZUSHETIR | podal
error probability given by equation (1). The probability of error for
the polarity bits in prior art Figures 5-7 is nore conplicated and
depends upon the probability of error for the selection bits. If the
sel ection bit ikixshpgenaly bigeri phped, codewerisccAs sexgvinusing disguegsd. ity
(1-Plerr]), the conditional polarity bit error robability, Plerr], is:
[err] thdfc dst paredared o SLPHERIRRERL doghAatian. dentified by the
U.S. Patent No. 5,305,352 to Calderbank et al discloses a
single narrowband carrier Quadrature Amplitude Modulation
5 (QAM) system with unequal error protection. The method
partitions the possible modulation states across the in-phase
(I} and quadrature {Q) components to form sets which maximize
the Euclidean distance determined across multiple information
symbols. This technique is known as trellis-coded modulation
10 (TCM) . The system of '352 extends prior art TCM by the
definition of further classes which correspond to data of
varying importance. High importance data is associated with
"supersymbols" which are afforded additionél error correction
code redundancy. The decoded supersymbols are used in the
15 determination of the remaining sets of the phase states. The
system of '352 uses prior art amplitude/phase-shift keying and
is unrelated to the method of biorthogonalimodulation with or
without multiplexing. Generalized amplitude and phase-shift
keying is not applicable to multiplexed spread spectrum
20 because the data modulation disturbs the orthogonality
property. As with prior art unequal error protection system,
the consequence of affording additional protection to some

bits is to cause a reduction in the reliability of the

remaining bits. A goal of the instant invention is to allow
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15 determ nation of the selection bits wthout error, the denodul ati on
of the polarity bit is simlar to anti podal denodul ati on. The anti podal
error probability is often abbreviated as: [err] 20 where SNR
is the detectygg,pignal -to-noise ratio. Therefore, the peirasbdinedd t
conditional error probability for 37
WO 97/ 17789 PCT/ US96/ 17993
bi ort hogonal nodul ation exhibits a three (3) decibel (i.e. factor of
two in pover) aduaahane ekforS L RO L Odegradar Al iiaogédfo%&q@é i ng.
The reason for the pol a?i ty %gf _ advant age PTgrfaSNR wi th bi ort hogonal
modul ation is thag 4 orSthe HiRBSHHdd Ompd:¥dto driRRPEEEN MoBA1 Aok . ONfhedf
the two orthogonal signals, has twice the signal energy of the
anti podal systemy{giend N8558 aRcl EMAls RheMp2@tant function of PLht¥ridhyidg,Jure
8 illustrates the inprovenent in the ~ Euclidean distance 51 between
the mean absci sSgny alnédsptaribl of Gihich AhABSretaridBdnedi FAeRPAIE Gt fnd he
di stance 27 in Figure 3 for

5 modulation described, and may not be suitable for mcbile

communication.

U.S. Patent Nos. 5,2i4,656 to Chung et al and 5,377,194
to Calderbank disclose methods of TCM modulation together with
uneéual error protection and time-mmltiplexing so that

10 separate phase constellations can be associated with high
importance data and lower importance data. The phase
constellation for the high:importance data is generated to be
less susceptible to the effects of noise compared to that for
the lower importance data thereby resulting in unequal error

1s protection. This is unrelated to the method of unequal error
coding whereby different error correction codes are applied to
the high and low importancé bits. Both systems described in
the '656 and '194 patents utilize prior art QAM modulétion and
are unrelated to the method of biorthogonal modulation. A

20 disadvantage of these systems is that the available time-
bandwidth product is halved by the partitioning of the baud
into disjeoint intervals.

Modulation methods which make use of orthogonal or

biorthogonal groups of signals are disclosed by Yerbury et al
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the distribution of the correlation suns for the two possible
transmtted polarity val ues when the selection bit is correctly
denodul at ed. However, when the selection bit is incorrectly
identified 15 in the blorthogonal denodul ator, which ha Wi
probabi ity WP the conditional probability of error f%‘"’bgs
polarity bit is one-half (1/2) because the polarity of the

correlation sumcorresponding to the i ncorrect Si gnal S unrelated to
the correlation sumof the (t::orrect S|95 he pol arjt determ nation
is then essentia®y- an%?cﬁﬁ“ i Mo otn8p3 560, b’ﬁ(ﬁ’ﬂ'é’ke’ét &i At ik Y- t§¢Eral |

error probabilit I arl t b| t err], the vvel ght ed sum
of the two condi%'o%a‘?; +614, l%’Fng pre E ddaer' £n Trellis- proyry]

= Plerr] + (1 - Plerr err Perr g.
38 WO &P §7§ ect se ence spread-spectrum communications," IEEE

PCT/ US96/ 17993 ] i nspection of equation (5), even under the
i deal i stic Tr&'§§6ﬁﬁ’f‘?‘%§n°€’h‘§?‘”’@‘ﬁé¢%ﬂﬂ¥ﬁt i Yal 43¢ Aleabi?i tPP-0P2&TO0r in

determning the polarity bits, Plerr], is zero (i.e. no errors whi ch
woul d requi re i r¥78i t BeRRr 1984, oone A Spbl dHilder piny "Anceffigient rate
woul d be only half that of the selection bit error rate, Plerr].

Si nce the sel ectibgnnpl tcasipgr sgheme fiex diyeem gequence COMA systems, "

Proceedings of MILCOM '91, pp. 1249-1253, 1991, for use in
spread spectrum systems for "multiple-access.” In a multiple-
access system, each orthogonmal or biorthogonal signal group

10 corresponds to a distinct, independent user. The purpose of
multiplexing is to increase the number of users that can share
the RF channel by simultaneously transmitting and receiving
signals. 1If there are N simultaneocus users and each user's
biorthogonal grcup of signals conveys log;M+1 bits, then the

15 overall throughput of the channel, including all users, is
N-{log,M+1) . However, the throughput for each user's
transmitter and receiver is log,M+1 bits. Whereas the goal of
multiple-access is to maximize the number of simultaneously
transmitted signals, and consequently users, the goal of the

20 instant invention is to reduce the number of simultaneocusly
transmitted signals in order to decrease the crosscorrelation
interference while maintaining the same information

throughput. The transmitter and receiver system of the
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equation (3) to be twce that of the antipodal systemwth equi val ent

t hroughput, the overall polarity bit error rate can, at best,
approach the antipodal error rate as the SNR 10 beconmes infinite. The
bi or t hogonal ;ﬁﬁ;@h n bit error rate IS then inferiorpdHuidesrons t
error rate of | podal system assum ng the sane ECC codi ng.
Therefore, the overall error performance of prior art biorthogonal
nodul ati on (Figures 5-8) is inferior to anti podal nodul ati on (Figures
1- 15 4) for e oPERL |lcHdRAA ation

has the advant agginé'%gg%%} g%é’?% tthﬁm%%{g:tsgg&r el at 'l;fcg)é\ A%%QQ:[@I nterference by
reduci ng the numgr. {:{h |gul t aneously transmtted signals. This

| owers the effective Se variance i n the biorthogonal system when

0]
conpared to the anti pg gel,rdﬁgé sy&s]tl gxggﬁaf@.&tf@ Rne MDA ERNALEEYe

however, any advant age use of biorthogonal

modul ati on conpar 0 duI | 9Bmi Sidy 82tddmitli BhiHSRRE by
the strong egﬂsg% er?(?teeao i g%aéq}ty |)t Qerrn%or&[)robablll Ity gﬁ ﬁﬁe

I ect bi t
gg ection IV\DGB;%L g&%&%&a{ th%”seﬂ&%noén& Bb3aritye BN

Egg { rt]JS%/ 17993  probabilftile® YEHISRchbichadCRERABEESH ! QYO tiBBE USSP o@f ECC

reducing the crossacorrelation interference caused by the
interaction between multiplexed signals; (iii) reducing the
decoded bit error rate in biorthogonal modulation as compared
10 to antipodal modulétion in the face of additive Gaussian noise
and multipath; and (iv) providing a communication gystem (e.g.
RF spread spectrum) which is markedly improved with respect to

multipath.

SUMMARY OF THE INVENTION

15 . This invention fuifills the above-described needs in the
art by providing a method and system for the transmission and
reception of multiplexed orthogonal signals (e.g. spread
spectrum) for use in a simplex or duplex digital communication
system via wire-line or atmospheric free-space. In éertain

20 embodiments, the transmitter and receiver architectures are
able to make use of the same set of orthogonal or
approximately orthogonal signals (e.g. spreading signals) that

are implemented in prior art orthogonal multiplexed systems
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gai n. U S. Patent No. 4,247,943 to Mal m di scl oses the use of
ort hogonal or biorthogonal codewords in a receiver systemfor 5 a signal

that is generated by frequency-shift keying together wi th | ocal
phase-shift- ke%égg The recei ver makes use of crosscorrel ation sumns
det er m ned % he received signal and four ort hSS'G’Ffﬁ?mg?’dnal S,
corresponding to the in-phase and quadr ature conponents at two
frequencies, to denodul ate the 10 Si gnal Bi ort hogonal
codewor ds [ref erence: WC, Lindsey and MK Si pon, Tel ecommuni cati on
Syst ems Engi nee?”H‘E; antgpgdal ﬁﬁtal ulatim' 18his ipcadyantageous fgrya
sequences (i.e. ones and zeros) whic are constructed so that the

per i ssi bl e cod@%"red‘é W&FE hbghy, ec“ﬂ’.’i’s"“ etticigpee Wheredifomay B dSfbretent ary
to each other. Bi ort hogona odes are t |caII used to
ohase- modul at e §° determize ﬁ&&%ﬁaﬁ@% FHEATIEE dadpenred Broanas off the

ul ati ogn across a

bi or t hogonal codes unr d to blortho .
plural i ty of dWﬁBg%ﬁhPrg m‘é‘f‘ﬁj‘ h@f’l%é“ ‘glss"@ngﬂ’r%@d to the

I nst ant |nv§ . Patent No. 4,73Q,344 to Saha

di scl oses a 5f ouf® uces tﬁ? n?r???fi?ﬁﬁelﬁﬁaﬂ‘i‘ O BRESFEPRE LRGP R L he
Quadr at ur e- Quadr,at ur.e Phas Shl t Ke | The system of the
' 344 pat ent dimipgished oxrhggon %%’cﬁ B8Rt s of a
40

the result of wmultipath propagation and other dispersive
effects. This interference is mitigated by reducing the
number of orthogonal signals that are simultanecusly
10 transmitted, without affecting the bit rate throughout. 1In a
preferred embodiment, the number of simultaneous signals is
only half that required for antipodal modulation.
According to further embodiments, the biorthogonal
modulation and unequal error protection aspects of this
15 invention may be applied to QPSK systems, with or without
frequency-division multiplexing (FDM), and/or the like.
According to certain embodiments, biorthogonal data
modulation is used to determine which spreading signals are
simultaneocusly transmitted and the polarity of such signals.
20 The plurality of generated orthogonal signals is organized
into a plurality of biorthogonal groups, wherein only a
fraction of these signals are transmitted.
In certain embodiments, the number M of signals in each

group is two. In such embodiments, each group conveys two
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WO 97/ 17789 PCT/ US96/ 17993
signal with further data shapi ng of each conponent according to two
ort hogonal pul se shapes. This corresponds to the prior art system of
Figures 1 an odhifge four sinul taneously mul ti pl exed GIdriRkGE1H963
signals w th antipodal nodul ati on. 5 U S. Patent No. 4,587,662 to
Langewel | pott di scl oses a time-nul tiplexed receiver system wherein
the correl ator sanpling point is controlled dynamcally so as to take
advantage of the; filidtl 6n GAsChal | QHnBE PitoRliETER chdicd of signhgcel ved

ubj t p on. 1

signal which is s ect to multTpat r opagat The system of ' 662

allows for coher gl liaa!nfiSCaRA! R BbiLey of cnlChildal (HE1AIIRYObic)

bi ort hogonal binary phase codewor corresponding transmtter.

The denpdul at i ongof -DiRh L, NAEPRA a1 £rom© ‘i‘gi&% i3 PAinghQVfda,AEy! S11 hUS

unrel ated to the I nstant 'nventi on. U S. Patent No.

4,700, 363 to Tonir.é o@tM,althgi ﬁ&l&%?éf aaimultanvﬁ%gggg:tgﬁ.sgte?%ﬁﬁnﬁpéé& is

nodul ati on and unequal error protection 0 Its

correspondi g }gggﬁcﬁeﬁse&n&éxf&ew% PERS art systB&l ¥ drf @g?pm% gstates,

being less re e In the presence o noi se, are afforded additional

error correcti ngefAd@npd? and QEECENRASYmodd13tite WRCEL MRs BUS 8Tt
error decodi ng, Fhese bits are subtracted fromthe base signal in

order to depPKbgcRb® ditRali s Ried 02 bi i31 iiRady SIGHeBf the3 BIuksEy™ ary
phase-shift keying together wth the possible use of

of groups are distinct and orthogonal. Thus, signals from a

plurality of groups can be simultaneously transmitted and

10 recovered without interference in the absence of multipath.
When multipath is present, the crosscorrelation interference
is reduced because of the diminishéd number of signals which |
can interfere with one another.

The use of biorthogonal data modulation combined with

15 orthogonal multiplexing reduces crosscorrelation interference
as set forth bélow with respect to this invention. However,
the advantage that is obtained by reducing the number of
simultaneously sent signals with multiplexed biorthogonal
modulation may be further advanced by using unequal error

20 protection. This invention results in an improvement in the
decoded error rate when compared to both conventional
biorthogonal and antipodal modulation. Thus, the viability of
biorthogonal modulation for multiplexing spread spectrum

signals in multipath is a direct result of the method. The
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41 WD 97/ 17789

PCT/ US96/ 17993 bi ort hogonal binary phase codewords. As previously
di scussed, this is unrelated to biorthogonal nodul ation.

U S. Patent 5,305,352 to Cal derbank et al discloses a singl e
nar r owband Cqu? é‘?"’@adrat ure Anplitude Modulation 5  (QNR§T/USMATB Wit h
unequal error protection. The nethod partitions the possi bl e

nodul ation states across the in-phase (1) and quadrature (Q
conponents to formsets gm ch maximze t he Eucli dean di stance

det er m ned acrog’ DRSS B tl?%f“&F‘Pr%‘?ﬁfﬁ most aigppiicantywhen £Behni que is

known as trellis- d dul ation The system of ' 352 extends
prior art TCM by ﬁ’epel exed's ﬂl?‘f%ﬁ’lg;b%\ﬂ f’ﬁe’?"‘iﬁagsgg%c"\ﬁl"ff“c‘l’ﬂé’&ﬁf’%?pond

to dat f : h rtance dat associ at ed
wiot ha =0 "supg?égar dl glé%gé’ E‘Q égyéff'gf'ﬂl%gga %Sn‘é?e l"’lflg? ‘i"tsi’fei"ect i on
code redundancy. Thel c‘i:ecod é g 533/??1' s are used in the 15

det erminati on of “FHE tHehase states. ' The system
is unrel ated

o e o o e LI B s
Rl E A NI RE R -
orthogonal i ty redundancy, equally divided among the selection bits and the
polarity bits. The uncorrected error rate (i.e. prior to
error che decoding) of the selection bits determined at the
10 receiver is increased compared to an equivalent system with
antipodal modulation, evén with the:method. According to
certain biorthogonal embodiments of this invention, the
polarity bit error rate is made to be substantially
independent of the selection bit error rate. This is

15 accomplished by weakening the coupling mechanism between the
error probabilities of the selection and polarity bits through
the use of coding gain from the errér correction code. The
result is an effective increase in the aigﬁal-to—noise (SNR)
at the receiver in the determinatioﬁ of the polarity bits,

20 when compared to antipodal modulation. The effective increase
in the detection SNR of the polarity bits allows for the use
of leas error control redundancy on the polarity message bits
(i.e. higher code rate), without increasing the resulting

error rate compared to antipodal medulation. The overall EBCC
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property. As with prior art unequal error protection system t he

consequence of affording additional protection to sone bits is to
cause a reduction in the reliability of the remai ning bits. A goal 2;
the instant igeyh is to allow §96/17993

WD 97/ 17789 hr PCT/USJ???%393
unequal error protection without a degradation in performnce of any
of the bits when conpared to anti podal nodul ation. The system ' 352
al so omits the ippgd take {4nGel BPerdgel 5 Q‘fﬂee@é{d@%tea for thE deﬂ%%g&{ ation
of which would require nodification of the nodul ati on descri bed, and
may not be suitabh® gari®pidies. Ther@?ﬁ‘@m’wﬁﬁé ®Rintaining a conbtant Patent
Nos. 5,214,656 to Chung et al and 5,377,194 to Calderbank di scl ose

met hods of TCM npeeszall e8dé Q@ekNeindkebbing the ct¥RAVake %&Oéh@rp%hsfiw“ and
time-mul tiplexing so that 10 separate phase constellations can

associated wth Bitgh allows ﬂdﬁﬁrédﬁi_ﬁﬁﬁdxﬂlﬁga@&ﬂe@%rlﬂ rm@ré&ﬂ:%agétf’or The
phase constellation for the high inmportance data is generated to be

| ess suscept kbl etk deheceideolits O THEI SEsteRNBIMIL Rab OtHd @hat ¥teristic IdFe

| ower inportance data thereby resulting in unequal error 15 protection.

This is unrel at eghégualherrext bpocedtione () . eriddreasing the code rate for
the selection bits increases the redundancy afforded to the
protection of the selectiocn bits. Thus, the decoded selection
bits are made more robust.

10 The error rate of the polarity bits is substantially de-
coupled from the error rate of the selection bits by the
receivér architecture of the system According to certain
embodiments. In prior art biorthogonal systems, the polarity
bits aﬂd selection bits are both determined prior to ECC

15 decoding. However, according to certain embodiments of this
invention, the selection bits are demodulated prior to the
polarity bits. The error correction code corresponding to the
selection bit information is completely decoded. The
resulting estimate of the underlying data message bits for the

20 selection bits is then re-encoded using the same ECC code. As
a result of the coding gain of the ECC code, the error rate of
the re-encoded selection bits is substantially lower than that
of the selection bits prior to decoding. The re-encoded

selection bits are then used to determine which correlation
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codi ng whereby different error correction codes are applied to t he

hi gh and | ow i nportance bits. Both systens described in the '656 and
'194 patents utilize prior art QAM nodul ati on and are unrelated to

t he met hod of biorthogonal nodulation. A 20 disadvantage_of thes
systens is twgt”’?'ﬁ@g avail abl e tinme- bandw dt h produc&&@%ﬂf@d by
the partitioning of the baud into disjoint intervals.

Modul ati on net hods whi ch make use of orthogonal or bi or t hogonal

ggoups of si %alg%ﬁ%g 'eﬁﬂ’nﬂ‘?é%d igyog@errb s yde%%n%lne the polarity bits in

PCT/ US96/ 17993 o ) No. 63,560 k t al i

U. S. Patent the I\%mrghg%‘g‘aglfgg%%D U?/%%‘?né?“%nare\yigté a? rkt.'tl'*leﬁ a
"Trellis- ' tes ' - t L.cati , " | EEE
s oms. on “ERE hale” 6F e BURRGAR 51 7 aS PAGL WU G0 TUHLE B 01
Decenb 1994, an L M L Gl | '
e 0% Be Bt Sabee bl v e Qe RIS, srvor AUBWRopA 10

pp. | 12491283, W33t Hafkohfl, che polREARIERELEIMASLE ot

"mul tipl e-access.” ccess system each orthogonal or

bi orthogonal  si gake:9upry WcerfHdLBROM bR ddl | Aglor pRASRERGEPt

user. The purpose 0 ~multiplexihg i's to 1ncreas
that can share of the polarity bits alone. The decreased error rate is shown

to correspond to an effective increase in the detection SNR of
the polarity bits by approximately three decibels in certain
10 embodiments.

In addition to the improved error rate compared to both
prior art antipodal and biorthogenal systems, the method is
shown to redﬁce the effects of gain instability present at the
receiver. Uncompensated amplitude variations in the received

1s signal degrade the effectiveness of soft-decision
convolutiocnal decoding by the Viterbi algorithm, which is
otherwise optimum in a maximum-likelihood sense. According to
the method, the effects of gain instability are mitigated by
the use of biorthogonal modulation and a normalized comparison

20 metric in the determination of the selection bits, in contrast

to the polarity metric of prior art antipodal systems.

50



t he RF channel by sinultaneously transmtting and receiving signal s.
If there are N sinultaneous users and each user's bi ort hogonal group
of signals conveys log[err] Ml bits, then the 15 overal | throughput of

t he channel, i 'Hﬂh all users, is N (log[err] Ml). ,,Fpmg%gr,,”t he
t hr oughput fopaggc -%ger's transmtter and receiver is log[err] Wl

bits. Wereas the goal of mul tiple-access is to maxi m ze the nurnber
of sinultaneously transmtted signals, and consequently users, the
goal of the 20 instant inveRkioN pgechP S ThRenmuitheE Of

si mul t aneously transm tteo _ 0 decrease the
crosscorrefation pidil { S/ LACR100U adRin b2l i YnkhEe 2ol Y REIBET ON
t hroughput. The transmtter and recelver system of the

44 VO 9747 7s§rg_tem with antipodal modulation and orthogonal

PCT/ US96/ 17993 I nvention have a throughput equal to the overall
channel thr QiR bxing. Accordingly, it is apparent fromthe
above that there exi s%s a need in the art for: (i) limting or

diminishing the 5  Coupleng NEWBEIL Aot SIRK! 04 ARIP UHAT ki) HOT
probabilities in biorthogonal nodulation; (11) mtigating or
corresponding receiver.

Figure 3 ié a prior art graph illustrating an exemplary
distribution of the correlation sums determined in the Figure
é receiver for one of the signals in the multiplexed

10 orthogonal system using antipodal modulation when the
impairment is additive white Gaussian noise (AWGN).

Figure 4 is a prior art block diagram of the antipodal
signal set modulator in the Figure 1 transmitter system with
two orthogonal signals being combined.

15 Figure 5 is a prior art block diagram of a biorthogonal
signal set modulator in a transmitter system with two
generated orthogonal signals, one of which is transmitted.

Figure 6 is a block diagram of the prior art method of
biorthogonal demodulation in the Figure 5 communication

20 system.

Figure 7 is a graph illustrating an exemplary
distribution of the correlation sums in the determinatioﬁ of

the selection bit in the Figure 6 prior art biorthogonal

receiver when the impairment is AWGN.
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reduci ng the crosscorrelation interference caused by the I nteraction

between mul ti pl exed sigrmats; (iii) reducing thé” decoded bit error
rate in biorthogonal nodul ation as conpared 10 to anti podal nodul ation in
the face of additive Gaussi an noise and nul tipath; and (iv) providing
a conmuni catwe®7aee em (e. g. RF spread spectrum whi EETIUSIAIPRedl v

I nproved with respect to mul ti path.

SUMMVARY OF THE | NVENTION 15 This invention fulfills the
above-descri bed needs in the, .art by providing a method and system for
the transm ssi on andFigure 8 % &hHPréfr FXEtnGTIR L XeRFr3E L9 o SFeR AT S
(e.g. spread spectrum) for use in a sinplex or duplex digital

conmuni cation distridusden,qf £hej sxxelakics suRdyRbe idetprBinaiifoncct| n
certain 20 enbodinents, the transmtter and receiver architectures are
abl e to make us&hefPRIFEISYRlitseln Jthey Prifydntl Figure 6 biggsheganadt e v
orthogonal signals (e.g. spreading signals) that are inplenmented in
prior art orthofefdiverupep tdecirraizngrg is AWGN and the selection bit is

45 WD 97/ 17789

PCT/ US96/ 17993 correctly,deppdulareddal data nodul ation. This is advant ageous

for a systemw th hi gh,spectrume,fficiencg where it may be difficult
) Figure is 'a block diagram of 2 transmitter system for

biorthogonal modulation with orthogonal multiplexing according
to an embodiment of this invention.

Figure 10 is a block diagram of a biorthogonal modulator

10 according to an alternative embodiment, when four orthogonal
signals (M=4) are provided in each group, and only one
orthogonal signal is transmitted for each_group.

Figure 11 is a block diagram of the biorthogonal
demodulator for the receiver in the Figurés 9 and 12 systems

15 when M=2, this figure illustrating advantﬁges over the prior
art regardless of the number of biorthogonal groups.

Figure 12 is a block diagram of a réceiver system for
biorthogonal modulation and orthogonal multiplexing according
to an embodiment of this invention.

20 Figure 13 is a Slock diagram of the symbol deinterleaver,
polarity bit demodulator, and error correction decoder
subsystems in the Figufe 12 receiver gystem for biorthogonal
modulation and orthogonal multiplexing, although this

subsystem may be used even without multiplexing.
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to determ ne additional spreadi ng sequences because of the
ti me-bandwi dth product |imts. The nethod significantly 5 reduces the
crosscorrelation interference caused by the di mi ni shed orthogonality

bet ween t he t,L,RJ{],g;ed signal s as the result of nultipeghiRes17993
propagation and ot her di spersive effects. This interference is

mtigated by reducing the nunber of orthogonal signals that are
si mul taneously 10 transmtted, without affecting the bit rate

throughout. In a  piquleiflilsd GFIPACEP Hepibbifor WiDERe Ofi esarllilcaneous
signals is only half that required for antipodal nodul ation

According to furgpaiccarRosk FRat Sec (cBetdrd WRDGORAY be usedRI{liH dhieiaiand
unequal error protection aspects of this 15 i nvention may be applied to

QPSK systens, W pladlicobdtididbion in the oridapey-glirgi sradmivtés plnaxi ng (FDV),
and/ or the I|ike. According to certain enbodi nents, biorthogona
dat a modul péeciRek SstRast 0 det erm ne whi ch spreading signals are
sinmultaneously transmtted and the polarity of such signals. 20 The

plurality of sgenerat eghicirbhogasab Gt=fhalibidls i01@Yates the decibdlo 13ss
plurality of biorthogonal groups, wherein only a fraction of these

signals are trangfidgéfedrive SNR that octrs @hémibioRthesbnaRhédullaigonuider M
of signals in each group is two. In such enbodi nents, each group
conveys two used compared to antipodal modulation prikdr to ECC decoding.

The graph also illustrates the overall decibel gain that is

obtained by the use of certain embodiments of the invention,

10 as a function of SNR.

DETAILED DESCRIPTION OF
CERTAIN EMBODIMENTS OF THIS INVENTION

Referring now more particularly to the accompanying

drawings in which like reference numerals indicate like parts
15 throughout the several views.

The block diagram of the tramsmitter system according to
an embodiment of this invention is shown in Figure 9. The
prior art Pigures 1-2 communication systeﬁ with N (N is even)
generated orthogonal multiplexed signals, all simultaneously

20 transmitted with antipodal data modulation, is replaced with
the system of Figure 9 with only N/2 simultaneously
transmitted orthogonal signals with biorthogonal data
modulation. This results in a dramatic reduction in the

crosscorrelation interference of a factor between three (3)
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I nformation bits per synbol through the choice of -signal (sel ection
bit) and the polarity of the signal (polarity bit). Si nce only one
signal from ngg@up is transmtted, for all values of M the
nunber of si us signals transmitted is 5 reduced cPAEHPWATIR t he
prior art systemw th equival ent t hr oughput and anti podal nodul ati on,
whi ch has two transmtted ort hogonal signals when M2, Al signals

across the plur

signals froma

al it of ou are distinct and _ orthogonal . Thus,
and gI"“"pl(ﬁ? a"'llefclj?gg? {fi&ﬁﬂ)‘éec"é’n%% AIRPiah EYEEEY Af ansmi tt ed

and 10 recover ed w’éh?ut I nterference in the absence of _multi path.
At: 'R ChoSTE

When mul ti path gg'ﬁeess

Eho SEEBPEMALE S Peteen r&iapade is is

reduced because  of the di m ni.shed nunber of signals which can,
interfere with Sﬁ%tlgR’Sfih .mul%lpath ox Swrﬁ‘g@gof I5i the (F3g8Reerredrgion
nodul ati on conmbined with 15 ort hq%%g L mul t.1 pl exi ng reduces

crosscorrel ati oﬁml"ﬁéeé\eﬁrngf%rﬁ? os8 81

SIREBPR FAREFERE Wi ¢ AS (i 5B€t to this

i nventi on. wever. . t he _advant.age that |s obtained by reducing, the
number of SR n%%?f%ﬁ?r 5‘813#1??8% TR FETERD 118 EPERTO FPhB B nal

nodul ati on may
Thi s i nvention

furt.her adyanged by using.unequal error 20 protection.
?g)su cslgf an\f?n‘%f'eofgégﬂ?q lF'r'\’e"q’ interferepeR AROPEr rate

when conpared tQ. bot.nh conventi onal bi ort hogonal and _anti podal
nodul at i on. Thugf 18 \c/’lrgk)lﬂeft yAgherently, ag vHIL BRLPe PSa8iERYSSn for

mul i plexi ng SPEeAd [3RAC iiM mprovemth"Al S1bef o' LRALS (F Gullbofs! oSl

of the nethod.

10

15

20

The functional blocks in the Figure 9 multiplexed biorthogonal
transmitter corresponding to the digital-to-analog converter
10, and RF up-converter 11 are as in Figure 1 for the
antipodal system. The source meséage 101 is made
substantially random by scrambler 102 for reasoné discussed
above regarding Figure 1. In certain embodiments, separate
scramblers are required for those message bits which are
associated with the selection bits and those associated with
the polarity bits, when the selection message bits are
considered more important than the polarity message bits. The
plurality of antipodal modulators, where each modulator is
comprised of 6, 7, and 8 in Figure 1, is replaced with a
plurality of biorthogonal modulators 36 in Figure S.

The Figure 9-15 system and method is adapted to transmit
and réceive RF signals with carrier frequencies more

preferably from about 30 megahertz (MHz) to 8 gigahertz (GHz),
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47 WD 97/ 17789
PCT/ US96/ 17993 benefits of the nethod are nost significant when the
mul ti pl exed signals are wi deband or spread spectrum orthogonal

signals, alt gghﬁﬁe systen net hod may be used w th other: peypusedizanal
types as disgﬁg erein. 5 In certain enbodi nents, biorthogonal

nodul ati on conveys the total bit rate throughput, including error
correction redundancy, equally divided anong the selection bits and

t he pol ari {iefi tcl):?;e dFfetBCoF Rt eFa S gespa.ﬁzteoﬁi ar® sP&hiichAt .

error code decodi ng) the selection bits determned at the 10 receiver
i's increased conppfLdleQuaifFhye! 60 udds (coftndddiAl FM rad2BlbRdBAst

nodul ati on, even wth the nethod. According to certain biorthogonal

embodi ments of thps MERveNidP Mzl NecelevisidiPadli ddirablba aldievid it (hdvrade to
be substantially I ndependent of the selection bit error rate. This is

15 = acconpl i shegréyacaeakesd Mzt hessc i) i 1% MRRe hanisRat WRe Ny 1oheHZ -
error probabilities of the selection and polarity bits through t he

use of coding gagge MR, t &8l RhEOprdue@CldrRsCaste teFPbatrial ndweddhd, i S an
effective increase in the signal-to-noise (SNR at the receiver in

the determ nati OfnMandN8nPétadnel Y (18ICY, inDandMifyaceRtTibafe] O(1RRE) podal
nodul ati on. The effective increase _
and satellite digital audio radio services, such as L-band
(1.0 GHz - 2.0 GHz), S—band (2.0 GHz - 4.0 GHz), and C-band
(4.0 GHz - 8.0 GHz). The system and method according to
10 certain embodiments can also be used to transmit/receive
signals at frequencies above B GHz, such as direct broadcast
satellite (DBS) in.the K bands (10 GHz to 36 GHz), but
reception in these bands is typically limited by available
signal strength in the line-of-sight propagation path. The
15 gsystem and method are not applicable to incoherent
communication systems because biorthogonﬁl modulation requires
coherent detection. The system and method is utilized for
carrier frequencies below 30 MHz (e.g. commercial AM radio
band between 535 kHz and 1,705 kHz), where the transmission
20 medium is subject to dispersion.
In addition to free-space propagation, this invention is
applicable to wire-line systems such as tglephone service,

ISDN, ATM, SONET, and switched-56, where the transmitter and

receiver are connected electrically. Although these wire-line
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in the detection SNR of the polarity bits allows for the use of |ess

error control redundancy on the polarity nessage bits (i.e. higher
code rate), without increasing the resulting error rate conpared to
anti podal nodul ati on. The overall ECC

48 WR Y8739 PCT/US96/17993

PCT/ US96/ 17993 code rate is the average of the code rates for the
sel ection and polarity bits. Therefore, while naintaining a constant

overall code rate, increasingethe ode rat% for the golarit bits

allows for a cor PELSOh AP TP BB e S SRR T O T BRR WEfe T‘lﬁribe% abovRe
IR R R RN SR ER AR TR
D T aeeS e SRR Bt e sppifgtion O the
TR RO A TR NI L S
o o tectureq ! LUBEXHSLACERuthlo b S5 Lolfhver, Bl RECKIBINE) 7.
Dot VoL T B, LAy e, SEERRY e RS BRI R P
prior to the dispersion. This invention mitigates these deleterious
effects.
Each biorthogonal modulator 36 of Figure 9 is as shown in
10 Figure 5 for the embodiments of this invention where two
orthogonal signals are present in each biorthogonal group
(i.e. M=2). The time-diversity interleavér function 37 is
also required, but its intermnal architecture is different from
that 4 in Figure 1. It will be discussed below that in order
15 for the system to properly operate, it is necessary that the
shuffling algorithm of interleaver 37 (and consequently the
deinterleaver) possess the characteristic of symbol
interleaving and not bit interleaving. |
With conventional antipodal or priof art biorthogonal
20 modulation without multiplexing, either a bit interleaver or a
symbol interleaver can be implemented. The determination is
made by understanding the characteristics of the RF

propagation and the ECC method. Typically, bit interleavers

are used for binary convolutional codes. Symbol interleavers
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polarity bits. The error correction code corresponding to the
selection bit information is conpletely decoded. The resul ting
estimte of the underlying data nessage bits for the 20 selection bits

I's then re-enf@c@g,ﬂgi ng the same ECC code. As a respdraoshans
th

coding gain o e ECC code, the error rate of t he re-encoded
selection bits is substantially |ower than that of the selection bits
prior to decoding. The re-encoded selection bits are then used to

determ ne which cgfd @balii f5% multiple-bit block codes (e.g. Reed-Solomon49
WO 97/ 17789 PCT/ US96/ 17993

sunms are exam nededdesl. dofnd Suilel RToerid18nbOt Rlaivey 11 fthel fransmittdhe
bi ort hogonal receiver. Unlike prior art systens, the error rate of

the polarity bitSadd theudshinterDSavedNga tRE receiverdiis &l loyusietiyntansbay t he
selection bit error rate prior to 5 decoding. Instead, the polarity

bit error rate i ScorrelatfdihbedRédilchiseaitaielyat-ahymittedcbiel tdoobal error
probability of the polarity bits alone. The decreased error rate is

shown t e CosubtpAtihNg aliminatedi e theCSRETRihd priveesel eaheon SNR of
the polarity bits by approximately three decibels in certain 10
enbodi ment s. interleaver @dds tricd) chandd)@heNPUndafenell efrsntrateonmey ed to

bot h prior art antipodal and biorthogonal systens, the nmethod is
its use results in an error distribution which resembles a
random, uncorrelated process, which is important for optimum
operation of the ECC. The difference between a bit
10 interlieaver and a symbol interleaver is that in a symbol
interleaver, the bits are firgt divided into groups. Each
group consists of a plurality of bits. The temporal
relationship between consecutive groups is made substantially
random by shuffling, but the ordering within the group is
15 preserved by the interleaving process. The groups of bits are
known as symbols. In a bit interleaver, the group size is one
bit.
In the Figure 9 transmittef system, the minimum width of
the symbol in the interleaver 37 is two bits for the M=2
20 embodiment with two orthogonal signals in each biorthogonal
group. This presumes that the encoded selection and polarity
bits are organized as consecutive bit pairs. Therefore, the

shuffling process of interleaver 37 does not change the

characteristic that the polarity bit associated with a
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shown to reduce the effects of gain instability present at the

recei ver. Unconpensated anplitude variations in the received 15 si gnal
degrade the effectiveness of soft-decision convol utional decodi ng by
the Viterbi rithm which is ot herwi se optimumin a
naxinun}likeﬁ%ﬂggﬁéﬁknse. According to the method, t hBCEPP¥EFYSof
gain instability are mtigated by the use of biorthogonal nodul ation
and a normalized conparison 20 nmetric in the determ nation of the

selection bits, in_contrast . to the polarity nmetric of prior art
anti podal syst eng).ar icular selection bit is Immediatély adjacent to thatopit

VO 97/ 17789 . N . _PCT/ US96/ 17993
BRI EF DESCRI PTI OfP e pihfilicBequence.  The syghpl, widEk can,pe dncteagedm of

atransmtter fo Lor .. art. systemwth antipodal. mpdul ati on and
or t hogonal E’ﬁﬁ?‘?‘? pth'gxplr'\rgs. by gulci les'of §lPe 2% gomvelutipenal ECG ock

oL am of e CoathSed e o BEHEERSRE D O EM S haseos o tnereed® °

5 the symbol width beyond the minimum because burst errors
result in a degradation in the performance of the Viterbi
decoding algorithm. However, if multiple-bit block codes are
implemented, the optimum symbol size is related to the size of
the binary field of the code. For example, the optimum symbol

10 size for the Reed-Solomon block code over the Galois field in
2™ is m bits.

In the embodiments with two orthogonal signals in each
biorthogonal group (M=2), the minimum interleaver symbol
length is two bits, corresponding to the selection and

15 polarity bit for each group. The maximum interleaver symbol
length is determined by the characteristics of the error
correcting code. For convolutional codes, the optimum length
is two bits. However, for block error correcting codes such
‘as Reed-Solomon, the optimum symbol size corresponds to the

20 number of bits in the Galois binary-power field
representation.

A further difference from the prior art antipodal
transmitter system of Figure 1 is that the amount of

redundancy applied by error correction encoder 38 to the
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di stribution of the correlation suns determned in the Figure 2
receiver for one of the signals in the nultiplexed 10 ort hogonal system

using antipodal nodul ation when the i mpairment is additive white
Gaussi an noi s : Figure 4 is a prior art blgehsapeam of
t he anti podal d Signal set nodulator in the Figure 1 transmtter system
W th two orthogonal signals being conbined. 15 Figure 5is a
prior art block diagramof a biorthogonal signal set nodulator in a
transmtter systemydddiohVBits is ghteralinth eﬁw%gma HoJbRE Spom@tpf
which is transmtt ed. igure 6 I's a block diagram of the prior
art method of bitd) 0&5@9%@&9&1@@%% QBpéTkd B8 MR erreRMmuni cation
20 system Figure 7 is a graph illustrating an exenpl ary

di stribution of t?ﬁoé‘é&&@ﬁaldn@'? SWie merAdis det ecry@saeaﬁ,pnsea in the pPfor
selection bit in the Figure 6 prior art biorthogonal recei ver when
the inpairment is;AWgNen the underlying message bits are of varying o1

WO 97/ 17789 PCT/ U 96/17993

Figure 8 is aspri gfpdicansé AP mokklais! Al baka3R &MAMhEIE of thigli Stribution
of the correlation suns in the determ nation of

invention, UEP is used in the transmitter system even when the
message bits are of equal importance as a consequence of the
differentiation in error probabilities between the selection
and polarity bits at the receiver as will be discussed below.

10 The primary reason for the use of UEP in the system is due to
the construction of the biorthogonal receiver according to the
invention. Further description of UEP is provided below in
the description of the receiver system architecture,

In the Figure 9 biorthogonal system, a total signal set

15 of N orthogonal signals is generated or used, although only
N/2 are simultaneously transmitted when M=2. Therefore, the
use of biorthogonal modulation in this embodiment does not
increase the required size of the signal set compared to
orthogonal multiplexing with antipodal modulation. This is

20  important in communication systems where the required bit
density is high (greater than one bit/symbol/Hz) and the time-
bandwidth product is limited by either bandwidth restrictions
or implementation complexity. In practical systems, the

maximum duration of the baud interval is limited by both the
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the polarity bits in the prior art Figure 6 biorthogonal receiver
when the inpairnent is AWGN and the selection bit is 5 correctly

denodul at ed. Figure 9 is a block diagramof a transmtter system
for bi ort hogonal nodul ation with orthogonal nultiplexing according

to an embodi YN8 his i nvention. Figure 10 i sPEIESWHR9| agr am
of a biorthogonal nodulator 10 according to an alternative enbodi nent,

when four orthogonal signals (M=4) are provided in each group, and
only one orthogonal signal is transmtted for each group.

Figure 11 is a bFB%‘RS%HitﬁﬁFaﬁﬁ Feeeiyesi sPPRHGHRY and the shax§dte® or for the
receiver in the Figures 9 and 12 systens 15  when M=2, this figure

i lustrating advﬁﬁ‘?%f&é& BANLIARE of ithp transmigpion medivmosFoBie@lAunber

of bi orthogonal gr oups.  Fi gur e 12 is, a block diiagramof a

recei ver system PHPLIST freqiepey @hiftaft i@ ¥erirlsaNgloritisgotede -

mul ti pl exi ng accordi nq, ., .to _an _enbodjnment of this invention. 20
Figure 13 is a be’é’T?"%Hﬁr%eﬁf PEH, S0%Y hiphimigs; e Maxitpup baud interypl iy
bit denodul at_or, anog&@rﬁr or correction decoder subsystens in the

Figure 12 recei v&r™ efPFEPBRTThEEBRR for VHF {5aEPeRGI6A Shd or t hogonal
Dk & LD AebblSy one mifl1B2USAE™ HRY AR YSEE BLSAIAN" 08"
typically limited by regulatory requirements for broadcast
applications and, to a lesser extent, by complexity.
Accordingly, an advantage of this invention is that no
10 additional signals are required relative to antipodal prior
art systems for the same bit rate throughput.

In the Figure 9 system, there are N/2 simultaneous
orthogonal signals in the composite transmitted signal. Each
orthogonal signal is determined by biorthogonal modulation of

15 a group of two orthogonal signals (i.e. M=2). Bach group
conveys two information bits through the selection and
polarity bit information. The signals, iﬁ each group and
across all groups, must be distinct and pairwise orthogonal
because of the requirement for simultaneous orthogonal

20 multiplexing across biorﬁhogonal groups.

If additional orthogonal signals can be determined for
each group (e.g. M=4 in Figure 10), the method is extended so

that each group is made up of M orthogonal signals, where M is

a binary power (M:2). Each biorthogonal group conveys
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Figure 14 is a graphical depiction of the hierarchical structure of
t he ECC codeword which nay be used with partial - code- concat enati on
in the Figuregmgﬁ%;ﬁﬁransnitter and recei ver systens. pd&rmusoe/17993
Figure 15 is raph which illustrates the decibel |oss in effective
SNR t hat occurs when bi orthogonal nodulation is used conpared to
anti podal nodul ation prior to ECC decodi ng. The graph al so

[ 1ustrates the ovesabi, faciDetatihNoltdin § paua. @ thBesuaimt beesise of
certai n enmbodi nents Ot thé invention, 10 as a function of SNR

DETAI LED DESCRI PT ith 11 bit rdteRImMNGEYBORIMVENES: pettbaud,
| NVENTI ON Lmege:rér r iar?goﬁgz\ﬁ m)ré p%rti cul argIEy to the acconpanyi ng

drawi ngs in Whi Chchd kg8t GiBes UEGehrdrdd] 6AlRell bftrigbhsl signals,
t hr oughout the several “views. The bl ock di agram of the
transmtter systegpacaReding 44 an enbodi ment of this invention is
shown in Figure 9. The prior art Figures 1-2 comunication system
with N (N is even) generated orthogonal multiplexed signals, al

si mul t aneousl y 20 transm tteq, w th_antjypodal - ¢t a nodul ation, is
replaced with the system of Fi quegmP+i th only N 2 sinultanegusly
transmtted orthogonal signals wi th biorthogonal data nodul ati on.
This results in a dramatic reduction in the crosscorrel ation
interference of apbaCds@mpbe) ¥Fen=2 naw;(8) M=4, L=4N/3; and if M=8, L=2N.

The number of simultaneously transmitted orthogonal signals in
the composite signal for one baud interval, designated N., is

10 given by equation (7):

Nr.. = N .
{(log.M) +1 (7)

Equation (7) shows that as the number of orthogonai

signals M in the biorthogonal groups increases exponentially,

15 the total number of simultaneously sent orthogonal signals
that are required to convey the information rate decreases
only linearly. For example, if M=2, N.=N/2; if M=4, N;=N/3;
and if M=8, N,=N/4. Increasing M further.diminishes the
crosscorrelation interference by reducing the number of_

20 simultaneous signals at the cost of reguiring a total signal
set of very large dimension. With biorthogonal data
modulation, only N, signals are summed in the composite and

simultaneously transmitted. However, in the receiver (see
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PCT/ US96/ 17993 and six (6) decibels relative to the anti poda

syst em of Figures 1-2, when the orthogonality between signals is

di sturbed by nmultipath or dispersion. If the crosscorrelation

i nterference WOPHLEBY gnal s conbi nes coherently, as is the POIUSIEEIB ith
specul ar nultipath, the inprovenent is closer to six (6) decibels. If
the crosscorrelation interference across si gnal s conbi nes

i ncoherently, as with noise or diffuse mul tipath, the inprovenent is
closer to three (Fipugesyeild) for biorphogonatimWARtIMHCRS it nepessaxyute O
mul ti pl exed biorthogonal 10 transmtter corresponding to the .

di gi t al -t 0- anal ofOXORYRYS &he received compesiye fpioashasTeef the Rlurakityn
Figure 1 for the anti,podal system The source nessage 101 is made
substantially rar?&oﬁFB?p%é’l"gW os8pble qrihegonadssignalgsie the above
regarding Figure_ 1. In certain enbodi nents, separate 15 scranbl ers are
requi red for tho§°é'°ﬁ’é€%%f§’€ bFECeiNeEch Thegefore, couplexisy kPaHiranents

sel ection bits and thOfe g_ssoci ated with the polarity bits, when the
sel ection nesag@CBPTRILY 4imit thepractjcal (vaidiee of i dio BRtTEEaRham eight
polarity nessage.%its. The plurality of antipodal nodul ators, where
each modul ator is°20 conprised of 6, 7, and 8 in Figure 1, is replaced

W th : . .
th a Figure 10 is a block diagram of a biorthogonal modulator

36 for an alternate embodiment when M is four (4), which is
the next sméllest binary power of two. As shown in Figure 10,

10 there are four signal generators 39 for each group, each
generator 39 corresponding to a different cne of the four
orthogonal signals. The two selection bits 40, control signal
multiplexor 41, which has M or four signal inputs. The
polarity of the signal determined by signal multiplexor 41 is

15 established by multiplying 42 the resulting signal by either a
positive or negative factor of unity, deﬁermined by polarity
multiplexorl43, which is controlled by polarity bit 44.
Regardless of the value of M, there is only one polarity bit
in each biorthogonal modulator 36, while the number of

20 selection bits increases logarithmically with M.

Figure 11 is a block diagram of the group demodulator for

.the Figure 9 biorthogonal demodulation system according t§ an
embodiment of this invention where M=2. The signal

generators, correlators 17, and absolute-value functions 57,
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plurality of biorthogonal nodulators 36 in Figure 9. The Figure

9-15 system and nethod is adapted to transmt and receive RF signals
with carrier frequencies nore preferably from about 30 negahertz
(Miz) to 8 gi g¥hie (CHz), |

WD 97/ 17789 pcr/ usESTIPRgE e
where the effects of nultipath propagation are significant. Thi s
frequency range includes commercial FMradi o broadcast (88 MHz - 108

MHz), television m&&dxaw@igﬁi@\si.si%he(vémconm;zsat&r@adﬁaginei%wz 88
VMHz, 174 MHz - 216 MHz, and 47 ), and the proposed

ranges for terresgiddle BeWPIBFlaced with EHRARCHRANIEERWRpati RmChetdit:, bend
adj acent - channel (1BAC), and satellite digital audio radi o services,

such as L-band 65, 1h1FQg@ézll vhi@hGHEdoor@iRgtd tRe CiridEtiont. @sGHz), and
C- band (4.0 Gz - 8.0 GHz). The system and method according to 10

certai n enbodi menésmpuded adss @hberatied to transmt/receive signal s at
frequenci es above 8 GHz, such as direct broadcast satellite (DBS) in
the K bands (10 GHz to 36 GHz), but reception in these bands is
typically linsted by available ¢ = qugnal |®trength in the |ine-of-sight
propagation path. The 15 system amak ngujqQd |mgj¢ not applicadl e to

i ncoher ent comuni cati on systens because bi orthogonal nodul ation

reaniTes Where |M,| is the absolute value of the correlation sum between

the received signal and orthogonal signal 55, |M,| is the
absolute value of the correlation sum between the received

10 signal and orthogonal signal 56, and max(|M,|, [M,]) is a
function with two operands which results in the larger of the
operands |M,| and [M,|. In certain embodiments, the signals
are multiple bit digital sequences and the correlation sums
are determined by digital arithmetic, so that the metric

is computation in equation (8) is also computed digitally. If
the representation of the received signal requires complex
digital arithmetic (i.e. real and imaginary parts), the
absolute-~value functions are instead contélex magnitude
functions. The result of equation (8) is gquantized to a

20 lesser number of bits by quantizer 68 and propagated as "S*
beyond the biorthogonal group demodulator 78. For proper
operation with this configuration, orthogonal signal 55 in the
demodulator corresponds to signal 31 in the modulator and is

associated with an encoded bit value of one and a positive
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coherent detection. The system and nethod is utilized for carrier
frequenci es below 30 MHz (e.g. comercial AMradio band between 535
kHz and 1,705 kHz), where the transm ssion 20 nmediumis subject to

di sper si on. WO97I]7789 In addition to free-space propagation, this

i nvention is applicable to wire-line systens such as Y‘é’l"@%ﬂ%ﬁ’@
servi ce, | SDN, ATM SONET, and switched-56, where the transmtter and
receiver are connected electrically. Al though these wire-Iline WO

97/ 17789 PCT/ US96/ 17993
system do not have il Fi parRiEt= e OF hRsoRaL FigpaY ShJPethe demodulsfnss

ronificont or oncEarpkpE Heith Lﬂtgﬁ%ﬁggﬁﬁm&” iprassbeagted

significant crosscorr
characteristics f tgﬁgﬂ C I rcui connecting the transmtter
and receiver, such as coa‘%ﬁ%f1 Bit va %%lﬂf zef‘ifﬁnﬁlaﬂ’?%% metric C. .

frequency sel ecti ve %ggeéﬁé esiaglsc{:é%%ugf the nome aﬁg}g%%g_ﬁsggl [ g\éggfg: on

mtigates these del eteriols

dul'at or 364 0f & S.for the embodi ment
oF this | nveht1 R hEr e P iibeat mecrh Rt G pad fadBAen 1P cach

of this |nvent|on

T oy o W RS
different from encode the selection message bits in the transmitter system of
Figure 9 with a nonsystematic convolutional code. Then the
optimum ECC decoder 80 for the selection bits in the receiver
10 system (Figures 11-13) is implemented with maximum-likelihood
detection using the soft-decision Viterbi algorithm. For
nominal operation of the Viterbi algorithm, the width of the
quantized metric 78 is three (3) bits; the minimum width is
one bit. Additional bits may be implemented but there is a
15 negligible improvement in performance and the regquired amount
of memory increases, particularly in the deinterleaver
subsystem. |
The limiters 61 and 62 of prior art Figure 6 are replaced
with polarity quantizers 69 and ﬁo in Figure 11. The optimum
20 bit width of polarity quantizers 69 and 70 depends upon the
ECC coding that is applied to the polarity message bits in the
transmitter system (Figure 9). When a convolutional code with

Viterbi detection is implemented, the effective width of each

quantizer 69, 70 is at least three bits for optimum
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that 4 in Figure 1. It wll be discussed below that in order 15 for the
systemto properly operate, it is necessary that the shuffling
al gorithmof interleaver 37 (and consequently the dei nterl eaver)

possess the cR@ledfispsi stic of synbol i nterl eaving and Peusbéions
I nterl eavi ng. Wth conventional antipodal or prior art

bi ort hogonal 20 nodul ation w thout nmultiplexing, either a bit
i nterleaver or a synbol interleaver can be inplenmented. The

determ nation iS performd®de BYtr WS ShRdkNGs AguERA! ACKSF irtlriCaedfsibhe RFE

propagation and the ECC nmethod. Typically, bit i'nterleavers are used

for binary convoldldd-afay, RAFSoneopiP0]ls iBLEII&EAEBE Seach quanti¥er D 7dnk’ ¢8E
PCT/ US96/ 17993 are uSed for nmultiple-bit block codes (e.g.

Reed- Sol onon furncf8i8s)or EBCadd!Hot botbnb ézﬁﬁ.xﬂaméﬁi_ @AY ehidimgt PE.e.
transmtter and the deinterleaver in the receiver is to cause any

tenporal CQideCbat | QanBeE ah CONERAVALMA] Yol IANYIh! edaAbkeés to be 5
substantially elimnated by the shuffling process. The i nterl eaver

does not change tdi¢sbvaskiimpatiberfithel Fiixe, 1D Wethod and the WiGokesy tig i n an
error distribution which resenbles a random uncorrel ated process,

whi ch is inportandhaktoponyiiituiformatiSP @sat bON a0l e ECE botheoslidHeer ence
between a bit 10 i nterl eaver and a synbol interleaver is that in a
synbol | Nt aidr@@V&tion BamdidespaseivelyySis Propasstdinbeyqidoupe. Each
biorthogonal group demodulator. No determination as to which
of the polarity bit estimates is related to the selection bit
10 estimate is made until after ECC decoding at 85 of the
selection bits according to certain embodiments of this
invention.
The function of metric C 65 in Figure 11 resembles the
function of comparator 52 in Figure 6, but the use of metric
15 65 results in improved performance. Thé improvement due to
the use of the metric is evident with or without orthogonal
multiplexing. In both cases, the magnitndes of the two
‘correlation sums are compared in order Eo determine which of
the sums is larger. The advantage in using normalized
20 comparison metric 65 instead of the prior art comparator is
twofold: metric 65 preserves soft-decision reliability
information for later use in the ECC decoding; and metric 65
normalizes the comparison so that the reliability information

is insensitive to uncompensated amplitude fluctuations in the
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group consists of a plurality of bits. The tenporal - rel ationship

bet ween consecutive groups is made substantially random by shuffling,
but the ordering within the group is 15 preserved by the interleaving
process. The groups of bits are known as synbols. In a bit

i nterl eaver, WO®Jup size is one bit. | nPERESI1GMBe 9
transmtter system the mninmumw dth of the synbol in the
interleaver 37 is two bits for the M2 20 enbodi mrent with two orthogonal
signals in each biorthogonal roup. This presunes, that the encoded
sel ection and poF8Ffixed signal,; t'gh%lg'é‘tﬁgﬁaﬂ"f@ 98 18RS FOE SBafT s.
Therefore, the cshufflin rocess_of interl eaver 37 does not change

t he char acP&F¥is 62 Fﬂ%tbq-f’géh?ﬂﬂn&}i‘?‘;ﬂ PELORsociated with a

57 WD 97/ 17789 . . o

PCT/ US96/ 17993 An advantags, of Biortbegng) PRl Rt AT ER Lt to

'.that bi t in the serial, bit,6 sequenge.  The s%{\‘r%ol ¥VI dt h_can be .

| ner eased Belaiye 78 H1% BTASE TEL 5] Shet PRt 1264 SIROTEIRT SREFiEcC
t hod i | ted, it,.i. t d t tQ.i 5 th

Synbol i dt h ®heySHc-T HESRRR X% be ATRIAEYAR Saughiations (Mehce, the [, 4

Geuradati o | HEePal LA B0l Vol I omas amsEEGHL O3 B
both of the correlation sums, |M,| and |M,|, in the numerator
of the equation (8) ratio C. The denominator term in the
ratio C, being the largest correlation sum magnitude, also

10 varies in a manner that is proportional to the amplitude
fluctuation.. Therefore, the effect of a multiplicative
variation in gain is common to both the numerator and
denominator terms in C, and the ratio remains approximately
constant. The purpose of the maximum-value function in the

15 denominator of the comparison metric is to cause the resulting
ratio to be restricted to values between minus one (-1) and
pogitive one {+1), inclusive (i.e. normalized).

Receivers for wmobile communication systems (e.g. RF)
include automatic-gain-control (AGC) subsystems, which attempt

20 to minimize the fluctuations in the received signal amplitude.
However, the reaction time of an AGC subsystem is limited,
particularly when there is an abrupt change in signal -

amplitude (e.g. amplitude differences greater than 10 decibels

when traversing only a few carrier wavelengths). During the
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I npl emented, the optinmum synbol size is related to the size of t he
binary field of the code. For exanple, the optimum synbol 10 size for
t he Reed- Sol onmon bl ock code over the Galois field in 2[err] is m
bits. t he enmbodi nents with two orthogonal si ' ch
: 7, .
bi or t hogonal gPBL% 2), the mninmuminterl eaver synbol QQﬁ%ﬁ%ﬁg?ﬁpls
two bits, corresponding to the selection and 15 polarity bit for each

group: The nmaxi mum i nterl eaver synbol length is deternined by the
characteristics g E oY h
codes, the opti mc}:fmf'l %tervals gt\%) %S%i%\/\ggaelr 99'?' E}er %r

correcting codes b%tfebe it staBfii B@gd SR1eANPHe zfe@elmt umameh £ ZRry

corresponds to the nunber bits in the Galois binary-power field
representation. gifficult muftigithhehvidichhfeICent AP biSsylteR! m&y hot

ant i podal transmtter systemof Figure 1 is that the anmount of
redundancy appl i e@nbyrdd t8F a CUnstaht Hhpt REREE bedSudd dENEhe continuoudl

97/ 17789 PCT/ US96/ 17993

sel ection bits | ,9i88ids iR he Rate ARR 588hd10ehbfgP0! Phé Iphrpose ofiths-

This characteristic is | abel ed as unequal error protection (UEP). UEP

met hods are typi Gahhyni19@9 ifEdrtidn Qs to impratvé tMeCBeifimdAEErdsy ithe
nmessage bits are of varying
Viterbi decoding algorithm for convolutional codes (known as
soft-decision detection). The maximum coding gain that can be
obtained by the use of soft-decision detection is three
10 decibels when compared to hard-decision detection, which is
equivalent to limiting. In a receiver system with poor
amplitude contrel or in severe multipath, there is a loss in
coding effectiveness of one to two decibels from the best-case
gain of three decibels due to the problem of gain instability
1s with antipodal modulation. Thus, the advantage of having the
additional reliability information may be significantly
reduced with antipodal modulation and gain instability.
In contrast to the previcus paragraph, the receiver
system (Figures .11-13) of the inventionrdoes not exhibit soft-
20 decision coding loss for the selection bits due to gain
uncertainty. This characteristic is the conseguence of using
normalized comparison wmetric 65 and biorthogonal modulation.
Normalization does not compensate for the decrease in the SNR

that could be caused by gain changes which lower the signal
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5 | nportance. However, in certain enbodiments of this I nventi on,
~UEP is used in the transmtter system even when the nessage bits are
of equal inportance as a consequence of the differentiation in error
probabilities between the sel ection and polarity bits at the receiver
as will be di%@I¥LE® below. 10 The primary reason for t h@CEBSIGITIVEP in
the systemis due to the construction of the biorthogonal receiver
according to the i nvention. Further description of UEP is provided
bel ow in the description of the receiver system architecture.
In the Figure 9 BE¥RLHBYSREE 3ffacking theolayelsiofnbire fofse jimifaxivyr t ABgonal
signal s is generated or used, although only . N2 are sinmultaneously
transnitted when3agddticnyethegplarify bit demodwlagion;is hbbbsupceriidlst i on
in this enbodi nent does, nat i ncrease the required size of the signal
set conpared to t° amPLtd§ EHRAtuALEeRS PERRYRP e AekermbrrEAC B8 RS i on.
This is 20 i Oﬁt ant Lb? communi cafi on systens where the required bit
density is hi ghnE’(j’ 3ntter Hhant D P19 RERaL FroetieT: ReTynes. antipodal
bandw dt h product, is Ijrrit%d b gitger bandwi dt h restrictions . or
i mpl enent ati oh cORPEEXA) © I?P%P chpre florggiateng sy  If theygeleghdoBur ation
of the baud integval is limte bgbo&f&the )
59 WO 9%FE77%§? correctly decoded, then there is an SNR advantage in
PCT/ US96/ 17993 the determination of the polarity bits. As the value of the
SNR increases, the loss due to gain variation also diminishes,
so the effect of gain instability on the polarity bits is leas
10 severe than on the selection bits. TIf the mechanism for the
determination of the ratio is too complex to implement in
certain embodiments, even with only two or three bits, the
normalization (i.e. denominator) is omitted, but the receiver
is then more sensitive to gain fluctuations.
15 The operation of the biorthogonal demodulator can be
extended beyond the embodiment in Figuré 11 where there are
only two orthogonal signals in each biorthogonal group (i.e.
M=2}. 1In a general case, there are a piurality of M
correlatoxrs, absolute-value functions, and quantizers in the
20 demodulator in order to determine the correlation sums for
each biorthogonal group. The most significant difference
between the M=2 and the general case, M>2, is that normalized

comparison metric C 65 is replaced with the maximum-value

function. The maximum-value function used when M>2 compares
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transmtter and receiver conplexity and the short-term t enpor al
stability of the transm ssion nedium For exanple, Doppl er frequency
shift at high vehicle velocities (e.qg. sixty-five mles per hour)
limts the maggayppgud interval in 5 a nobile connunicatig@w§¥ﬁhﬂggfor
VHF frequencies to approximately one mllisecond. The available
bandwi dth is typically limted by regulatory requirenents for

br oadcast applications and, to a | esser extent, by conplexity.

Accordingly, an agyanj %@r@fatﬁghssdnp\{ﬁaﬁiﬂﬁebslﬁ hﬁjdegoto Hererm@d thonal

signals are required relative to anti pdodal prior art systenms for the

same bit rate throyglnut. The selection Bif MicBiafhy @oPrédith@lihg tdiekgeare N 2
si mul t aneous ort hogonal signals in the conposite transn1tted si gnal .

Each ort hogphalest AN tude Ifine 1Bl a&sbdhxaaédnrarsheﬂ@r&hee@ma atton of
15 a group of two orthogonal signals (i.e. Each group conveys

two information biisinateopsivrd B8 B Aebb@ihg? nd polarity bit
information. The signals, in each group an across all groups, nust

be distinct agd pairw ¢ tdlt HOARAL embodimdC IMELe M=4f, NEE N@RUEs@ENt fOT
si mul t aneous orthogonal 20 nultipl exi ng across blorthogonal groups.

| f additional ortbogulakion Fual fadgditules (R iLes d;waﬁxgrto the £&ACh group
(e.g. M4 in Figure 10), the nethod is extended so that each group is

made up of M ort hegentjonal (gigmals Wit e Nbidithogonalaghbouis }dremlh&feléﬂ/[ﬁr] 2) .
Each bi orthogonal group conveys

|M;| for the indices 1, 2, 3, 4, (i.e. [M], |M;], |M], and

IM,|), then the form of the generalized metric 65 is the

10 indicator function CM;, which replaces the comparison metric C

when M>2. The function CM; is defined as:

CM1={EL i€ M| = max (M|, M|, M), |M])

0 else (9)
The indicator function results in the binary value one if and

15 only if the index corresponds to the maximum correlation sum
magnitude. The function isjevaluated for all indices. The
index correspénding to an indicator value of one is used
together with a table look-up to determine the encoded value
for the selection bits (e.g. two-bit values 00 for index 1,

20 bit wvalues 01 for index 2, bit values 10 for index 3, and bit
values 11 for index 4). A disadvantage of this function is
that it does not preserve soft-decision reliability

information; it only determines which of the orthogonal
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(log[err]M+1 information bits in a baud. For the conmunication

systemwi th an overall bit rate throughput of N bits per baud, t he
requi red nunber of generated or used orthogonal signals, desi gnat ed
L, is: 5  WO97/17789 L = [err] PCT/US6417993

For exanple, if M2, L=N, if M4, L=4N3; and if M8, L=2N. The nunber
of simultaneously transnmitted orthogonal signals in t he conposite
Cygnal Tor one DayCeaty §h" e yrorp ek ppry likely €0 nave neln’ElatY §8U71) O

Equation (7) shows that, as the nunber of orthogonal , Si s Min th
bi ort hogonal gr o&Bg PHCIEYsEXTELBEbHEh 5T 'P%g,“ltg‘ge Ph 8T AP gg)ﬁﬂ%r o:‘ nene

si mul t aneously sent orthogonal .signals that are requir to convey
t he information F%@%é?eﬁ%@s‘l'& “loﬁIW“HeQSI'y? W"gﬁa‘ﬁfg%@? if M2,
Nerr]=N2; if M4, Ne.err]=N 3; . .and if M8, N.errl=N4._Ilncreasing M
further dimni shé'§1’fﬂ5'e“'tl' . FP5s SRR FFD RE| ?ﬁ‘%gﬁﬁ%ggtgytl?eeduci ng the
nunber of 20 si nul t aneoys signals at _the t, of requiri a total
si gnal S5et TYRCRASY, °F§?‘g‘§"—§?@‘hﬁ%‘ﬁ?*% ﬁﬁ?b?%rcfﬁ‘g'ﬁolr% gg%\t a

difference between |M| and the next largest correlation sum

magnitude and then normalizing the difference by |M|. The

normalized reliability estimate is defined as:

Ry = IMl'maJ((lMd' IMZII |M3| ’ iMCI)
10 #|M|

M| (10)

Ry is non-negative. As the value of R, increases away from
zero, towards positive one (+1), the reliability of the
decision is found to increase. A Ry value of zero indicates
15 that there is an ambiguity in the determining the largest
correlation sum. Ry is quantized to a lebser number of bits
{typically two or three) to limit impleméntation complexity.
According to certain embodiments of this imvention, in
biorthogonal demodulator 78 shown in Figﬁre 11, both of the
20 correlation sums, which correspond to the crosscorrelation
between the received signal and the two orthogonal signals in
the biorthogonal group when M=2, are propagated after
guantization. The result of the normalized comparison metric

65 is the estimate of the encoded selection bit. However,
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nodul ation, only NL signals are summed in the conposite and

sinmul taneously transmtted. However, in the receiver (see WO
97/ 17789 PCT/ US96/ 17993
Figures 11-13), f@hehOr thogonal nodulation, it is necessary geqysosnroos
correlate the received conposite signal across the plurality

groups with L possible orthogonal signals in the bi or t hogonal
receiver. Therefore, conplexity requirenents 5 generally limt the

practical value qf,)\hkOrild pIREE d:haRe&d R of Fi 6, bibkEhERnal is a
bl ock di agram of a blorthoggga nndu?ator ° lgggefor an alternate

enbodi ment when Ndeaf, 0o 48 addy Bt i Setermine WACcREE taEBEWE PolRETEY Y
power of two. As shown in Figure 10, 10 there are four signal generators

39 for each groupp;teagbimates i8GRALFRN. 3FneAfRePOEKE Ambeulatdohl 6F @hle one
of the four orthogonal signals. The two selection bits 40, control

si gnal nultédldgxgy vits ¥&iiGkompbetd.or four signal inputs. The
polarity of the signal determ ned by signal nultiplexor 41 is 15

est abl i shed by mul ti platigiged 22t BAd rBsdbi Bipcki @hidraby ehdthelldstrate the
positive or negative factor of unity, determ ned by polarity

mul tipl exor 43, vwhivgystéms ant £10d lredebyed @ystéd,y bbiéndl4ach biortRegesll ess of
the value of M there is only one polarity bit ~in each biorthogona
modul at or 36, whidencdatatoinirer ith2Befersnbecid Figitd 92i, nthie RFesuning
|l ogarithmcally with M
12, A/D data-conversion 13, synchronization 14 and 15, and
equalization 16 subsystems are similar to those in the prior
10 art antipodal receiver system (Figure 2). In addition,
descrambling 76 subsystem is not substantially different from
the prior art antipodal receiver system. The parallel-to-
serial converter 77 is still reguired, but its operation is
different from the prior art antipodal system. Each group of
15 biorthogonal signals in the plurality with orthogonal
multiplexing has a corresponding biorthogonal demodulator 78,
one of which is shown in Figure 11, and has already been
described. The number of demodulators 78 required or used
may, of course, be substantially greater than the two shown in
20 Figure 12. Deinterleaver 79 and error correction decoder 80
are unrelated to the prior art antipodal receiver system.
The plurality of biorthogonal group demodulators 78 in

Figure 12, generate sequences of bits (S, PO, Pl) which

correspond to the quantized normalized comparison metric sums
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Figure 11 is a block diagram of the group denodul ator for the Figure
9 bi orthogonal denodul ati on system according to an enbodi nent of this
i nventi on where M=2. The signal generators, correlators 17, and
absol ut e-val ue functions 57, 62

WO 97/ 17789 WO9117789 - PCT/ USBGY/U§5542993

58 are as in Figure 6. However, conparator 59 in prior art Fi gure 6,
is replaced with the nornalized conparison netric C 65, in Figure 11
whi ch, .according to the invention, is uted as the ratio: 5

C [err] and quantized correiat(a.gfx sums . Awfgtdéng I\’[%Fﬂ]‘?t*%‘st Hé)

absol ute val ue of the correlatlon sum bet we t he received signal and
ort hogonal si gnaf®&sl?)p V% the pReqifdc em“%ﬁ%’bl‘ﬁt@ ¥hhggoptl aignals
correlation sun1betmeen the recejved 10 n and orthogonal signal 56,
and max(|Merr]|¥ ‘}Wé’PrTTS qggnﬁl signalg u"ﬁ’cFP&ﬁ %“Fﬁh?%a pBF IR nfii ch
results in the | arger . er ands err]| and err

certain enbodi me'HT% ' tnﬁé 'E?td"ﬁﬁl gums ahd N %oy EEM B‘H aﬁkg} ngééﬁﬁences

and the correlatLon s,u ital arithnetic, so

d d
Phot e ont i o bagbrd Fach demonbl it a8, Mg o i )seﬁﬂeaﬁe?oassrﬁﬁfe@aea in

digitally. H a serial, sequential manner by the parallel-to-serial
converter 77.
With reference to Figure 13, each element in the
resulting sequence consists of one metric sum 81 and two
10 correlation sums 82 and 83, each of which is implemented with
a plurality of bits. Each element is propagated to symbol
deinterleaver 79, which reverses the shuffling implemented in
the corresponding symbol interleaver 37 of the biorthogonal
" transmitter system in Figureis.
15 A sgpecific intermal structure is provided for
. deinterleaver 79. The requirement for a symbol interleaver in
the transmitter system of Figure 9 in order to preserve.the
relationship between the polérity bits and selection bits was
previously described. 1In the Figure 11-13 receiver system,
20 the relationship between the estimated selection and polarity
bits must also be preserved through the deinterleaver 79
shuffling. Since the determination of which of the
correlation sums is relevant is not made in each biorthogonal

demodulator 78, both correlation sums (i.e. polarity bit
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the representation of the received signal requires conpl ex di gi tal

arithnetic (i.e. real and imaginary parts), the absol ut e-val ue
functions are instead conpl ex nagnitude functions. The result of
equation (8) weofhagpti zed to a 20 lesser nunber of bits pyrgdaRiaeger 68
and propagat ed as "S" beyond t he bi orthogonal group denodul ator 78.
For proper operation with this configuration, orthogonal signal 55 in
t he denodul ator corresponds to signal 31 in the nodulator and is

associ ated Wi th 2 fR&edstak reYaddi 18 t1 BefBEL iBnPBSE tdat@mate.
63 WD 97/ 17789

PCT/ US96/ 17993  ThereforelBiHd fifimsi WhleH lof, thé 166D deivikerpdaves Eor t he
denodul at or corresponds to signal 32 in the nodulator and is

associated tMé IdompAr L8P MREr{d koyetheyr QicH &R PHIhrtpegstinatestidd C C
When the statistics of the noise and/or crosscorrel ati on 5 i nterference

are appr oxi mat el ¥nainiok-tBbRd SyétemidEeh M2i fs three (B)ShitHUt iThe, the
opti mum ECC encoder configuration is to encode the sel ection nessage

bits in the fransptiviuel widts 48 Ddrger if fH1GubL1{EyWWhihFoimalt@6s VEdreBBEE €
convol utional code. Then the opti mum ECC decoder 80 for the selection

bits in the receay€isiohOdecaiingeis (deiggite’r 1Thd Hptifum Mikenefdedhai t h
maxi mum | i kel i hood detection using the soft-decision Viterbi
algorithm For system with convolutional error coding applied to both the
selection and polarity bits with soft-decision decoding is
nine (9) bits. In some circumstances, where the SNR is
10 relatively high {e.g. greater than 15 decibels) or where the
amount of memory available for the deinterleaving is
insufficient to accommodate the extra bits or where hard-
decision block error coding is applied to the polarity bits,
the correlation sums (i.e. polarity bit estimates) can be
15 quantized to one bit each, which requires an overall
deinterleaver symbol size of five (5) biés. When the method
ig extended beyond the receiver system with M=2, the symbol
size of the deinterleaver is increased because there are, in
general, M correlation sums and an indicator function which
20 corresponds to log.,M estimated selection bits, with associated
reliability information, determined by equations (9) and (10},

for each biorthogonal group demodulator. Similarly, the

symbol interleaver 37 in Figure 9 is extended in the general
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nom nal operation of the Viterbi algorithm the wdth of the

quanti zed netric 78 is three (3) bits; the mnimumwdth is one bit.
Addi tional bits may be inplenented but there is a 15 negli gi bl e

I nprovenent in _performance and the required anount of menor
iggreases, pﬂ??"é f®r1y in the deinterleaver subsyst eRET/USIENTI93

The limters 61 and 62 of prior art Figure 6 are repl aced wth
polarity quantizers 69 and 70 in Figure 11. The optinmm 20 bit w dth of

pol arity quantizers 69 anpd 7%586 ends upon the ECC coding that is
applied to the pSPEY ia[°ygﬁ%%se g"'{‘]@,"i ﬁg’f‘Fﬁfpmds tq Fﬁﬂ%‘n??’t’é?tig?sl?’e‘?ﬂ
(Figure 9). V\henag convolfgti. nah.code wth Viterbi detection is

i npl ement ed, the e?f°é’(?t POt R1Br each gquanti zer 69, 70 is at |east

gg;i$7gbts for OptlﬂUf% the prior art method for multig*fﬁiegg%ﬁyP?gé%al

P Lo e, DU a0 ek SRS N SV 2 ana 2, &
(unct on of 63 i) URERRR.RELI A Sihedfiobl 1) ol adinrarparvsB AN e
,',: i -g,l,” € 11,, rmt hOdngtgq:e#E & ib%'&a’&&é éh% modulatrigr?‘tp o%leg‘srcl_;[ clctr};' Osr sgiqggntas
PO" and "P1" for both of the
to the interleaver in the transmitter, and the demodulation
processes precede the deinterleaver in the receiver. The
internal structure of the interleaver and deinterleave: is
10 irrelevant as long as there is a bijection between the
unshuffled and shuffled bits. This also applies to the pfior
art method of biorthogonal modulation without multiplexing,
shown in Figure 5. The requirement for the symbol interleaver
ahd symbol deinterleaver is a éonsequence of the use of the
15 rgceiver according to this invention, where the polarity bits
are not entirely determined in each biorthogonal demodulator.
Tﬁis is evident regardless of the type of ECC (i.e. |
convolutional or block coding) applied to the selection and
polarity bits.
20 In the Figure 11-13 receiver system according to certain
embodiments of this invention, the decision as to which of the
pelarity bit estimates (PO, Pl) is relevant is not determined

until beyond deinterleaver 79, while the estimate of the

gselection bit is determined in demodulators 78. If the
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correlation suns respectively is propagated beyond the bi or t hogonal
group denodul ator. No determ nation as to which of the polarity bit
estimates is related to the selection bit 10 estimate is nade until

after ECC decqglh9g17949 85 of the sel ection bits accordi pgriSesfiFeedi N
enbodi nents of this I nventi on. . The functionﬂg¥ net??% C 65

in Figure 11 resenbles the function of conparator 59 in Figure 6, but
the use of netric 15 65 results in inproved performance. The

i mprovenment due tghuffling! BE dwesefidiNGelBidduents QAVEEE Yy Wkift&eubtpout
or t hogonal mul tiplexing. In both cases, the nagnitudes of the two

correl ati on suns apealsyupes cthd Relitinshdp dRcGEEN eV BeXdtt®bn ana the suns
is larger. The advantage in using normalized 20 conparison nmetric 65

instead of the prpelasity 5OFTENtAMAEed,S then aftb¥Oddnderl@ivihg, 6& RESErves
soft-decision reltability information for later use in the ECC

decodi ng; and net gigffalt to inpledddd 288 €RRKEAFNRIChERTENEO thialwdull@ be
reliability information I's insensitive to unconpensated anplitude

fluctuations isn tBequired in ord@r9Yé Idet@%mine which polarity bit estimates
PCT/ US96/ 17993 received signal. The latter advantage is unique to
t he use of getrdapofil BG Pastidingonedledbilbil dikOBstimate. It had\n
advant age of bi orthogonal nodul ation in Figures 9-13 relative to the
prior art is thatahosatyl beetl shewnain LGoatidn i(5) that if the selection bit
is incorrectly identified, whether by error or by examination
of the wrong corresponding polarity bit estimate, the error
10 probability of the polarity bit escalatés to one-half (1/2).
The direct coupling between the pfobability of error for
the selection and polarity bits in the prior art demodulator
of Figure 6 is a significant disadvantage to the use of
biorthogonal modulation. According to the invention, the
15 receiver system of Figures 11-13 effect to diminish the
coupling between the error probabilitieé. Figure 13 is a
block diagram of deinterleaver 79, polarity bit demodulator,
- and error correction decoder B0 subsystéms. After symbol
deinterleaving 79, the encoded selectioﬁ bits are ECC decoded
20 by selection bit ECC decoder 85 in order to determine the
~estimated scrambléd source message bits which were aséociated
with the encoded selection bits by the ECC encoder in the

‘transmitter system. The decoded message bits are then re-

encoded by selection bit ECC re-encoder 86. The
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5 65 is insensitive to anplitude fluctuations (hence, its

designation). As the received signal anplitude varies, so do bot h of
the correlation sunms, |Merr]| and |Merr]|, in the nunerator of the
equation (8) ratio C The denom nator termin the ratio C being the
| ar gest cor r YGTTHsum magni tude, also 10 varies in a nﬁﬁﬂgrb‘"f‘ﬁ%’gi S
proportional to the anplitude fluctuation. Therefore, the effect of a
mul tiplicative variation in gain is common to both the nunerator and

d ' t t ' dth | [ ' | .

denorinal o L Tkl 0 it 2 L APRLOLITh bl o811
[ tri ' . | £ . | icted t

COMPR T 50N IeL 1 fod Sek0eRRURS 50l S Lidlnyvcer akBLLP A8 DEafitaLi] cted to

val ues between ni'nus oOné (- posi usrve (i.e.

l'ized). ' f i s ' . q.
nor el 26). | s PR KR s BB b O GRAER 8 ST 0
20 b LT 2Seh R AL O Eod RSO a5 A0y BB o

[ I |y _wh | s L. Si | [itud . 0.
a1 U )Y QheB bS58 Ao SRS Bl gy corpaPl U0 (0 9

anplitude differences grea raversing only a

ggw carrier VV\%VS%%&%)KS vﬂéﬁ' chnvtﬁ%tional coding is applied to the

PCT/ US96/ 17993 selection bits, ECC re-encoder 86 is preset to the same

initial state as ECC eﬁcoder 38 in the transmitter system
because of the memory effects of the code. The initial or

10 preset state may be the all-zeroes state, for example. The
use of a convolutional code for the selection bits has the
advantage, compared to most block codes, that the
implementation of re-encoder 66 is straightforward and
requires a minimum amount of hardware. Convolutional encoders

15 are implemented with tapped linear shift-feedback registers as
described by A.J. Viterbi [reference: A.J. Viterbi,
"Convolutional codes and their performance in communication
systems," ibid.].

The re-encoding process 86 generates the encoded

20 selection bit sequence cdrresponding to the decoded selection
bit estimate. The re-encoded selection bit sequence will have
considerably fewer errors compared to the selection bit
estimate determined in each biorthogonal demodulator 78, prior

to ECC decoding 85, because of the effect of ECC coding gain.
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transition interval, the received signal gain may vary w dely bef ore

It stabilizes. When the receiver is in-notion in very difficult
mul ti path environnments, the AGC subsystem may not converge to a
constant anpl g'spspRcause of the continuous 5 variatio |

recei ved signal ene?gy. The purpose of the reliabilitec*ﬁg%aﬁﬁ?ion
Is to inprove the performance of the Vi terbi decoding algorithmfor
convol utional codes (known as ~ soft-decision detection). The maxi mum
coding gain that 88 Rfencoded ¥aiabiith BYed N elibed toS@der 8L SN one |
detection is three 10 deci bel s when conpared to hard-JEC|s!on etection,
which is eqbE Vel Rbrk@1 dtitht bitth, bhPedr GEREAIMALaSYR) 98 WL h poor
anplitude control or in severe multipath, there is a loss in codi ng

effectiveness of pREpddatbWOLy Gkl BEHFexlcrO8T | NBnbE HheCaSEerminatifitiad £ three
deci bel s due to the problemof gain instability 15 wth anti podal

modul ation.  Thuswhide cdvRetcaeee it RAY bitth liBerelevant AfsH bLLOPH i(f?e{nséé)i lity

information may be significantly reduced wi th antipodal modulation
and gain instabil bfyselecting betweéd thRNbsA at Porl REmP! BHOHSmARIIRELAPN, the
receiver system (Figures 11-13) of the invention does not exhibit

soft- 20  decCi sporntieg Bit le2gsmatyd ihECS HeB6&dd ByDiémm ity tdRkBoder
uncertainty. This characteristic is the consequence of using
normal i zed conparseson netric 65 and bi orthogonal nodul ati on.
Nor mal i zati on does not conpensate for the decrease in the SNR t hat
(é(7)ul d be caused by gaim changasodihesit, Wader id@estibal below, the decoded
selection bits undergo further ECC decoding 88 togethér with
10 the demodulated polarity bits. This data path is shown in
Figure 13 as dotted line 89. Otherwise, no further ECC
decoding of the selection bits is performed. After ECC
decoding, the decoded selection and polarity bits are a serial
sequence of estimated source message bits 90 except that they
15 remain scrambled. The sequence is propagated beyond the ECC
decodexr subsystem 80 for final descrambling 76, described
previously. If the selectidn and polarity message bits are of
varying importance, separate descramblers are regquired.
The error probability for the polarity bits is described
20 by equation (5) for the Figure 6 prior art biorthogonal
receiver. Equation (5) is not relevant to the biorthogonal
receiver system of this invention because it does not take

into consideration the effect of coding gain. Accoxrding to

certain embodiments of this invention (Figures 9-13), it has

77



WD 97/ 17789 PCT/ US96/ 17993

| evel without affecting the level of the noise simlarly. In

addition, the polarity bit denodulation is still susceptible to
anplitude fluctuations because the determ nation of the polarity bits
in the biort YWY3HY™ ecei ver requires antipodal 5 detecti BETHSIHTY30f t he
correlation suns. |If the selection bits are correctly decoded, then
there is an SNR advant age in the determ nation of the polarity bits.
As the value of the ncreases, the |oss due to gain variation

al so di m ni shes been dl%‘é?"teﬁﬁdetfl’faéc?h%fprﬁﬁﬂﬂi%t ghi §5TO¥ g?F tthe patarityy
bits is |less severe than on th el egtion bits | f the nechanismfor
t he det er m]?ﬂ'ﬁ ohroPERE TR EC $§°%Bgcmfe§h‘f Falaptendits; 18-
certain enbodinents, even with only two or three bits, the

normal i zation (i.e. denom gator), is omtted, tt receiver IS then
nore sensitive to gain flugguat ohs. *155 - PJ%H 'ﬁgﬁbperatlon of th?

bi ort hogonal denodul ator can be ext ended beyond t he enbodi féAt in
Figure 11 where there are only two orthogonal signals in each

biorth | | h
- p: S;al io'?gngf %Iro%egec%r(?fcﬁ?%rpsr%ésgcﬁqﬁ 89 ee[Jg +%%§t% 0 %er ngr e?érﬂ i zers
in th 20 dempdul at d th f
each bi or thogonal Pt (Fhe FoSFPARGR MEER e PrTer dreees 2 BERhgen ne
M2 and the geners%llegé‘fo% b%zaféé Eaétdeggd{@gl IBZ_’aea.nd re-encoding 86 P5%, in

equation (11). The value of P%%, is several orders of

magnitude smaller than PS, because of the ECC coding gain

10 except when the error rate is extremely high (around 1x10-%),
where the performance of ECC methods, in general,
deteriorates.

The probability of error in determining the selection

bits prior to ECC decoding 85 is twice that of the equivalent

15 antipodal system as shown in equation (3). The method of this
invention does not change this characteristic. However, the
error rate of the ECC deccded 85 and subsequently re-encoded
86 selection bit sequence is much less than the error rate of
the prior art antipodal system prior to decodiﬁg, provided

20 that a sufficiently low rate (i.e. high redundancy) code is
applied to the selection bits. Thus, certain embodiments of
this invention eliminate the undesirable characteristic of the

prior art method and system of reception for biorthogonal
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conparison netric C 65 is replaced with the maxi mum val ue function.
The maxi mum val ue function used when M>2 conpares

68 WO 97/ 17789 | _

PCT/ US96/ 1799 the Mcorrelation sum magnitudes in o

det erm ne theSWO9WTn?%rgest. The selection bit encoding corrgggoﬁ%ﬁﬁﬁmto
t he | ar gest magni tude sumis denndulated as the selection bit
estimate prior to ECC decodi ng. In the specific enbodi nent

where M=4, if the fOMEation whSPfspéltﬁi)téﬂg gggrﬁog(%&g%% o£R5S FaReI L0

t he four orthogonal signa group, are

|Merr]| for the ifdiCesproach tiat ¢ £he %quLMﬁﬂt] hne {481 dderebM errl |,

and |Merr]|), then the formof the ‘generalized netric 65 1is the 10
i ndi cator function CM k] praviehs o %ﬁ@éest REefOBRR LS VBB dydteln

when M>2. The function CMerr] is defined CMerr] = Jerr]
if [Merr]| = max (AiNieés [1h-od ard bhkptdded EHpﬂoMe@i{ ]dpErate (e.g. greater

el se- (9) he |nd|cator
function resul§s ithahNgodttnar Jedideli8) ONthel be Aliftoadd 86 Qgié/cﬂlfont Bge i ndex
corresponds to the maxi mum correl ati on sum magni t ude. The function is

eval uated for all pgrogabfatyT6€ error is NHEEiEAteFPARAINGNAO iRNmbRGiLat or
val ue of one is used
ignored (i.e. P5P<1x10 implies 1-P%° = 1). By equation ({11),
the polarity bit error rate, P% prior to its own specific ECC
decoding 88, is then approximately equal to the polarity bit
10 conditional probability of error, P*IS,, which was shown in
eqguations (4A) and (4B) to have about a three decibel
advantage in SNR compared to the prior art antipodal system.
This invention does not reduce the probability of error
for the selection bits prior to ECC decoding 85. However, the
15 SNR advantage in the polarity bit determination can be used to
improve the overall error probability by decreasing the code
rate for the selection bits, which increases the redundancy
and consegquently lowers _t:he probability of error after
decoding. Again, using the first-error event approximation,
20 the decoded error rate for the polarity bits, P*?, is
approximately:

pro, = Q q’g.z.g *Qore
N (12)

b0

79



together with a table | ook-up to determ ne the encoded val ue for the
selection bits (e.g. two-bit values 00 for index 1, 20 bit values 01 for

index 2, bit values 10 for index 3, and bit values 11 for index 4). A
di sadvantage _of -this function is that it does not preserve

soft-deci si oI 1ity information; it only deter nPGRYSIHATER of

t he orthogonal 69 WO

97/ 17789 PCT/ US96/ 17993

signals in the gr

maxi mum corr el at iwglléggu S’néng?#}feljggsl %m;é%ﬁg&%ljghlggg)nu%g%ée I;pp_ﬂ'%\ﬁ%lt@yggg M
eci si on can bo. FERBEFSY BT | (5, REPPR 0B 0% COUREASH (b7 bn o PRt | on
(9) by ommut | 10 BGeeq py oIHTEoRESPEERD LI ong Yisnodolgent
R0y 1o TSR BN KA it 308 ety
Rert] T nort nedRRbei KEoFif She ST Rpat Ishepygius sncipedp?  pypen
zero, towards pog)sti,VendLGmbs *doaink Culieh! 304 |dib¥n My &Gation (2).
Therefore, a higher rate code (which will have a smaller d.),
can be applied to the polarity bits without saérificing the
error performance of the polarity bits when compared to the

10 prior art antipodal system.

The overall code rate, R, for the encoded selection and
polaxrity bits together is the sum of the product of the code
rates and the number of encoded bits for each code. R is
found to be:

15 : R=_1logM _ "R+ ____1____ "R

l+log,M l+log,M (13)
where the selection bit code rate is R;, and the code rate for
the polarity bits is R,. For an embodiment with two orthogonal
signals in each biorthogonal group (M=2), equation (13)

20 simplifies to the arithmetic mean of R; and R;. The
transmitter and receiver systems are designed so that the
overall bit rate accommodates the message throughput when
burdened by the ECC overhead. Therefore, the required system

throughput is the product of the necessary data message
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decision is found to increase. A R err] value of zero indicates 15 t hat
there is an anbiguity in the determning the |argest correl ation sum
Rlerr] is quantized to a | esser nunber of bits (typically two or
three) to |i myoleiplzggrent ati on conpl exity. AccorgFti: sj}@l &ﬁrtal n
enbodi nents of this invention, in bi ort hogonal denodul ator

in Figure 11, both of the 20 correl ation suns, which correspond to the.
crosscorrel ation bet ween the received signal and the two orthogonal

signals in tamob?nﬁdmaa@ra{e FeOUProME NoMihe drall ORAIALEHe af tAsaf

quantization. The result of the normalized conparison netric

the estimate of thmceassslas eré &daeOPatl tror HWME VB arity bits means that the
.70 WO 97/ 17789 _ _ _ .

PCT/ US96/ 17993 code ratd iEke $He sBLEOHich! biff cRhVISE dRErEALHH §ifmout

bi or t hogonal denodul ator 78 does not determ ne which of the two

pol arity bi tehangingihe dveragleysdd ratder eber £ milbepramgdebéidonyof
the .  polarity bits is inconplete. 5 Figures 12 and 13 are

bl ock di agramss t hat>i} ) Usf £Ré dlaeity bit SHRSYEEEISit Rab eenCeEiNE tna¥ St em
beyond each bi orthogonal denodul ator 78. Wth reference to Figure 12,
t he RF-tuning the 1€orrdisPonliing eRMVGY Tabtor, 36 $30Nr oRi vt ketedd NP1 5.
and equal i zation 16 subsystens are simlar to those in the prior

code rate so that the overall rate is unchanged is:

G = Rn * (I‘F) + 1
R, - log,M (14)

10 For example, for an embodiment with two orthogonal signals in
each biorthogonmal group (M=2), if R,=Rg=1/2, and if F=4/3,
which corresponds to a thirty-three percent (33%) increase in
the code rate for the polarity bits, then according to
equation (14), G=2/3. Thus, the code rate for the selection

15 bits could be lowered from rate 1/2 to rate 2/3:1/2=1/3. There
is a significant decrease in the decoded error rate as the
code rate is lowered below 1/2, especially when the SNR value
is relatively low (e.g. less than about 10 decibels). The
improvement in error performance, after ECC decoding, brought

20 about by the use of a low rate code for the selection bits
more than compensates for the slightly inferior error rate of
the selection bits in biorthogonal modulation prior to

decoding, when compared to prior art antipodal modulation.
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10 art antipodal receiver system (Figure 2). In addition,

descranbling 76 subsystemis not substantially different from t he

prior art antipodal receiver system The parallel-to- seri al

converter 77 _is still required, but its operation is different from

the prior arVOIMT®¥dal system Each group of 15  bi ort hABAEOEEPFhal s in

the plurality with orthogonal mul ti pl exi ng has a correspondi ng

bi ort hogonal denodul ator 78, one of which is shown in Figure 11, and

has al ready been describ gB ﬁ?n ynber denodul ators 78 required or
8ty

0
used may, of cotR%&PTHEIY téF’T‘y"fgrt&ﬁt BFeTRHE e TRYD RETYRAZ i n
20 Figure 12. Delgherleaver ng, error Srrectio decoder 80 are
unrel ated to t hetR¥i®stesFt Ihl"i‘PFipB L R §PIR \FAtEf, depends upon lT‘ﬁe
lurality of biortho na Igfe) nmodul ators 78 in
gezeralt eysequelnc ’i?%% uQE’Ot %?tmeéﬁage tlhatcb‘? rcé’%g%‘{ FE"?‘h‘éhe

quanti zed nor mal | zed g nggargy%%m”@é S 2Wlver systen. In certain

PCT/ US96/ 179 3 embodimed léantl e -5 el‘%#g%l n r%:{Accordln to
equations (6 and ?ai‘) f OF %%% %Pﬁ)% FRRSR SBFOonN X ?Fh%ﬁonal
VD) N2 metric %mesg%é%cgi‘% et el CRE3, ph gieniee - TRl {1
the decoded error rates for the selection and polarity bits
must be approximately equal. This circumstance is typical
when the source message represents arbitrary digital data.
10 For these systems, if the overall code rate is 1/2 (which is a
common value for mobile communication systems), the optimum
selection bit code rate, R;, is found to be between about 1/3
and 1/4, inclusive. However, in communication systems which
transmit and receive digital data that has been significantly
1s compressed with respect to the original information source
(e.g. source coding), the importance or priority level of the
message bits is not equally distributed among all bits.
The transmission and reception of digitél audio and/or
video data by compression standards,sﬁch as the MPEG
20 specification [reference: ISO/IEC 11172-1/2/3, "Information
technology - coding of moving pictures and associated audio
for digital storage media at up to about 1.5 Mbit/s," Geneva,
Switzerland, pp. 140-142, 1993] is an example of a

communication system application where the bit importance
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5 beyond each denodul ator 78. The bit sequences are arranged in a
serial, sequential nmanner by the parallel-to-serial converter 77.
Wth reference to Figure 13, each elenent in the resul ti ng sequence

consi sts of o@g@d¢abkfgeC sum 81 and two 10 correlation su éﬁ“#ﬁg’
each of which is inplenented with a plurality of bits. Each el enent

I s propagated to synbol dei nterl eaver 79, which reverses the
shuffling inplenmented in the correspondi ng synbol interleaver 37 of

the biorthogonal varies tdoRBSdErab®y. SHREEM A Hakh I AR assbiated with
specific internal structure is provided for dei nterl eaver 79. The

requi renent for asgHEknikatfdn, caxlle-ldecoding, LAE dxpBRSHE Whghi SyilsehSin
Figure 9 in order to preserve the rel ati onshi p between the polarity

bits and sel ecti oasbiéfiewBactors, afd EbuAESHd bdemsdH Rfe impotbentittdhe 11- 13
receiver system 20 the rel ati onship between the estimted sel ection and

polarity bi tRoselissatiarddewPiie xahy osbd hhosGiatibe, dapabesiBavae 79
shuffling. Since the determ nation of which of the correlation suns

is relevant i $ nobit@mdm the afmitibid o Q@OEEY-significdBE® Horabsfondngbes h
correlation sums (i.e. polarity bit
72 WO 97/ &maBO binary powers. The bit importance is defined by the
PCT/ US96/ 17993
subjective evaluation of the resulting impairment in the
reconstruction of the audio and/or video data in the receiver.
Bit errors in the mantissa bits may be unnoticed or cause
10 small audio and/or video artifacts, but bit errors in
synchronization fields may cause catastrophic failure such as
muting or video blanking.
When biorthogonal modulation with orthogonal
multiplexing, according to this inventi;n, is used in a
1s communication system where there is significant
differentiation in bit importance, then:the bits of highest
importance are to be associated with the selection bits.
Furthermore, the code rate associated with the encoded
selection bits is further lowered so thét, after decoding, the
20 error rate of the selection bits is smaller than the error
rate of the decoded polarity bite. As previously described,
separate scramblers and descramblers are required for the

message bits to be associated with the selection and polarity

bits. If, for example, the overall code rate is 1/2, this is
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estimates) are related to the selection bit estimte. Therefore, the
m ni mum w dth of the synbol deinterleaver for the conparison netric
together with the polarity estimtes for t he bi orthogonal systemwith
M=2 is three (3) bits. The 5 optimumwidth is larger if reliability
i nformati on f¥PIYLIHL deci si on decoding is required. PREUSHIITAMM
width for the systemw th convol utional error coding applied to both
t he selection and polarity bits with soft-decision decoding is
circunst ances, where the relatively

nine (9) bits. In_so NR i 10

h: gh Ee? g. | gfeat ef‘;s"f“_ﬁgﬁ%%e FEEi Bﬁesj"’hS? WEFEl?rhgl_‘: code ZRbEM® of menory
oxtra bits or wherEmAaeaeY 105k shen b3 b gRRC RO ot ors SRR TR {0
the polarity bit t h rrel ation ne, (i..e olarity biit estimte
can be 15" quant? ASETERBhe CBT (RBAERS LRGP Srentn Hepeee T )
dei nterl eaver s ol si.ze.of fiv 5).bits. Wen the nethod S

ext ended beyondyt 3 Fgggﬁx%}cységfom?rh Wﬂ?"?%émsmtﬁasmg numbey S8t the
dei nterl eaver _i s jncreased hec e . there. ' ral, M

colrrel ati o\rll sfllrrz %’Ih]: ‘an °’F1cﬁx€aage?' tt’}nc ilgﬁi‘&%i I(?E‘er?(fre g%qrfggp%?f&% to

|l og[err] M estimated sel.ect | | t,S, Wt§kas oci at ed reliabilit
i nformation, det esr%er?gag%yul'%gﬁ%iboar?ss'(ﬁ %n ef‘l 5, a8 thef%rareeagﬁiece/im

bi ort hogonal grou e lat.or.. . Siglarly, the . nbol__i.nterl ea 37
in Ei gur e 9is ex?%%dggg%r‘}%{ %(% técgrc]iggca:?lnal. Llowever, 1f§¥ is8 reducecE to \i?g,

73 the message throughput is only oﬂe-quarter of the coded

throughput for the selection bits, which means that the

10 majority of the source message bits are conveyed by the
encoded polarity bits, which are protected by much less ECC
redundancy. Codeé with rates lower than 1/4, while being very
robust, have the disa&vantage of:very low throughput and are
only useful for selection bit encoding if there is a large ‘at

15 least an order of magnitude) differentiation in bit importance
and if there is only a small amoﬁnt (less than 20%) of high
importance data.

Various algorithms can be uéed in the ECC encoding and,

consequently, decoding with the invention. The perfﬁrmance of

20 low rate (less than or equal to 1/2) nonsystematic
convolutional codes with soft-decision decoding is superior to
all known block codes with the same rate when the error
distribution is approximately uncorrelated and Gaussian.

Certain embodiments of this invention use a convolutional code
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WO 97/ 17789 PCT/ US96/ 17993
case so that each synbol corresponds to |log[err]M selection bits and
one polarity bit. In the prior art nethod for nultiplexing

ort hogonal WO!rlﬁiTﬁ?al s with antipodal nodul ation, shown i npdysgesesmes and
2, a b5 synbol interl eaver (and consequently synbol deinterleaver) is

not required because the nodul ati on processes occur subsequent to the
interleaver in the transmtter, and the denodul ati on processes

precede the deintgrl\eaver it NEodesatss 1B or the byNtRRnak sileueiat e oOf
the interleaver and deinterleaver is 10 Irrelevant as long as there is a

bi jection bet Weenbi@%ode rate!Babiddd e aih 3huf fiRrdubive, ahlbis cwhsorappl i es
to the prior nmet hod of bi orthogonal nodul ati on w t hout

mul ti pl exi ng, 1eng°é%0% 7 Dbiten 2onVRuri6sl rav@est witdr théwse synbol
I nterl eaver and synbol deinterl eaver is a consequence of the use of

the 15 recei Vepnpbdistd deOnivi beeVeitiulated WieEerédte:pokar.i Larber s
are not entirely determ ned in each biorthogonal denodul at or. This is

evi dent regar @l essggrtt BEndaiRei6halFCodés - with maximalOobyed disoamde dorbl ock
coding) applied to the selection and polarity bits. 20 In the

Figure 11-13 recei¥gds SY8} &IP39CaRd di/ag t oM irahsactions antiadomentionof this
i nvention, the decision as to which of the polarity bit estimates

(PO, P1) is rel evq.g; ﬂuﬁ 981 det efigl Redpp, 371-993 | IMaheyory .derrd er | eaver 79,
while the estimaté of

corresponding code rate for the polarity bits is 2/3 or 3/4,
respectively, for the selection code rates 1/3 and 1/4. The

10 difference in performance between convolutional codes and the
best known block codes for high rate (more than 1/2) codes is
less evident and is found to depend upon the probable
distiibution of the errors. In general, if soft-decision
information is available, the convolutional code will have

15 better performance unless either i) very low decoded error
rates are required, less than 1x10-!2, or_ii) if large numbers
of consecutive errors occur (correlated bursts). Although
burst error statistics are common in mobile reception, the
interleaving and deinterleaving processes are very effective

20 at dispersing them so that the RF channel appears uncorrelated
at-the ECC decoder. High rate convoluticnal codes have been
tabulated by Daut and others [reference: D.G. Daut, J.W.
Modestino, and L.D. Wismer, "New short constraint length

convolutional code constructions for selected rational rates,”
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selection bit is determned in denodul ators 78. If the

74 WO 97/ 17789

PCT/ US96/ 17993 shuffling of the serialized sequence caused by

dei nterl eaver 79 disrupts the relationship- between the sel ecti on and
polarity bi tW@1H8 es, then after deinterleaving, it is FCTUSSA PRyt to
I npl ement the tracking nmechani sns that woul d be 5 required in order to
determ ne which polarity bit estinates correspond to a particul ar
selection bit estinate. al ready been shown in equation (5)
that if the sel e%?q%ﬁ'rﬁi’?acn"ns ?%IPEEWEPI?‘?WMY% -e@8+ Wit RerPBy error
or by exam nation wrong_corresponding polarity bit estimte,
the error 10 ?ﬁﬁi@&ﬁrI$?BfeHPe¥rﬁ?ng}arity bit escalates to one-half
(1/2). The direct_coupl.i bet ween the probability of error for
the sel ection and polZi& B§e Rk §°PYPJt“r$g°Bﬂ §odgP t knpviRp @R | "pugptured coges”
Figure 6 is a signifjicant di sadvantage, to the use of blorthogonal
modul ati on. AccolHiAfRERISEe| ‘P?t/"éhttPSn"n‘ieHEl°‘15’e°a‘|‘%%éﬁ vEpe Siapdifind

Figures 11-13 effect to dimnish t coup het ween the error

or obabi 1§11 63, FTRiemeREAtion, S““abb? s Shigh TRUF Dok Sabuiaces

polarity bit de duI at$q1 E correct | on decoder 80 subsystens.
Af ter synbol I‘Ugl t 19 W?rfbth%s Pt ermSied st ectron MesTass” Ecc
decoded

compatible punctured convolutional codes for Viterbi
decoding," IEEE Transactions on Communications, Vol. 42, No.
12, pp. 3073-3079, December 1994]. For a constraint length of

10 7, useful punctured polarity bit codes at rates 2/3, 3/4, 5/7,
and others are derived by applying a puncturing matrix to the
mother code generated by the binary polyﬁomials 133 and 171.
The rate 1/3 code for the selection bits is generated with the
additional binary polynomial 145 and the rate 1/4 code is

15 generated with the additional binary polynomials 145 and 127.
If the requirement for a common set of code gemerating
polynomials (known as rate-compatibility) for both the
selection and polarity bits is not present (which complicates
the implementation), a rate 1/3 code with better performance

20 (i.e. a free distance of 15 instead of 14) is generated by the
binary polynomials 133, 145, and 175 and a rate 1/4 code with
better performance (i.e. a free distance of 20 instead of 19)

is generated by the binary polynomials 135, 147, and 163.
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20 by selection bit ECC decoder 85 in order to determ ne the

estimated scranbl ed source nessage bits which were associ at ed wth
t he encoded sel ection bits by the ECC encoder in the transmtter
system The qg§e4pMgdessage bits are then re- encodedp8yuSse9ssi ON
bit ECC re-encoder 86. The 75

WD. 97/ 17789 PCT/ US96/ 17993
characteristics of ECC re-encoder 86 in the receiver system and ECC

encoder 38 in the trargy E&;&Intsﬁﬁt:ﬁ‘éﬂa%&eré‘ﬂﬁ%hct?& implement &4 4t@G26&Nd0 t he
selection bits. The function of ECC re- encoder 86 is to generate the

encoded sel ecti omighbsLAM8REEy Rrerhisud the ©RedatheR! 8€ tetB P t
estimate. |In certain n%odlnents when convol utional coding is

applied to the requi$8hefdr 0he edctiveGmpemittadesn 86 The sHREEInd10 t he
sane initial state as ECC encoder 38 in the transmtter system

because of the nesgglet{iRrbamdiwHibR GaAe be Thbpaghtédithobughl @vibeset state
may .be the all-zeroes state, for exanple. The use of a convol uti onal

code for the sel efdingeriddverhas fidiesoft -decBSicH1d8E8dingOBPARH ERe NDSt bl ock
codes, that the I npl ementati on of re-encoder 86 is straightforward

and requi r eelactich FEnA peliitybiddacdiainressyd \theUdéttelk1enanders 15
are inplemented with tapped linear shift-feedback regi sters as
memory regquirement by fifty (50) percent compared to an
antipodal system. In some receiver implementations, there'may
be insufficient memory to accommodate this increase. A block
10 code for the pclarity bits may then be preferable. A Reed-
Solomon block can be used for the polarity bit ECC with only
one-bit quantization {i.e. limiting) for the correlation sums
determined in the receiver. Practical symbol sizes for the
Reed-Solomon block code are typically between six and eight
is bits, inclusive. For limiting quantization and polarity bit
code rates less than 3/4, the concatenated code formed by
appending a parity bit to each Reed-Solomon code symbol
[reference: C.C. Hsu, I.S. Reed, and T.K. Truong, "Error
correction capabilities of binary mapped Reed-Solomon codes
20 with parity bits appended to all symbols," IEEE Proceedings -
Communications, Vol. 141, No. 4, pp. 209-211, August 1994] is
found to have better error performance than the Reed-Solomcn

block code alone.
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described by A J. Viterbi [reference: A J. Viterbi, " Convol uti onal
codes and their performance in comrunication systens,"” ibid.].

The re-encodi ng process 86 generates the encoded 20 selection bit sequence
correspondi ngwég ‘Pﬁs' decoded sel ection bit estimte. The re-encoded
sel ection bit Zfilg ce will have consi derably fewer e®GSHMared
to the selection bit estimate determ ned in each biorthogonal

denodul ator 78, prior to ECC decodi ng 85, because of the effect of

ECC codi ng gai n. . . 76
97/ 17789 Furthermore, for a selection bit rSE?FUS@%? f-;gbés a\xlz\g a

The re-encoded sel ect . it e used_to determ ne which one of the
correl ation suhs,‘Logﬁtrlérgpoge%itn?%%keé:\ﬂ%ﬁgr% ° 326}3‘ i€ ﬁ@@@ﬁ?ﬁ;%ﬁ to I

mul ti pl exor 87. term natibon as.to i,ch of 1 orrel ation
suns is rel evant t%tr]gﬁ’cli:)%ei églrrcg%é&m%n 1ggk scéﬁdch%’A%aﬁef' Jé?fif“ﬁﬁs the
correl ati on suns, e . | ar it It esti e ds EFCC
decoded by remai n‘?énééﬁﬁ ce%ggzgr?q’its w é%% =0 e“)érg' ﬁlrsngg%se éélr’%gﬁzl‘ ment ,

i oh 15 JeSCE! besbihich fis (LBouHE QRIS on peeSULELLO L bl SLEOnLYEL T

ECC decodi ng 88 together with e denodulate ari brts.

data path is showigNto correbt HHef obdadi®ondPtéShy hife 8% ofd RRL MRS, NO
further ECC

decoding of the encoded selection bits.
With reference to Figure 13, in this embodiment the

decoded selection bits are propagated 89 to the same ECC

10 decoder 88 as are the polarity bits, which have not yet been .
decoded. This construction is defined as "partial-code-
concatenation." In the conventional antipodal system or the
best-case prior art non-multiplexed biorthogonal system with
very high SNR value, the demodulated error rate prior to ECC

15 decoding is approximately the same for all detected bits. The
higher rate block code associated with ﬁhe polarity bits is
then more likely to fail (i.e. be unable to correct all
errors) than the lower rate code so it is disadvantageous to
include the decoded selection bits, whiéh have been presumably

20 encoded with a lower rate code, in the block code. However,
with the method of this invention, there is a difference in
SNR between the selection and polarity bits. It is
surprisingly found that the high rate code (less than or equal

to about 2/3) is less likely to fail than the rate 1/3 code by

8s



decodi ng of the selection bits is performed. After ECC decodi ng, the
decoded selection and polarity bits are a serial sequence of
estimated source nessage bits 90 except that they 15 remai n scranbl ed.
The sequence we¢ @hoagat ed beyond the ECC decoder sub¢giriagy/PRed OF
final descranmbling 76, descri bed previously. If the selection and
polarity message bits are of varyi ng i nportance, separate
descranbl ers are required. The error probability for the
polarity bits is des@nnbadountQ THis,CEREdidARg(Ehe HOLatits BiOWRleRobd ity art
bi or t hogonal receiver. Equation (5) is not relevant to the

bi or t hogonal indlariel Yhe deedtiednsRiiettich bive NinpPBvdie &adSseldctdor pitot

t ake into consideration the effect of coding gain. According to
certai n enbodi menéfrar rabessd tuenithenovérzllr @écsieliShesdageh@fror rate is

77 WD 97/ 17789

PCT/ US96/ 17993  approxihetslyieqaal @ogdalhaitbhe probability of error for

the polarity bits, Plerr], prior to ECC decoding 88 of the polarity
bits is: 5 FigurePlerinlustfvesr ther Widrardifieal |gtruetite Rfeehé
(11) 5 where the error probability of the selection bit, P[err], as in

equation (5), is pempliadedode-ichntiatenation qodewads whey tife Réed-Solomon
symbol size is 6 bits; the code is over the Galois field
GF(64), and the selection bits have rate 1/3 coding. In the
encoding process, the plurality of one hundred two (102)

10 source megsage bits corresponding to the encoded selection
bits together with the plurality of two hundred four (204)
source message bits corresponding to the encoded polarity bits
are first encoded with the Reed-Sclomon block code. Reed-
Solomon codes are systematic and so the redundancy information

15 is generated as a series of extra codeword symbols, which are
appended to the encoded polarity bit sequence. Furthermore,
even parity bits are appended to the Reed-Solomon codeword
symbols which will not undergo further convolutional coding
(i.e. the polarity bits). The encoded Reed-Solomon symbols

20 which correspond to the selection bits aﬁd which still
represent the plurality of 102 source message bits are then
further encoded with the convolutional code, as described

previously. The decoding process is the reverse; the
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selection bit after ECC decoding 85 and re-encoding 86 P[erf], in

equation (11). The value of P[err] is several orders of magni t ude
smal ler than P[err] because of the ECC coding gain 10 except when the
error rate is_extrenely high (around 1x10[err]), where the

per for mance OYOE™%et hods, in general, det eri or at es. PCT/US96/17993  Tphe
probability of error in determ' ni ng the sel ection bits prior to ECC
decoding 85 is twi ce that of the equi val ent 15 anti podal system as shown
in equation (3). The rret ho i nventjon dges not chapge this
characteristic. I%’M% i Ehae lse‘fl‘?"é’fde?iat'ﬁ‘ea‘f tPhé’aEéﬁy&Efﬁdeﬁn‘QS and

subsequently re- el ecti n bit sequence is nuch | ess than
the error rate of 18205 ?ﬁenﬁ?$%pigwn | system prior to decoding,

provided 20 t hat a.s ufflc ent rat i gh redundanc code is
applied to the sel ect BT t escﬁ%ed %ggr'?%%ﬁge%%ayﬁgﬁ Fegpraing )Q’t hi s

art

i nvention ellmnatetheud5| blec racterlstlc f the r
met hod and systenc*n 5F3t recm% :ao“r'l af' r ©bi & gﬁ h Eplgure 15 is a grap%
78 V\D 97/

1789, P /U896/ 17993
modul ati on wher e, % g %Str?ﬁes ﬁ:hle a?‘li‘fantB?? té‘lartocar?aeeo%a n(?d gT y

approach that of ff aeq“'n%%dﬁﬂént%”%:?%%ewé’étsﬁﬂ‘ values between zero (0)

and twelve (12) decibels, inclusive, when the impairment is
additive white Gaussian noise. The embodiment for Figure 15
of the transmitter and receiver of the invention uses

10 orthogonal multiplexing of biorthogonal groups with two
orthogonal signals in each group (Figure 9) and unequal error
protection. The overall code rate is 1/2, convolutional
coding with soft-decision Viterbi decoding is used for both
the selection bits and polarity bits, and the conatraint

15 length is 7. The comparison system uses prior art antipodal
modulation (Figures 1-2) and orthogonal multiplexing with a
code rate of 1/2, uniform error protection, convolutional
coding with soft-decision Viterbi detection, and the
constraint length is 7. Suitable codes have already been

20 described.

Curve 91 illustrates the loss in SNR cgused by the

doubling of the error probability in the demodulation of the
selection bits in biorthogonal modulation prior to ECC

decoding compared to ‘antipodal modulation. The abscissa
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For practical SNR val ues where the receiver system (Figures 11-13) is
expected to properly operate (e.g. greater 5 t han about 4 deci bel s),

the re-encoded 86 selection bit probability of error is sufficiently
smal | that it woyirese ignored (i.e. Plerr]<ixl10[err] inpttB8shrdober ]
= 1). By equation (11), the polarity bit error rate, Plerr] prior to
Its own specific ECC decoding 88, is then approximately equal to the
polarity bit 10 conditional probability of error, Plerr], which was shown
in equat i onwaidey aaadtietBecikelnaNe Pmids, a16-D6e(E]AG, el The

advantage in SNR conpared to the prior art antipodal system

This invention doesdimdter edlwss abe fheolBbédtivyge GécielOfain in SiRraueheo
selection bits prior to ECC decodi ng 85. However, the 15 SNR advantage in
the polarity bit dbteusd oftbivrthegordl ws@aldtdon. The Haim\ie tbeaywver al |

error probability by decreasing the code rate for the selection bits,
whi ch i ncreases t hegatidendencurve 91 herdusonsegtivtsydnyl | moRiIlatiHe causes a
probability of error after decodi ng. Again, using the first-error
event approxi rfati 6NR 16#@ it heheddestariocer oD rtheasel dauriot hisi o bai ot \EADELS,
Plerr], is approximately: [err] (12)
79 decoding. The loss increases as the SNR decreases, which

diminishes the advantage of the method for very low SNR
values.
The method allows the code rate of the selection bits to
10 be reduced without increasing the error rate of the polarity
bits compared to prior art antipodal modulation. The free
distance of the rate 1/2 code used in the antipodal system is
ten (10). The code rate of the polarity bits in the
biorthogonal system can be increased so that the free distance
15 is as small as about five (5) without causing a decrease in
the performance of the decoded polarity.bits when compared to
antipodal modulation as a result of the polarity bit SNR
advantage of certain embodiments of this invention. The
approximate improvement in SNR (i.e. coding gain) due to the
20 increase in distance brought about by the low rate selection
bit ECC is shown as lines 92, 93, and 94, for selection bit
code rates of 1/3, 2/7, and 1/4, respectively. The coding
gain is measured relative to the uniform rate 1/2 code on the

antipodal comparison system. The improvement due to the
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where d[err] is the ECC coding gain for the code applied to the

polarity bits. By .inspection of equation (12), d[err] can be reduced
by a factor of to two (i.e. 2[err]d[err]/2=d[err]) and the decoded
pol arity bi t&gﬁ@'ﬁs?at e will still be approximately 5 edfAVUPE1 Pt of

t he equi val ent -t hroughput anti podal system with the sanme codi ng,

whi ch was gi ven by equation (2). Therefore a higher rate code (which
will have a snaller Jﬂé g I|e to the olarlty bits

wi t hout sacrifi ¢ én Seé??rcﬁmp Tt cﬁrﬁ r'f“'l‘Fécepé ?y bi ts when

dtoth t t d |1
o o 0 e b AL LA s, s BB
t.he sum of the P& Ocﬂ%g[ ngn lr].%e dlf"or ef:an%lrea,lt %Tg%%'l};ge nugbe{/[‘lgﬁr]encoded

bits for each code fou nd
(13) wher ti and the code rate
for t he po %lrelgg?éﬁ k?q: cga?{ er ﬁ Bgf—aﬁ% dn Jetrrt?r "]at’tevm"? h two

O PO s PAMIRREAT S50 NOHRCANEh, LR 2L SR 0D
transmtter andegsee‘:igh sge{:_héydg_tsggﬁroughgﬁ? c%?]_gg'éogldggg gened queOﬁgral | bit

rat e acconmodat € nessage t

overhead. Therefglepoh08; (P@kLets /Shflln is haltfhwggfb%umé Jth@hgroduct of

t he necessary data nessage
comparison system with a distance of 10. Thus, the entire

amount of the polarity bit SNR advantage of three decibels has

10 been utilized in order to have a very low code rate for the
selection bits. When the SNR value is only 5.5 decibels, the
effective improvement in SNR for the selection bits, shown in
Figure 15, is approximately 1.8 decibels, which is very
significant since the comparison antipodal system already is

15 robust, having one hundred percent (100%) redundancy in the
ECC.

The surprising result is that there is an effective
improvement in SNR, after decoding, even when the impairment
is additive noise. The effects of crosscorrelation

20 interference were not considered. It has already been
described that the use of biorthogonal modulation
substantially reduces the crosscorrelation interference due to
multipath and dispersion because the number of simultaneously

transmitted signals is reduced without affecting the bit rate
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80 WD 97/ 17789

PCT/ US96/ 17993 t hroughput and the reci procal of the overall code
rate. An increase in the code rate for the polarity bits neans that

t he cod f”i r the selection bits can be decreased $hE%g

changi ng the 3\’/‘2% I 9gode rate. For a multiplying factor, M‘%‘,Z{i) in
the polarity bit code rate, it has been found that the correspondi ng
change factor, G (GKl) in the selection bit : code rate so that the
overal | rate is ung éﬁ;ﬁﬂ S: i ¢ Bhis SLEht twofold:
(14) 10 For exarrp %%usé %%lb%lre\tf Wt tv\:'/bs c}rtﬁoglc?r?aarem;r?alos I n

each bi orthogonal \gEoup.dddseter tloﬁ[f‘:!z{e]rf& /(%/ Feakld By petdéch

whi ch corresponds to a thirty-three percent I ncrease in t he

code rate for the, L@*irﬁa)ﬁe?&tﬁlreghgﬁf %@.ﬁoﬁéjéﬂﬂlﬁoln certaffléabb@iindntd) .

G=2/ 3. Thus, the c e rate for the ection 15 bits could be | owered

fromrate 1/2 to rg etélgé %ﬁﬁﬁ:]télr{t%llééror ;Q?f&mance, dfed @&ahﬁécaﬁt

decrease in the decod error rate as code rate is | owered bel ow

172, especially \Miﬁtgrﬁ@& SR HsHUenr valuehs g atbylne, | O (Belot It@ds than
about 10 deci bel s) | nprovenent in error performance, after ECC

decodi ng, brought jngEntidPeYt ediihat BE AtSmatlcsl 1OV AR £8dQek@brhdiRe of

selection bits
a multiplexed orthogonal communication system in multipath.

The method according to certain embodiments (Figures 9-

14} of this invention is applicable to a multiplexed

10 transmitter and receiver system with at least two orthogonal
signals, which includes OFDM modulation and synchronous Time-
Division-Multiplex (TDM) modulation. However, the most
gignificant performance gains are accomplished in systems
where crosscorrelation interference is the primary impediment

15 towards improved system performance, as is the case with
wideband, spread spectrum orthogonal or approximaiely
orthogonal signale. The method is found to work with PN
codes, Gold codes, Kasémi codes, Bent codes and other
spreading codes described previously. The method according to

20 certain embodiments is applicable to all known orthogonal
basis signal representations, which can be normalized to have
unit magnitude (known as orthonormal) including those derived
by eigenvector solutions of matrix equations, which are

inherently orthonormal, and by the Gram-Schmidt

93



nore than conpensates for the slightly inferior error rate of t he
selection bits in biorthogonal nodulation prior to decodi ng, when
conpared to prior art antipodal nodul ation. WO 97/ 17789

PCT/ US96/ 179%3 The optinmum di stribution of the average code
rate bet weenWOM " ne selection and polarity bit code rate%c’(?@%?éa 3 upon
t he characteristics of the data nessage that is conveyed fromthe
transmtter systemto the receiver system In certain 5 enbodi ments, it

is desirable that the decpded err r rate t he e bit
appr oxi mat el y eqﬁﬁ?h‘fg(?r“ag ’Far‘df’f’s° Thast o, n°“'?‘?¥§‘°888%]d g ifes f or

h | | b | |,
ot e i e D
digital d : - [ | '

(i ch i a Vime A ORR o HReRe Semtcteﬁﬁojxﬁe%im 435, 181 el

opti mum sel ect 120 u t et ween about
1/3 and 1/91a mcf’ug de% ﬂmnea&%y %1?’ dL descr M,y Ré@ n@“\f\ﬁ

owever oMUt CAtT onYsy
transmt and recg ha 901 fi cantl
conpressed with r ﬁ’gﬁ%ﬁ{g“?% r%:ﬁ‘ggg cs)%ggaolurggr 'Xultmf‘%”ﬁd

d h bit:
S ot equal 1y d%e%' °é%f‘s}%§ﬂg . ”%F#fsysys‘?em redhn’ S8 doppainVelt on and

reception of di gital audho. AndLOry, ey Y5480 SR 30, £OTREESS'R. St andar ds

4,403,331 and 5,081,645. The signals determined by the
methods are implemented in the specific embodiments of the

10 signal generators 31, 32, 39, 55, and 56.

The system and method according to different embodiments

of this invention (Figures 9-14) is applicable to a
communication system whose transmitter simultanecusly
transmits a plurality of orthogonal signals which is a

15 positive power of two (2). A system with two orthogonal
signals, being simultaneously transmitted with antipodal
modulation, where the ;Qo signals correspond to quadrature
phases of the RF carrier freguency, is kﬁown as Quadrature
Amplitude Modulation (QAM) or Quaternary Phase-Shifting Keying

20 (QPSK) or a variation thereof including Differential
Quaternary Phase-Shift Keying (DQPSK), and Cffset Quaternary
Phase-Shift Keying (OQPSK). The QPSK modulator for such a
system is equivalent to that shown in Figure 4 for the

specific embodiment where the signal generators 6 correspond
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20 specification [reference: [|SOIEC 11172-1/2/3, "Infornmation

technol ogy - coding of noving pictures and associ ated audi o for
digital storage nedia at up to about 1.5 Mit/s," Ceneva,

Switzerland, wp9o7A%@e 142, 1993] is an exanple of a C OIRgiso& Jog)
system application where the bit inportance

82 WO 97/ 17789

PCT/ US96/ 17993 vari es considerably. Bits in data fields associ ated
with synchrisithat indphabablB- daaoglidi@at @iy (X POiRAlLs MBgHiichUges d@rown
as scale-factors, are found to be nuch nore inportant than t hose
associ ated wi th nefrphsse withoresgdctnto esfahCotdry by heboutSnindtiyt g90n t he
manti ssa of |esser-significance corresponding to smal | binary powers.
The bit inportancegudadedegredsby Inhehe absenselhjfedinpaioment) upiadratife t he
resulting inpairnment in the reconstruction of the audi o and/or video

data in the receiaigmals are oBthogemadr s Multipsthrand i stherbfteaqisnyybe
unnoti ced or cause 10 smal | audi o and/or video artifacts, but bit errors
in synchr ordedatt bre fdispessiveyetffarsa caisks hhopitreabai inickesuch as
muting or video bl anki ng. When bi ort hogonal nodul ation with
ort hogonal greescpieliangon datertiermpcecbdtvesn| tthee mivb 0% griad suflatbwnn a
15 comuni cati on system where there is significant
as crosstalk), which degrades the performance of the QPSK
system. Thus, the method and system according to certain
embodiments of this invention is advantageous in QPSK systems
10 and variations thereof because of the reduction in
crosscorrelation interference and the performance improvement,
after decoding, in random noise. In embodiments of the
invention as a replacement for QPSK systems, the QPSK
modulator corresponding to Figure 4 is replaced with the
15 biorthogonal modulator with M=2 where either the I signal or
the Q signal is transmitted, but not both, together with
polarity modulation of the transmitted sigmal, without
affecting the bit rate throughput; Similarly, the QPSK
receiver is replaced with a plurality of biorthogonal
20 demodulators according to Figures 11-13.
A transmitter with a QPSK modulator is further
multiplexed by the simultaneous transmission of additional

pairs of quadrature signals, all of the transmitted signals

are pairwise orthogonal. Typically, the quadriphase signal
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differentiation in bit inportance, then the bits of highest

i nportance are to be associated with the selection bits. Furt her nor e,
the code rate associated with the encoded selection bits is further

| owered so tQﬁ& ﬁ@ T decodi ng, the 20 error rate of the selection bits
is smaller than9¥ error rate of the decoded polarit

previ ously descri bed, separate scranblers and descranblers are
required for the nmessage bits to be associated with the sel ection and
ggl arity I'P%?[?? 8p9te d?gtﬁxg%qgimed ér%% 81¥ee ra%lol:heCrO%e E?éqeuelncy J'.Zxr’istigrlls 'S

PCT/U896/17993 d i q
3‘ gni fi ant ![K | esslﬁ%lefx%{g \%c%p?gaﬁw; o Q&%GPHES%%?I 0 Vé.lst co eI ;at eis
ecrease e ?ﬁ% ugltﬂm ] a.h§eo g%f.a@es U8 Eoups, g?h ﬁ’@r"ing

redundancy i nf or mat occ pies an 1nc ea5|ng

exanpl e, | 1 R er b obedup  DSEEnIEEBALE. 5 rfagygmoandbﬁ{ 6 pRgTes720°

bits, after decoding, as there Are <6

decodi ng. F@'\ev% lééecﬂ;ﬁﬁﬂ]a lpi}l*?ﬂ]‘éﬁﬁ@é JLJtﬁOgor%aH. 81 {5%%%5‘ te o

t hroughput is onl one guarter

sel ection bits, ge%s.h B3, thlret OfenetOtne f&%@f&éﬁg%ltﬁe cRQHLGTRS 5208
bits are conveyed by t
for each group, along with polarity modulation.
Once given the above disclosure, therefore, various other
modifications, features or improvements will become apparent
10 to the gkilled artisan. Such other features, modifications,
and improvements are thus considered a part of this invention,

the scope of which is to be determined by the following

claims:
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Fedundanty: - Codbs wi th rates tower than 174, whi e berng vel NI IMBALLIIN
have the di sadvant age of very |ow throughput and are oll y¢usefl fSor *

sel ection bit ? gig if there is a large (at 15 |east gprRkskTonf
magni t ude) dﬂ? erentlatlon in bit inportance and if there is only a

smal | amount (less than 20% of high | nportance data.

Various algorithnms can be used in the ECC encodi ng and, consequently,
decoding with theyicggemti on. The performance of 20 lowrate (less than
or equal to 1/2) nonsystematic convol utional codes with soft-decision

decoding is syperior tj0 A créddmikBOMWEPR! Sfku1¢aHESuI Bridimittily At € when

the error distribution is approxi mately uncorrel ated and Gaussi an.

gzrtal n e”b()d'zrm;ﬁl?#g:éﬁﬁlo‘f bANS Ak 081 145 Srénsm4e| sidranal £60d@ception by

PCT/ US96/ 17993  at leasiWMdde 2BcéMRED! the @¥8ndnditeed§ cdup2ibigt he system a
sel ecti on bit code rate between 1/3 and 1/4, inclusive, and a

constraint 4 length of firspindnbéed@NEObrthogbndl adabatdrsh) ed@s f
characteristics have been tabul ated [reference: K J. Larsen, 5 " Short

convol uti onal scodasdbldriibgonEl nodGEattrs! Mciudiag a miltipbéws t6r, 1/3,
and 1/4,"1 EEE Transactions on Information

6 outputting one of a possible plurality M of substantially

7 oxthogonal signals at a particular polarity; and

8 means for forming a composite signal from the

9 outputs of said first and second biorthogonal modulators so

10 that a plurality of substantially orxthogonal biorthogonally

11 modulated signals are simultaneously transmitted as the

12 composite signal.

1 2. The transmitter of claim 1, further comprising an
2 unequal error protection encoder for error encoding selection

3 bits with additional redundancy compared to polarity bits.

1 3. The trénsmitter of claiﬁ'z, further comprising a

2 symbol interleaver located between said encoder and said first
3 and second biorthogonal modulators; and

4 wherein said plurality of substantially orthogonal

5 signals are spread spectrum signals.
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Theory, Vol. 19, No. 3, pp. 371-372, May 1973]. The

code rate for the polarity bits is 2/3 or 3/4, respect|m“ﬁnuwmmlma"l“l
sel ection code rates 1/3 and 1/4. The 10 di fference i n perf*orfante ® s

bet ween convol uti onal codes and the best known bl ock codes for high
rate (rore t YEA97ITI8S codes is | ess evident and is fouRETAE%HEENd

upon the probable distribution of the errors. In general, if

sof t - deci si on information is available, the convolutional code wl|

have 15 better performance unless either i) very | ow decoded error

rates are reqdired, |#8&ss tﬁd\‘FtI'EQO‘E%rsrlf““lE?nqq“leftqaé'ﬁﬂet%%rglura“ty of

consecutive errors occur (correlated bursts). Al though burst error
statistics aré cGimBHPEEARLRt G orbReganal sigaads using’ RnfE9€avi ng and
dei nterl eavi ng processes are ver effect ve at dispersing them so
that the RF cﬁanﬁ@fm SFs %%pgq:%tcgaprismg Ehe (3RPECE ‘decoder . Hi gh
rate convol uti onal codes have been tab Iat d by % and oth
[reference: DG Daut, J.\\8ing simpjfanepps ju &hﬂ 189 ho short
constraint length convol ut i Qnal ode cons%r U‘S;[IOI’IS f(ir sel ect ed
rational rat eg » modulation 9@)@"1"]"}3?8%)9 urality o stantially orthogonal

PCT/ US96/ 17993 . sact.i ons | nf.or matj on Theory, Vol. 28,
o 5 pp. 0% sjgmalpyhIeR eéé?rmzfaﬂ} oSl dERd, o0’ Vi
convol uti onal codes known as pgggtgnde

OTLaneously transmitting the -
8 plurality of biorthogonally modulated substantially orthogonal

9 signals so as to reduce crosscorrelation interference.

1 5. The method of claim 4, further comprising the step
2 of applying unequal error protection to the signals which are

3 transmitted.

1 6. The method of claim 4, wherein the substantially
2 orthogonal signals are one of orthogonal and approximately

3 orthogonal.

1 7. The method of claim 6, further comprising the step
2 of biorthogonally modulating from a group of M substantially

3 orthogonal signals where M:z2; and

4 wherein the plurality of substantially orthogonal

5 Bignals are spread spectrum signals.
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I s advant ageous with the invention because of the sinpl |f|edUIm|”"|"“ ”m””"l
I npl ementation. Suitable high rate codes have been tabul ate

L.H C. Lee and others [reference: L.H C. Lee, "New rate- nfat i"ol & *
punctured con L.anal codes for Viterbi decodi ng, " ﬁg? ]

Transacti ons gﬁi l%ni cations, Vol. 42, No. 12, pp. 3 %98’1
Decenber 1994]. For a constraint |length of 10 7, useful punctured
polarity bit codes at rates 2/3, 3/4, 5/7, and others are derived by
applying a puncturing gutrix shletif for redz% snAdgedengLal Rl by the

bi nary polynomals 133 and 171. he rate 1/3 code for the sel ection
bits is generaj edpyidhdgBfially moadfi! !a' Na10k NRINA1RG! YRR 26n Ids2R t he
rate 1/ 4 codeail s 15 generaxt 'eng W t he tﬁe addlht I onal gb| nary pol yngm al s 145
and 127, 3 | f pblieraegObies TRAE :.f&relaefmg Sfig:0f code generating

pol ynom al s (knovvn as rate-conpatibility) for both the sel ection and

polarity bits js not presenf b(xwt}‘i&oﬁaménfoﬁhf&or for ééﬁmhﬂﬂlge@%@é@ém%n)

a rate 1/3 code with better performance 20 (i.e. a free distance of 15
i nstead of 14)gisppenerated by the bi nary poI ynom al s 133, 145, and
175 and a rate 1/4 code with better performance (i.e. a free distance

of 20 instead of 19) d BelefEicAl 8et Klecblier HRai¥cdnynedi Plest ddibeal 47,
and 163. 86

7 selection bits in accordance with an error correction code;

8 . a selection bit re-encoder for generating a re-

9 encoded selection bit sequence, using said code, from the

10 decoded selection bit estimates so that the polarity bits can

11 Dbe estimated;

12 a polarity bit demodulator for estimaﬁing the

13 pelarity bits using the re-encoded selection bits; 5nd

14 a polarity bit decoder for decoding the pelarity bit

15 estimates.

1 9. The receiver of claim 8, further comprising a symbol
2 deinterleaver located between said biorthogonal demodulator

3 and said selection bit décoder.

1 10. A method of receiving a biorthogonally modulated
2 signal including a selection bit and a polarity bit, the
3 method comprising the steps of:

4 estimating a selection bit;
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ﬁegg%ZZ?gof menory required to inplenent deinterl ea\?grr/ US9(11“ﬂm|ﬂ" III""III IH“I
iréd tor®the *

substantially determ nes the total anount of nenory o requiré
receiver inplenentation. The additional correlation suns whi ch nust
be propagat e AHAGHYh synbol 5 deinterleaver 79 for sofRCTASNETIBH
decodi ng of both the sel ection and polarity bits can increase the

dei nterl eaver menory requirenment by fifty (50) percent conpared to an
antipodal system In sone yeceiver inplenentations, there my be

i nsufficient Trenory to ac 29 FrenPelechirR Rid. eptimaseracaqrding ok anor
the polarity bits may then he preferable. A Reed- Sol onon bl ock can
be used for the PG PPHFFHITBEWith only one-bit quantization (i.e.
limting) for_the correlation supe d%éerm' ned in the receiver.
Practical synbol sizes fort% fB°°%ing the deceded, ssheptistk bibretimate yaiag| | v
bet ween si x and ei .Qigt 15 its, inclusive. For limting quantization and
polarity bit B said ggde; | ess than 3/4, the concatenated code forned
by appending a parity bit to ch Reed- Sol. onon code synbal

[reference: C.C. Hsu, |I. S.e\éﬁé‘gﬁtfmgngﬁ I‘lﬁa’f’r‘i?’og’éf: ol thgy received o ect i on

capabilities, of bi ed R d-SIbm)n codes O wth rity bits

appended to &l | }%/O%%(E)lﬁg, ; Ial?l EE° flggggdﬂg&gl_usmg t Tdﬁ‘r"r’rﬁﬁ?&?ﬁq ghiechisk

141, No. 4, {Jjﬁ %9-211, August 1994] is found to have better error
an

per formance ie Reed- Sol onon bl ock code al one.
87

1 11. The method of claim 10, further comprising the steps

3 determining correlation sums, and performing a
4 normalized comparison metric on said correlation sums, the

5 metric C being defined as:

6 C = Ml - M|
7 max({M, |, [M])

8 where |M,| is the absolute value of the correlation sum between
9 the received signal and a first orthogonal signal, |M,| is the
10 absolute value of the correlation sum between the received
11 signal and a second orthogonal signal, and max(|M,|, |M,]) is a
12 function with two operands which results in the larger of
13  operands [M,| and |M,|; and wherein the received signal is a

14 spread spectrum signal.
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\Ié\fj)r%iarlgfg for a selection bit code rate of 1/3 andPgT/ U8961ﬂnmm“lu"lls"”!"

bl ock code rate of 2/3, it isadvantageous to construct tHe ©

Reed- Sol onon ‘DE%}‘ de so that it includes the decodegramberoeson
bits in the codewor Thi s adds further 5 robustness to the selection
bits because the bl ock code nay be able to correct the occasional
error made in the Viterbi decodi ng of the encoded sel ection bits.

Wth referencg to Figyne 13 mithdahbf £H9TheRRbqhdle error prbRegdssh 8l gction
bits are propagated 89 to the sane E 0 decCoder r§8 aps are the polarity

bits, which have foh.YefoD8e8rthogonat Gl 1ok Bné Mithbd W eBmpSidiai ned

as "partial - code- concatenation.™ In the conventional antipoda
systemor the, itne RESls G&S€ prior art non-nultiplexed biorthogonal system
wth very high SNR val ue, the denodul ated error rate prior to ECC 15

decoding is approximately bpg1widdEuhéuadl brait pebesbtibhSto alB€gnal to Bégher
rate bl ock code associated with the polarity bits is then nore |ikely

to fail (i.e. she BiRRBh6gdR1EPhiMlladld by increédiifg Sthel Bade kel SN HEAL €
code so it is disadvantageous to I ncl ude the decoded sel ection bits,

whi ch have begn HAswiBPnit 21ati08COsathebilecdibVit balEnstO8Re i N the
b! ock code. _ However , with the nethod of this invention, there is a
difference ing gelection bit to be transmitted is error encoded with

8 additional redundancy relative to the polarity bit; and

9 biorthogonally modulating the error encoded signal

10 to be transmitted.

1 13. An error correction encoding process for

2 Dbiorthogonal modulation comprising the steps of:

3 error encoding data message bits to be associated
4 with biorthogonal selection and polarity bits with redundancy
5 information;

6 further error encoding the selection bits so that
7 the selection bits have additional redundancy compared to the
8 polarity bits; and

9 biorthogonally modulating and transmitting the error
10 encoded message data bits, the transmitted signal having

11 unequal error protection in that the selection bits have more

12 redundancy than the polarity bits.
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SNR between the selection and polarity bits. It is sur priel

that the high rate code (less than or equal t o about ZIHIITIIHHIIM"JH"M“",
likely to fail than the rate 1/3 code by * e LS5
88 WD 97/ 17789

PCT/ US96/ 179%859717718% 5 smal| anpunt. Thus, extending t he PEBUSPM/ITI;
codeword to I ncl ude the decoded selection bits inproves the selection
bi t error rate so that the overaII decoded nessage error rate is
approxi mately equal for all bits. Figure 14 illustrates the

hi erar chi cal 1struct ufé- of'@%é‘etm‘i °fp§i§#'hll3@ouhe%ﬁc§%%afpréheltwg%rd

when t he Reed- Sol onon nbol size is 6 bits; the code is over the
Galois field2 encodngef s SFh%crsnePeh%%ﬁsbm%h [faFenyekusionsl @edeng. | n

t he encodi n process the plurality of one hundred two (102) 10
source messade BPAsSRISH PRLFGIRY Hg t8 QArenery Saseiak WAER | HPystematil ¢ s
together with the plurality of two hundred four (204) source nessage
bits correspéndPﬂ@dch%e encoded polarity bits ‘are first encoded

wi th the Reed- Sol onon bl ock code. Reed- Sol onon codes are systematic
and so the redundancy information 15 Is generated as a series of extra
codeword synbol s, which are pended t.o the encoded Rolarit bi t

sequence. Futther mor &2- rec&?fé‘?‘F i FSPHiviEBg o PigpERoAREGLLY ndwlated

Reed- Sol ormn codevvord
ignal comprising:

3 means for determining correlation sums of the

4 received biofthogonally modulated signal; and

5 a normalized comparison metric for incorporating
6 reliability information together with biorthogonal

7 demodulation in order to mitigate the effects of gain

8 instability on the determination of selection bits.

1 16. A wmethod of receiving a multiplexed composite signal
2 including a plurality of orthogonal or approximately

3 orthogonal biorthogonally modulated signals, each of the

4 signals in the composite originating from a distinct

§ biorthogonally modulated group, the method comprising the

6 steps of:

7 providing a plurality of biorthogonal demodulators;
8 and
9 demodulating the received multiplexed biorthogonally

10 wmodulated composite signal using said plurality of
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synbol s which will not undergo further convol utional coding (““llll “l““
polarity bits). The encoded Reed- Sol onon synbols 20 whi ch

the selection bits and which still represent the plurality &f to2" 3
source nessage Qiiseare then further encoded w th the peqrisodisossonal
code, as describe previ ously. The decoding process is the reverse;

t he 89 WD 97/ 17789
PCT/U896/17993 convol utional code is decoded, then the parity bits,
and ngl Iy, S r gzt VAMle} gg%rsr bed

t he met hod ang sydsegngrﬁnug%‘%%rsdipélmg s8de e gaidadre\m%r}%aéfﬁents of a

| nvention, Fi Q“re:ejc@ﬂréd 1Q£ﬁ%on§11ytﬁb%fu%%£%ﬁi§%ﬂéle%o%ﬂ\ﬁ%3&?o&x pat

can be obt ai ned by use cert ments for receivelr SNR val ues
bet ween zero ,G0) of saldaé}gu{,gvel ve (12) decibels, inclusive, when the

I mpairment is additive white Gaussi an noi se. The enbodi nent for

Fi gure 15 of the transmtter and receiver of the invention uses 10
orthogonal multiplexing of biorthogonal groups with two or t hogonal

signals in eagh group;GFi g¥Re makna@btiRaduRl 1657 Eﬁ’fther comﬁﬁgiﬁgtﬂﬁy‘stgﬁsa

overall code rate is 1/2, convol utional coding wth soft-decision

Vi terbi decoding deeHﬁfMitﬁﬁé fQleltion bite prior to estimating polarity bits
3 of the received signals in the composite, and using the

4 estimated selection bit of a received signal to estimate the

5§ polarity bit of that signal.

1 18. A receiver for receiving a biorthegonally modulated
2 signal including selection bits and polarity bits, the

3 receiver comprising:

4 at least a pair of signal generators for generating
5 orthogonal signals;

6 a pair of correlators corresponding to said pair of
7 signal generators, said correlators for processing the

8 received biorthogonally modulated signal and generating

9 correlation sums using the signals generated by the

10 corresponding signal generators; and

11 normalized comparison metric means for receiving

12 magnitudes of said correlation sums and normalizing a

13 comparison between the received magnitudes so that reliability
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the selection bits and polarity bits, and the constraint - 15 j
The conparison systemuses prior art anti podal nodul at i on"mmH"" lrlll " l“l
1-2) and orthogonal nultiplexing with a code rate of 1/2,*umtformm s =
error protection, convol utional coding with soft-decision Viterhbi

det ection, anWOa%i87789 constraint length is 7. Suitable coAYI6VI3

al ready been 20 descri bed. Curve 91 illustrates the loss in

SNR. caused by the doubling of the error probability in the

denodul ati on of the . selection bjts in biorthogonal nodul ation prior

to ECC e c IRHERTMAGHATa L B PURSLARE 1 HIdYalPIRREA FLYS J7P. unpRIMBeREated o

90 WO 97/ 17789

PCT/ US96/ 17998  amplitudg,fiustuptdopsoin)dbeprscedNpd \2idned
10[err]log[err](E[err]/Nerr]). The ordi nate val ues are the

effective decibel gain in SNR due to t he use of biorthogonal

nodul ation. The gain is always . negati ve for curve 91 because

bi ort hogonal rfodul ati df-cadBesFereiver ofggrain s, vhersdng gt PPERYZethe
selection bits prior to ECC decodi ng. The |l oss increases as the SNR

decr eases, whifch MeF¥ic 'Eﬁar‘?'isnf’%'f‘%‘steﬁhﬁa%gn?%be of the nethod for very |ow

SNR val ues. The net rlmq aIlosz the code rate of the

sel ection bit§4to c= Mol =,

wax (iM;],IM,I)

5 vwhere M; is the magnitude of the correlation sum between the
6 received signal and one of the generated orthogonal signals
7 and M, is the magnitude of the correlation sum between the

8 received signal and the other generated orthogonal signal.

1 20. The receiver of claim 18, further comprising two
2 additional signal generators and corresponding correlators so

3 that M=4, and wherein said metric means computes function CM;

4 as:
5 CM;, =J1 if M| = max (|M], M), M|, M)
6 0 otherwise '

7 and the normalized reliability estimate as:

o Ry = |M|-max(|M,], M.}, M, |M])
9 #|M|
10 Imf.
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10 be reduced without increasing the error rate of the polarity

bits conpared to prior art antipodal nodul

ation.

The free di st ance of

the rate 1/2 code used in the antipodal systemis ten (10). The code

rate of the pyédygedits in the bi ort hogonal systemc ' eased
i | as about five (5egﬁ?§ﬁé%?5

causing a decrease in the performance of the decoded polarity bits
when conpared to anti podal nodulation as a result of the polarity bit
SNR advant age of certain enbodi nents of this invention. The

so that the free distance 15 is as snal

approxi mate i nprovenent in SNR (i
i n di stance brought about by the
as lines 92, 93, and 94, for sel

tion bit

ect

e. coding gain) due to the 20 i ncrease

i on bit ECCis shown
code rates of 1/3, 2/7,

gdi n ges|{nmeasured relative to the

ari son system The
91
PCT/ US96/ 17993
di fference 95
coding gain line. For
it code, the polarity bit

and 1/4, respectively. The coding
uniformrate 1/2 code on the antipodal%ﬁo
i mprovenent due to the %n:
WO 97/ 17789 LY
method in the selection bit error perfornmﬂt§§
between the | oss curve 91 and the approprijat a3
exanpl e, when using a rate 1/4 sel eatign
error rate is L
o |B<O
©

SIGNAL
GENERATOR

SIGNAL
GENERATOR

o/

FIG.1 (PRIOR ART)
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5 approximately equal to that of the equival ent antipodal system

because the di stance of the corresponding rate 3/4 code for t he
polarity bits is 5 which is half that of that of the conpari son
systemw th awgigghagee of 10. Thus, the entire anmount l‘lir/ﬁﬁgnﬂﬂ arity
bit SNR advantage of three decibels has 10 been utilized in order to have
a very low code rate for the selection bits. Wien the SNR value is
only 5.5 decibels, the effective inprovenent in SNR for the selection
bits, shown in Figure 15, is approximately 1.8 decibels, which is
very significant since the conparisqgn i mstem already is 15
robust, havi ng one hundred pergent (Logg/o he ECC.

The surprising result is that/th&re {suan je g onprovenent in
SNR, after decoding, even whéfgthd ifa@r e i% addj'tive noise. The
effects of crosscorrel ation g‘( i egere ¢ it |cgnsidered. 1t has
al ready been descri bed E e @de [0 modul ati on
substantially reduces the cr %@ re algor e |[due to

mul ti path and di spersion becayse A he| nawrbgr ousl y

transmtted signals is reduced t hoit &xf fle

92 WO 97/ 17789

PCT/ US96/ 17993 & NJ - . o
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t hroughput. Thus,
crosscorrelation interference is reduced by between
three and six decibels in certain enbodi nents,

error perfor er decoding, is 5
As a result, t esﬁggéﬁf this invention is found t
i nprove the performance of
systemin nul tipath.
(Figures 9- 14) of this invention is applicable t
transmtter and receiver systemwth at
whi ch i ncl udes OFDM nodul ati on and synchronous Ti ne-
Division-Multiplex (TDM nodul ati on. However, the nost
performance gains are acconplished in systens
interference is the primary inpedinent 15
performance, as is the case wth w deband,
or approximtely ort hogonal signals. The nethod
PN codes, ol d codes, Kasam codes, Bent codes a
spreadi ng codes descri bed previously. The method accor
enbodi nents is applicable to all known orthogonal
representations, which can be nornalized to have
(known as orthonormal) including those derived
solutions of matrix equations, which are

by the G am Schm dt

i nher ent,

e
N

the benefits of this invention are twofold:

a nul tipl exed orthogonal
The net hod according to certain enbodi nents

| east two orthogonal

t he
approxi matel y

and t he fundament al
i nproved for

nDStPé%Eh%ﬁh§gs'

o dramatic
communi cati on

10
si gnal s,

o a nmultiplexed

significant

where crosscorrel ation
towards i nproved system
spread spectrum orthogona
;*found to work with

ot her

ng to 20
basi s signa
bpit magni t ude

certain

24
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WD 97/ 17789 PCT/ US96/ 17993

ort hogonal i zati on of a set of non-orthogonal basis signals

[reference: G R Cooper, et al., ibid., pp. 206-209]. Band- limted
or t hogonal sigﬂﬁ&% itable for use with the invention Shis be
determ ned by net g S described by RW Chang in 5 "Synth%S|s OF%BB
band-limted orthogonal signals for multichannel data transm ssion,"
The Bell System Technical Journal, Vol. 45, pp. 1775-1796, Decenber
1966, and in U S. Patent Nos. 4,403, 331 and 5,081, 645. The signals
determ ned by the nmet hods are inplenmented in the specific enbodi nents
of the 10 signal generators 31, 32, 39, 55, and 56. The
system and nmet hod according to different enbodi nents of this
invention (Figures 9-14) is applicable to a conmruni cati on system
whose transm tter sinultaneously transmts a plurality of orthogonal
signals which is a 15 positive power of two (2). A systemwth two

or t hogonal signals, being sinmultaneously transmtted with antipodal
nodul ati on, where the two signals correspogd to quadrature phases of
the RF carrier frequency, is known as Quadrlature Anpl i tude Modul ation
(QAM or Quaternary Phase-Shifting Keying }20 (QPSK) or a variation

t hereof including Differential Quat erjnary Phase- Shift Keyi ng ( DQPSK)
and O fset Quaternary Phase- Shift Keyi ng (OQPSK). The QPSK nodul at or
for such a systemis equivalent to tHfat shown in Figure 4 for the

SIGNAL
GENERATOR
SIGNAL
GENERATOR

FIG.4 (PRIOR ART)
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speci fic enbodi nrent where the signal generators 6 correspond

94 WO 97/ 17789

PCT/ US96/ 17993 to the in-phase (I) and quadrature (Q signals,
whi ch are out weoo7177890f - phase with respect to each ot her by gboudesitonst v
(90) angul ar degrees. In the absence of inpairnent, quadrature
signals are orthogonal. Miltipath and other frequency- 5 sel ective

di spersive effects cause an increase in the crosscorrel ation
interference between the two signals (known as crosstal k), which
degrades the performance of the QPSK system Thus, the nethod and
system according to certain enbodi nents of this invention is

advant ageous in QPSK systens 10 and vari ations thereof because of the
reduction in crosscorrelation interference and the performance

I nprovenent, after decoding, in random noise. |In enbodi nents of the
invention as a replacenent for QPSK systens, the QPSK nodul at or
corresponding to Figure 4 is replaced with the 15 bi ort hogonal nodul at or
with M=2 where either the |I signal or the Qsignal is transmtted,
but not both, together with pol aritly nodul ation of the transmtted
signal, wthout affecting the bit rfate throughput. Simlarly, the

QPSK
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receiver is replaced with a plurality of biorthogonal 20 denodul ators

according to Figures 11-13. Atransmtter with a QPSK nodul at or
is further mul ti pl exed by the simultaneous transm ssion of additional
pai rs of quad tdﬁbr g,m;i gnals, all of the transmtted signal s perusestfos:

pai rwi se orth0dgo a7 Typi cal ly, the quadri phase signal

95 WO 97/ 17789

PCT/ US96/ 17993 pairs are distinguished fromone anot her by
frequency divi sion mul ti pl exi ng such as FDM or OFDM or with
time-division - multiplexing (TDM. The plurality of QPSK groups, each
havi ng si mul taneous transm ssion of the | signal and the Q signal, is
5 replaced with a plurality of biorthogonal signal groups of equal
nunber, where either the | or Qsignal is transmtted for each group,
along with polarity nodul ati on. Ongé gi ven the above discl osure,
therefore, various other nodi fi cations, |fleatures or inprovenents wll
becone apparent 10 to the gkil a-t+sa— |Such ot her features,

nodi fi cati ons, and i nproyengnts are tgus considered a part of this

i nvention, t he scope of ~Ch isggto b@ ddterm ned by the foll ow ng

cl ai ns:
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96 WD 97/ 17789

PCT/ US96/ 17993 | CLAI M 1 1. Atransmtter for

sinmul taneously transmtting a 2 plurality of substantially orthogonal
signals for rgﬁ)e%i,’%g by 3 at least one receiver, the tr i 993
conpri si ng: ' first and second bi orthogonal nodul ators, each
of 5 said biorthogonal nodul ators including a nultiplexor for 6
outputting one of a possible plurality Mof substantially

FIG.7 (PRIOR ART)

-2

2
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7 orthogonal signals at a particular polarity; and 8 means
for formng a conposite signal fromthe 9 outputs of said first and
second bi orthogonal nodul ators so 10 that a plurality of substantially
ort hogonal bi E 1y 11 nodul ated signals are simult

transmtted agﬁ gﬂﬁﬂqz conposite signal. 1 2. ﬁ#ﬁ@&&hxmn
transmtter of claim1, further conprising an 2 unequal error protection
encoder for error encoding selection 3 bits with additional redundancy
conpared to polarity bits. 1 3. The transmitter of claim2
further conprising a 2 synbol interleaver |ocated between said encoder
and said first 3 and second bi orthogonal nodul ators; and 4

wherein said plurality of substantially orthogonal 5 signals are spread
spectrum si gnal s. 97 WO
97/ 17789 PCT/ US96/ 17993 1

4, A nethod of sinultaneously transmtting a plurality 2 of

substantially orthogonal signals using a single 3 trgnsmtter, the nethod
conprising the steps of:

51

FIG.8 (PRIOR ART)
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4 usi ng -si mul taneous mul ti pl exi ng of biorthogonal 5

nodul ation to provide a plurality of substantially orthogonal 6 signals
whi ch are biorthogonal |y nodul ated; and 7 : conbi ni ng and

si mul t aneous|wyotergngeri tting the 8 plurality of biorthogongldy xFﬁ?
substantially orthogonal 9 signals so as to reduce crosscorre Ion

i nterference. 1 5. The method of claim4, further conprising
the step 2 of applying unequal error protection to the signals which are
3 transmtted. 1 6. he met hod of claim4, wherein the
substantially 2 orthogonal si of orthogonal and
approximately 3 orthogonal. 1 | The nmet hod of claim6,
further conprising the step 2 of biort ogqﬁa | y _nmodul ating froma group
of Msubstantially 3 orthogonal signal > Mrerr]2; and 4

wherein the plurality of substantially o t%ﬁg 1gL/ 5 signals are spread
spectrum si gnal s. 98
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WO 97/ 17789

8. A receiver for
nodul at ed si gna

recei ver conpPiyicdrigise 4
estimating selection 5 bits;

correction code; 8
re- 9 encoded selection bit sequence,
decoded sel ection bit estinmates so that the polarity bits can

estimated; 12
13 polarity bits using the re-encoded sel ection bits;
polarity bit decoder for decoding the polarity bit

9. The recei ver of claimS8,

| ocat ed between sai d bi orthogonal

decoder.
2 signal

~a biorthogonal

6

a selection bit

further

1 10. A nethod of
including a selection bit and a pol

conprising the steps of: 4

99

3]
¢

a selection bit decoder. for
decoding said estimated 7 selection bits in accordance with an error
re-encoder for generating a

PCT/ US96/ 17993

recei ving and denodul ating a 2 biorthogonally
i ncluding selection bits and 3 polarity bits, the

1

denodul atgrniddEr9e3

usi ng said code,

conpri

denodul at o

3

fromthe 10

11 be

15 esti mates.

ing a synbol

receivijng a biorthogoqgl
t he

esti

MUX

+1

[ POLARITY BIT

44
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WO 97/ 17789 ' PCT/ US96/ 17993 5
decodi ng the selection bit estimate according to an 6 error correction
code; 7 re-encodi ng the decoded selection bit estimte using

8 said code; estimating the polarity bit q&n%ﬂﬁm+§%pived

10 biorthogona ﬁv E%%ulated signal using the re-encoded sel ection

bit. 1 11. The nethod of claim 10, further conprising the steps
2 of: 3 determ ning correlation suns,. and performng a 4
normal i zed conparison nmetric on said correlation suns, the 5 netric C
bei ng defined as: 6 C=1Jerr] 7 8 where |Merr]|
is the absolute value of the correlation sumbetween 9 the received signal
and a first orthogonal signal, |Merr]| is the 10 absolute value of the
correlation sum between the received 11 signal and a second orthogonal
signal, and max(|Merr]|, |Merr]|) is a 12 function with two operands

which results in the larger of 13 operands |[Merr]| and |[Merr]|; and
wherein the received signal i%fa 1€P spread sffectrum signal . '
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100 WD 97/ 17789

PCT/ US96/ 17993 1 12. A nethod of applying unequal error
protection to a 2 signal for biorthogonal nodul ation, the nethod of

conpri sing t eps of: 4 app! yi ng unequal 7993
protection tgwgsgﬁ'é %I to be 5 biorthogonally nodul ated bﬁ?\[{:srg&élag? ng the

code rate for the 6 polarity bit relative to the selection bit so that
the 7 selection bit to be transmtted is error encoded with 8

addi ti onal redundancy relative to the polarity bifs—armd—}9
bi ort hogonal Iy nodul ating the errorf encope —gngl 1 Yo be transmtted.
1 13. An error correction encﬁdi N EOC s fogJ P gbi ort hogonal
nmodul ati on conprising the : e.rg)r efncodi ng data
nessage bits to be associ af it b} g ﬁl% e¢t/on and polarity
bits with redundancy 5 i NS |e T =5
o 2 =
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6 further error encoding the selection bits so that 7 the

- selection bits have additional redundancy conpared to the 8 polarity
bits; and 9 bi ort hogonal | y nodul ati ng and transmtting the
error ssage data bits, the transmtted signal 1
unequal error&@ﬂﬁﬂggﬁlon in that the selection bits have rn)pd:l‘?dfig‘;}979”1
redundancy than the polarity bits.

101 WO 97/ 17789

PCT/ US96/ 17993 1 14. The nethod of claim 13, wherein said
further error 2 encoding of said selection bits is wdh a convol utional
code 3 and said polarity bits are error encoded t b%h systematic 4

bl ock code. 1 A5 Alreceiver for recel MilTo. 2. bior
modul ated 2 signal comprising: 3 ns for deternining
correlation suns of the: 4 recf nodul at €d si gnal ; and

5 a nornallzed conphrison netric for—-Aeerporati:ng 6
reliability information:togethef with biorthogoral &7 | denodul ation in
order to mtigate the effects of gain {EE :
: E;c,
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8 instability on the determ nation of selection bits. 1 16. A
nmet hod of receiving a nmultiplexed conposite signal 2 including a
plurality of orthogonal or approximately 3 orthogonal biorthogonally
nodul ated sig ch of the 4 signals in the conposite Wl Wy
froma disti n%%ﬁ I orthogonal |y nodul at ed group, the net hg ’g%%pa??gl ng
the 6 steps of: 7 providing a plurality of biorthogona
denodul ators; 8 and 9 denodul ati ng the received multipl exed
bi ort hogonally 10 nodul ated conposite signal using said plurality of

102 WO 97/ 17789

PCT/ US96/ 17993 11 denodul ators so that each of said denodul ators
denodul ates a 12 received biorthogonally nodul ated signal correspondi ng
to one 13 of said groups. 1 17. The nethod of claim 16, further

conprising the steps 2 of estirrating[a-sel-ectgon bits prior, to estimting
polarity bits- 3 of the received signals ina—hgcorrposi.te, and using the
e
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4 estimated selection bit of a received signal to estinmate the 5 polarity
bit of that signal. 1 18. A receiver for receiving a

bi orthogonal | y nodul ated 2 signal including selection bits and polarity
bits, the 3 i conprising: 4 at least a J i gna
generators f&&sgﬁkéﬁgting 5 orthogonal signals; 6 PEihﬁgﬁ%g?r of
correlators corresponding to said pair of 7 signal generators, said
correlators for processing the 8 received biorthogonally nodul ated si gnal
and generating 9 correlation suns using the signals generated by the 10
correspondi ng signal generators; and 11 normal i zed conpari son
metric means for receiving 12 magnitudes of said correlation suns and
normalizing a 13 conparison between the received magni tudes so that
reliability 103 WO 97/ 17789
PCT/US96/ 17993 14 information is substantially insensitive to
unconpensated 15 anplitude fluct@tions i® the received signal.
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(54) Title: SYSTEM AND METHOD FOR MULTIPLEXING A SPREAD SPECTRUM COMMUNICATION SYSTEM

(57) Abstract

A method and system are provided for the synchronous transmission and reception of muitiplexed digital signals such as spread
spectrum. The system uses blorthogonal modulation (36) of a plumhty of orthogonal signals, preferably wideband, together with simultancous
orthogonal muitiplexing. The method is found to significantly mitigate the cross-comelation interference that is caused by the interaction
between the multiplexed signals. The system transmits a lesser number of multiplexed orthogonal signals than would be required in the
comresponding antipodal system, thereby reducing the cross-correlation interference, while maintaining the same information throughput.
The bit error rate of the system is reduced. The method combines aspects of unequal error protection (UEP) error correction coding (ECC)
(38) with a receiver architecture for biorthogonal signals.




