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-1- METHOD AND APPARATUS FOR CDIVA Sl GNAL ORTHOGONALI ZATI ON BACKGROUND The
present invention generally relates to radi o comruni cations systenms and 5
nore particularly, to mnimzing the effects of nultiple access
interference in a Direct-Sequence Code Division Miultiple Access SD? )
conmmuni cat i ons SYOPHPRTOE r ect - sequence Code Division Miultiple

(DS=CDVA) techniques are being applied to cellular and personal radio
comuni cation systens. Wth such an approach, all signals share the sane
frequency spectrumat the same tinme. For 10 exanpl e, suppose that user i
conveys an information synbol b[err] by transmtting b[err]s[err](k), the
product of the information synbol b[err] and the code or signature sequence
s[err](k). By using different signature seque‘rkes for different users, the
~inforpation synbol of a particular user may be determ ned by correlating
the received signal with the user's. kn i u

codes are rarely ommgpaﬁm)t@%éﬁg ‘m%mm&%@%&ﬁe
signaks interfere with one another, thereby degradi ng perfornmance. One

met hod for dealing with interference in CDIVA@ ne is to perform sone

. form of subtractive denodul ation, where S&GK 7 starting with the
strongest, is denodul at-lglgp}égg,ﬁ lﬂé?ﬁ@@ggﬂggu FQed RFradioBefmintafiGfsSystefls and

signal. If the correct 2 npl'i tude and phase of each sigpal is kpown, as
wel | as the i nfSor rmeregarticylatly, tovmininizing ke effagtsiof seultiplp accgssyiterferance M@y on| y
the particular si Qf i eégd%t B At RBMARMItatidns system.
described in A J%géﬂe&% eryDﬁb%@;@?gﬁ%o%gﬁsgP?gﬁgpﬁgodes for _maX|mem
t heoretical perfor manc®imkt-ssqueneel Coge Division Multiple Aocess (RE-CDMA eshniques ape-F

J. Select. Areas omun. . | . . - nls%rg I aYCH
the anpli tude, ph%@’%ﬂl’gjﬁnﬁl‘%ﬁ@ﬁ?’%ﬁg&P ﬁé?’mﬁxﬁﬁ%%m olrgmrsrhs_w R%S&Ih
estimated, giving appsoach,allesignalyesharerthesinecfrequendy speciisn atthe same timei dior
error. One way,of estijmating these values is. rr _ ' gt a
with the knownldi g‘?ﬁ?’ﬂgg SUpR ﬁe‘ﬁ%‘e‘!%‘é’ﬂvgyﬁ @ﬁl‘%@f’lﬁ% il n%&@h«?@,. %? rﬁaggg%%%gba%g”
effectively nulls t@eprosubt of the information symbol b; and the code or signature sequence si(k). By
using different signature sequences for different users, the information symbol of a

particular user may be determined by correlating the received signal with the user’s
known signature sequence. Because these codes are rarely orthogonal, the separation

15  is not perfect, so that signals interfere with one another, thereby degrading
performance.

One method for dealing with interference in CDMA systems is to perform
some form of subtractive defnodulation, where each signal, starting with the strongest,
is demodulated then subtracted from the composite received signal. If the correct

20 amplitude and phase of each signal is known, as well as the information symbol
value, then subtraction is perfect, and only the particular signal of interest is
subtracted. Such an approach is described in A. J. Viterbi, "Very low rate
convolutional codes for maximum theoretical performance of spread-spectrum
multiple-access channels,* JEEE J. Select. Areas Commun. , vol. 8, pp. 641-649,

v 25 May 1990.
In practice, the amplitude, phase and symbol values are either unknown or
* must be estimated, giving rise to estimation noise which leads to subtraction error.

One way of estimating these values is to correlate the received data with the known
signature sequence. When subtraction occurs, this approach effectively nulls out all
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-2- conponents of the received signal that are aligned with the signa

bei ng renoved, including a small anmount of all the other signals. This form
of subtractive denodul ation is described in U S. Patent 5,151,919 to Dent
whi ch disclosure is incorporated here by reference. Parallel as well serial
subtraction is NB%/05T8. 5 Because the anplitude, phaB&™SHEnbo
estimati on are noi sy, subtraction error occurs, which can accunulate to the
detrinment of performance. In particular, it has been observed that when the
second signal is renoved, noise appears in the resultant signal that is
aligned with the first signal that was renoved. Simlarly, when the third
signal is renoved, noise appears that is aligned with the first two
signals. 10 Thus, there is a need for a mayato elimnate or mnimze the
noi se i ntroduced by the subtraction process. SUWARY These and ot her

drawbacks and limtations qof conyenti onal .denodyl ation .techni gues, are
over come accor di n§omponents of thesresgived, signal mﬁwvﬁahﬂiglgm being removed,
pre-ort hogonal i zath dhiky #RstiRodnt of AP tR)sikbr sibaklS. [ThxCfOeH of setaractee used,

for exanple, to inprove subtraction of CDVA signals froma cqnposite spread
spectrum si gnal o emedulmn@s/éeseawcmilbrs-cﬁatmﬂ%q%%éﬂ Qe%“(]ﬂ&hn&?‘ﬁ ure 1s |

conposi te spread ' I r gl PRI 6. a
W é18 BF refeRAGOT Pirifel b9 wel SRl 30dtra PORsT6

Gram Schm dt orthogonal 1 zation® 20 process is used to ,rmdify,sigghatur,e

sequences whi ch are eaBrcausssibe ampligde phases aphaimbol PHIMABONATSIUSYs SUGLRCHIR:
then be used to saPingerts M lan sl RANL BEnRHEORpAtoimERe, 30 pakicRar i
with the received mebpmsobsarvédethat whencheé sqoond, signali i removeds oise appesrs iorthm
SOl o i e RS S $5550 o AR NS M. Simily when
or nitigates the ahegiirdaignal is@hoved)\hoisshappears that is aligned with the first two signals.
10  Thus, there is a need for a way to eliminate or minimize the noise introduced by the
subtraction process.
SUMMARY
These and other drawbacks and limitations of conventional CDMA
.demodulation techniques are overcome according to the present invention, wherein a
15  pre-orthogonalization procedure is employed. This procedure can be used, for
example, to improve subtraction of CDMA signals from a composite spread spectrum
‘signal or to improve detection of CDMA signals within the composite spread spectrum
signal.
According to exemplary embodiments, a Gram-Schmidt orthogonalization
20  process is used to modify signature sequences which are each associated with a
particular CDMA signal in the spread spectrum composite signal. These modified
signature sequences can then be used to spread correlations of the original signature
sequences with the received composite (¢.g., to improve subtraction of each CDMA
signal) or in the correlation process to improve detection. Pre-orthogonalization
25  according to the present invention, eliminates or mitigates the creation of noise which
can occur when using conventional CDMA demodulation techniques.



can occur when using conventional CDVA denodul ation techni ques. - 3-

BRI EF DESCRI PTI ON OF THE DRAW NGS The foregoi ng, and ot her objects,
features and advantages will be nore readily understood upon reading the
foll owi ng detailed description in conjunction with the draw ngs in which:
Figure 1 is a geonetric illustration of the subtraction proces ';&&ﬂﬂfﬁkz
is a bl ock di agr¥®9UP57%8 gnal processing according to an exerrpl%

enbodi ment of the present invention; Figure 3 is a block diagram of an
exenpl ary stage processor according to the present invention; Figure 4 is a
bl ock di agram of anot her exenplary enbodi nent of a stage processor; Figure
518 a block diagram of another exenplary enbodi nent of the present

i nvention; Figure 6 is a block diagram of yet gnother exenpl ary enbodi nent
of the present invention; Figure 7 illustrates”the application of

pre-ort hogonal i zati on according to the present invention at the

transmtter; Figure 8 illustra Lol e L f Figure 7
bei ng added together; and Fi gu%ﬁ@@bﬁgﬁgmm&)rs are
?ﬁynchr OI’IO;JS_. DET;AI LED m&ﬁk%dﬂﬁmlrdﬂjeﬁ?, fdatumemﬂlaaﬁanmabwﬂl bemntose_ reqdily

e present invention, a pre- orthogopalizatjor rQach . s use i.ch is
based in part on tme@%l!gemaemﬁg%@ﬁeww #@@ﬁ?ﬁﬂg’tﬂ?&ﬁ%ﬂ& é‘cﬂ?&h@'&s.
The Gram Schmi dt paRGAREY e whithdescribed in detail bel ow

Pre-orthogonal i zati on alg)pr oaches according to the present invention
5 igure 1 is a geometric illusfration of the subtraction process; _

Figure 2 is a block diagram of signal processing according to an exemplary
embodiment of the present invention;
Figure 3 is a block diagram of an exemplary stage processor according to the
present invention;
10 Figure 4 is a block diagram of another exemplary embodiment of a stage
processor;
Figure 5 is a block diagram of another exemplary embodiment of the present
invention; )
Figure 6 is a block diagram of yet another exemplary embodiment of the -
15  present invention; and-
Figure 7 illustrates symbol timing according to exemplary embodiments of the

present invention.

DETAILED DESCRIPTION
20 According to exemplary embodiments of the present invention, a pre-
orthogonalization approach is used, which is based in part on the Gram-Schmidt
procedure for orthogonalizing sequences. The Gram-Schmidt procedure is described
in detail below. Pre-orthogonalization approaches according to the present invention
can, for example, be used in two ways. First, these approaches can improve
v 25  subtraction by reducing subtraction error in a subtractive demodulation receiver.
Second, these approaches can be used to improve detection by eliminating interference
! in the detection process by correlating the received signal to modified signature
sequences that are orthogonal with respect to one another.
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can, for exanple, be used in two ways. First, these approaches can inprove
subtraction by reducing subtraction error in a subtractive denodul ati on
recei ver. Second, these approaches can be used to inprove detection by
elimnating interference in the detection process by correlating the
received signal to nodified signature sequences that are orth il
respect to one XYRYHIE70S WD 97/ 05708 $eRBberiths
PCT/-US96/ 11735 -4- An inproved subtraction approach is described first
usi ng an exanple, in which the received signal r(n) during a given synbol
perjod is a conposite of three signals, so that: 5 -r(n) = clerr]
b[err] s[err](n) + c[err] Db[err] s[err](n) + c[err]b[err]s[err](n) '
(1) where c[err] is a conplex channel gain t _gt nodel s the anplitude and
phase of the signal. For sinplicity of discussion, assurre signal 1 is the
strongest, signal 2 the second strongest, and so on. Wth

conventi onal subtractl denDd S uld
be detected then rem)v gfﬁkﬂ&%@cﬁ%ﬂy{%‘%ﬁegw E’%e recei ve

signal with the cmemavugﬁgm@(n)ﬂhﬂng;gwbn Gyrhhnlcpenpdjgatt@mppmofﬂlmded
if the sequence is, real Iued such as 1). This gives detection statistic
z, which can be eﬂﬁ"%‘&s@ als: 15 - [err]

(2) though the division by N would normally be omtted when inplenented to

reduce the complexity of the system The erscrjpt * denotes conpl ex
conj ugati on. [IT'El s det e&E® ShCih APk %T’é %??a?l’@ged by substituting M

equation (1) in equation (2) gl ving: 20 z[err]= c[err] b[err] + c[err]

3}13: re] [ eR[r re]r r ]25+ clerrl® grrerc isa ceorn{p]lex channel gain that models the amplitude and phase gf)the
signal. For simplicity of discussion, assume signal 1 is the strongest, signal 2 the
second strongest, and so on.

10 With conventional subtractive demodulation, the first (strongest) signal would
be detected then removed. Detection occurs by correlating the received signal with
the complex conjugate of s;(n) (the conjugate is not needed if the sequence is real
valued, such as +1). This gives detection statistic z, which can be expressed as:

15 4= s @ @

Tr

..Mz

though the division by N would normally be omitted when implemented to reduce the
complexity of the system. The superscript * denotes complex conjugation. This
detection statistic can be analyzed by substituting equation (1) in equation (2), giving:

20
Z; =C; bl + 1+ bz Rz; + O_gbs RSI (3)
where
1 v .
R, = 5 Y ss®
k=1
25

@



(4) WD 97/ 05708

PCT/ US96/ 11735 -5- is the cross-correlation of signature sequences a and b
and the superscript "*" denotes conpl ex conjugation. Cbserve that the first
termin equation (3), i.e., c[err]b[err], represents the desired signal,
whereas the remaining terns represent interference. Denodul ati on uses the
detection stati SWP@7857&r] to determine the information bei ng BCTUSHAEY ed.
For -exanple, if c[err] is known or estimated and b[err] is 1, then z[err]
can be nmultiplied by c[err]* and the sign of the real part of the product
taken as the detected value of b[err]. If differential nodulation is used,
theh z[err] can be nmultiplied by the conjugate of the previous val ue of
z[err] to determine the information sent. In general, the way in which the
detection statistic z[err] is used to determ the information 10

depends on the type of nodul ati on used and the capabilities of the receiver
as will be apparent to those skilled in the art.

recei ved signal i d8&rqressepmelation of signature pequences Qé“%{’l aggve o %S‘Eﬁptt he deriotes
anpl i tude, phase, &ﬂﬁi)lt e rga tiom! L@o&ﬁ@%ﬁ%{eﬁfgﬁkﬁnhﬁe&ﬁﬁoﬂﬁ)epél Q{b,, represents

statistic z[err]. celived signal wth signal "1 renpv I.e., the
resul tant signal 1the desired signal, wpeneaqthemnagmoamrmyremsemrlppﬁfyre_mm) -

z[err]s[err](n) cternine thé EforakiBn bikh
all of the conponents (Ren}qrc]lgla?%%tésle\s/ég qselteﬁ%a sm ncﬁ t<'§1)rde rl(\:‘jened vv?t n :

first 20  sigdal mweﬁemmdfCQSMmmesamtedr@drbﬁe&ﬂ:]l(ﬂl)enwmbe
s[err](n) gives:

(6) Next, signal Zﬁﬁléhéeedmydcdl %ﬁdetge é‘ﬁa oFéhﬁor\‘?aelM the odu%t t%kr?nsa’? éhte"l dsett?cgedf or
signal 2 is obtai mathexf bg.olf diffetential mddatatipy is)used) tb@rez,rqa(lrb)t,mtﬂsphedéw thérat :
Lerr] conjugate of the previous value of z, to determine the Grzfémnation sent. In general,
the way in which the detection statistic z, is used to determine the information
10  depends on the type of modulation used and the capabilities of the receiver as will be
apparent to those skilled in the art.

To remove signal 1, the received signal is correlated to s;(n) to give an
estimate of the amplitude, phase, and symbol value together. This is the detection
statistic z,. So, the received signal with signal 1 removed, i.e., the resultant signal

15  denoted 1,, is given by:

n(n) = r(n) - z;5,(n) &)

Note that all of the components of the received signal which are aligned with the first
20  signal have been removed, since correlating r,(n) with s,(n) gives:

1 & . ©
¥ Y rmws,* ) =z, -2 =0

ns=l
Next, signal 2 is demodulated and
removed. The detection statistic for signal 2 is obtained by correlating r,(n) to s,(n),

' 25  so that:

' 1
- 5= %Y nos' o) | ™

n=1



WD 97/ 05708

PCT/ US96/ 11735 This detection statistic can be anal yzed by substituting
equations (5), (3), and (1) in equation (7), giving: [err]

(8) 5 [err] [err] [err] [err] where the property that Rerr] =

Rl err] has been used. Two observations can be nade 10 fromi, &HWZ&B)'
First, signal 1V®O5M$t interfere with signal 2 as the term ?’E

absent in the final expression. Secondly, a part of signal 2 was renoved
when signal 1 was.renoved, as evidenced by the subtraction of [err] from
the signal termc2b2. The second signal is then renoved fromthe spread
speetrum conposite signal, generating another resultant signal r2(n), as
foll ows: 15 rferr](n) =r[err](n) - ;%grr]s[err](n)

(9) This second residual signal has no conponent aligned al ong the second
signal's signature sequence. Fbmever in formng the second residual

Ceauence. Thie oaPHcadeeRth By e P SRR e il PBlod BV BT i,

the first signat urequastion (®,givingyi Vi ng 20 [err] (10) This
correlation can be anal yzed by substituting equations (9), (8), (5, (3),
and (1) in equatlon (1(i)~g|V|ng 25 [err] [err] ' ®
(11) [err] Elr(n)-z,s,(n)]sz ®)
ual
5 = ChRy, + ¢, + &by Ry, - 2Ry

= chRy, + &b, + ¢y Ry
-c,bR,;, - &b, RyRy, - ¢by Ry R,

= b1 - [Ry|%) + &by Ry — RyRy)

where the property that R,, = R, has been used. Two observations can be made
10 from equation (8). First, signal 1 does not interfere with signal 2 as the term ¢, is
absent in the final expression. Secondly, a part of signal 2 was removed when signal
1 was removed, as evidenced by the subtraction of |R,,|? from the signal term ¢,b,.
The second signal is then removed from the spread spectrum composite signal,
generating another resultant signal r,(n), as follows:
15 ) = 1y(n) - 2,5,(n) ®
This second residual signal has no component aligned along the second signal’s
signature sequence. However, in forming the second residual signal, energy has been
introduced along the first signal’s signature sequence. This can be seen by correlating

the second residual signal with the first signature sequence, giving:

20 L
X== le ryn)s, " () (10)
This correlation can be analyzed by substituting equations (9), (8), (5), (3), and (1) in
equation (10), giving:
25

= — 2 [r(m)-z,5,(m)~2;5,(M)]s” ()

u=1

= z,-2,-5,R, ' (1D
= ~[cb)(1-| Ry, | +€30,(Ryy=R; RDIR,,
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PCT/ US96/ 11735 -7- (bserve that x is not necessarily zero, which indicates
that energy aligned with the first signal has been introduced. Thus, energy
along the first signal is no longer nulled out or zero as it was after the
first signal's initial renmoval at equation (5). This newy introduced

ener gy doesn't d@ﬁ@ﬁ@gwﬂ the first signal's strength, but doespgmﬁéﬂﬁﬂﬁwon
t he second and third signals' strengths. Accordingly, when detecting the
third signal, interference fromthe second signal will be present. This can
be seen by formng the third signal's detection statistic: [err]

(12) 10 This statistic can be analyzed by substituting equations (9), (8),
(5), (3), and (1) in equation (12), giving: [egr] 15 [err] [err]
[err] [err] [err] [err] 20 Note that there is ™@n interference term
proportional to c2 in equation (13), inplying that the second signal is

interfering with t third _even thou al | energv.was..nulled gut al g t he
second signal's si Qﬁ% @“sﬁ&d@ﬁggewﬂﬂom’n@‘&k?%&% “‘éﬁﬁ%??&yoﬁ‘gd‘@‘? s %he
Thi s probl em can bfirsy signslchag beendhtrodusdd. y Thisp enczxypalohg thelfirst dsignmakisng lohgdrhe
signals as vectors, Figure 1,.the first two.signals.(i.e.. the strgngest
two signals in a sB‘Fl cP“éB’éﬁr? &fﬁtd’@ﬁﬁgg{ ﬁ‘é)f}fﬁrség'éﬁ%m&ewé Yrequghiod 9 and
vierr]. The secondThisg&aly intfgducbtli; gliﬂrg)gdé‘dﬂﬂﬁ/ﬂep’éﬁd o EheSHf¥t GfnalBrefpp, ikt does
t , C t vt . .
vectors, one ( IS © ep\éxexg 01(1) rthe sezzon% alng rt]t%rd wgnals’ strengths. Accordingly, when detecting the
third signal, interference from the second signal will be present. This can be seen by
forming the third signal’s detection statistic: '

N
z = % . Tym)ss (v) (12)
n=l
10
This statistic can be analyzed by substituting equations (9), (8), (5), (3), and (1) in
equation (12), giving:
1 & .
5 =5 20250 -55mls @)
n=]
15 = bRy + CBRy + Chy - 3R, - R,
= bRy; + ChRy + Cib,
~CbRy; - &b, RyRy; ~ ¢b, Ry |? a3
~ch, (1 = |Ry|)R, = by [Ry)? + bRy R,R,
= ¢byil - |R,|? - |Ry|? + R,R,R,)
"'czbzuRn[sz: - RyR,} .
20
Note that there is an interference term proportional to ¢, in equation (13), implying
that the second signal is interfering with the third, even though all energy was nulled
out along the second signal’s signature sequence by forming r,(n) at equation (9).
v 25 This problem can be viewed geometrically, for example, by thinking of the

signals as vectors. In Figure 1, the first two signals (i.e., the strongest two signals in
a spread spectrum composite) are shown as vectors v, and v,. The second signal, v,,
is also shown as the sum of two component vectors, one (i.c., vector 10) aligned with
the first signal v, and one (i.e., vector 12) orthogonal to the first signal. When the



the first signal v[ferr] and one (i.e., vector 12) orthogonal to the first
signal. Wen the WO 97/ 05708

PCT/ US96/ 11735 -8- first signal is renoved, the conponent of the second
signal aligned with the first signal is also renoved. Thus, vector 10 is
renoved, |eaving vector 12. Vector 12 can al so be expressed a f
two conponent veWQ8M78 or exanple a vector 14 aligned with tﬁzﬁ@&@%ﬁ%&?
signRal v2, and a vector 16 orthogonal to the second signal v2. 5 The
second signal is renoved by renoving all conponents that are aligned with
vector v[err]. Thus, vector 16 is renoved, but vector 14 is not, |eaving a
portion of the second signal in the residual signal. Cbserve that vector 16
has a nonzero projection onto vector v[err], io that part of the second
signal residual energy is aligned with the fiT™st signal axis. 10

Fromthis vector point of view, it would be preferable if, mhen renovi ng

t he second signal, all ener al,o vect or |s re e |1
ener gy al ong vect dirstsign al’l’ﬁr‘%x%@& @’gchWBWE T &R Flﬁﬁaqu% rgy ol{&[g%&
second signal whi GigngilibaRE emdvell. .cms,aaecuoﬂueﬁs‘amme ledviigi veetot h2t Weetor 42 12

Is the part of vector v2 that is orthogo to vector v eros]. Th
Gram Schmi dt procé%%@éﬁﬁxﬂié“%ﬁj FG“’E&?&‘P’W‘{W'S Vegrs, fﬂ’]o?ﬁmgrﬁw&‘t

Gram Schni dt pr oceguhd dn§1 ﬁé%ea%ha fsiﬁﬁﬂ v, NarRISC VR 16 o?the ondY fo. thBseegnd sighdd vgm
Control Theory, Englrewoo

Brentice- Hal | 1982, whi osure
i s incorporated h&mmndmﬂenc@novmby@amﬂwp@ém E@ﬁ'ﬁﬁ?‘h"{"{‘u) are
formed fromthe o Jee&bgg,' (%ﬂ) @J[enﬁ q]6$i§msblﬁ Wedt6d {4ds ridE Qedvilig Wpértiok b the

fol |l ow ng procedur
(14b) 25 second signal in the residual signal. Observe that vector 16 has a nonzero projection

(14c) where

onto vector v,, so that part of the second signal residual energy is aligned with the
first signal axis.

; 10 From this vector point of view, it would be preferable if, when removing the
second signal, all energy along vector 12 is removed rather than all energy along
vector v,. This would remove the remaining energy of the second signal which
subsequently causes interference. Notice that vector 12 is the part of vector v, that is
orthogonal to vector v,.  The Gram-Schmidt procedure can be used to determine this

15  component.
The Gram-Schmidt procedure is exemplified in section 4.7 of W.L. Brogan,
Modem Control Theory, Englewood Cliffs, NJ: Prentice-Hall, 1982, which disclosure
is incorporated here by reference. The Gram-Schmidt sequences u;(n) are formed

from the original signature sequences s;(n) according to the following procedure:

20 )
u1(n) "t 1 (n) =5, (n) (143)
i-1
t(n)=s/n) -2; "": ,.; () (14b)
25 (14c)

u(n)=t(n)/ \/ Gt

where
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[err] (15) Qbserve that C(s[err],s[err])=N R err]

(16) When subtracting a signal, the G am Schm dt sequence may be used, so
that the subtraction procedure according to exenpl ary enbodi nents of the

present invention

are given by: 10

(17a) r'[err](n) WO - C(r'[err], u[err])u[err](n) PCT/USI6/N1T3S
(17b) One technique for sinplifying equation (17b) is to note that the
square root termfrom 15 equation (14c) appears tw ce, since u[err]

appears twice, so

that equation (17b) can be rewitten as: [err]

(18) 20 avoi di ng the square root function, which can be difficult to

realize. A second

correlating r'[err] with t[err] is the sane a$

techni que for sinplifying eqbuatlonI (éL?b) is[to ]not_et':]hat
correlating r'[err] w

s[err].. This is because, fromequation (14b), t[err] can be expressed as

s[err] plus conponents along S[err], where k <i. Since r'[err] has zero
conponent s al ong previous signals, correlation with these conponents gives
zero. ‘So, 25 t he €@pedcxEint®an be expressed as: WO 97/ 05708 15)

PCT/ US96/ 11735 - 10-

10

15

20

[err

Observe that
C(s,.s)=N R, (16)
When subtracting a signal, the Gram-Schmidt sequence may be used, so that
the subtraction procedure according to exemplary embodiments of the present
invention are given by:
17
P om)=r) 1)

17b
rm=r'(n-1) - Cr',,,uuln) (170)
One technique for simplifying equation (17b) is to note that the square root term from
equation (14c) appears twice, since u; appears twice, so that equation (17b) can be
rewritten as:

s
ar'.,l,)‘)"( & (18)

rn)=r(n-1) -
avoiding the square root function, which can be difficult to realize. A second
technique for simplifying equation (17b) is to note that correlating r’,; with t; is the
same as correlating 1’ with ;. This is because, from equation (14b), t, can be
expressed as s; plus components along s, where k < i. Since r’;, has zero
components along previous signals, correlation with these components gives zero. So,
the subtraction can be expressed as:



(19) where N [err] (20) 10 [err]
(21) Note that z'[err] can be used as the detection statistic. Using the
original signature 15 sequences when formng z'[err] is advantageous,
since these sequences are typically 1 values, so that correlation can be

I npl emented with additions and subtractions. The t[err](n) sequence and its
correl ati on wit hWO%28¥08 nay be pre-conmputed and stored in a rRESHURITEE
may the t'[err](n) sequence. Thus, according to exenplary enbodi nents of
the present invention, 20 subtraction is perforned using detection
statistics and nodified signature sequences, in which the nodified
sequences are orthogonal to one another. An illustration of this exenplary
enbodi mrent of the invention is now given using t he previous exanple. The
first signal is denodul ated and renoved in tHt Osane way as described above,
since u[err](n) = s[err](n). However, the second signal is renoved in a
different way. 25 I nstead of using equation (9), the second residual

signal is forned by'a'([)errgX Ur-c(r' ’s‘)m 2 2 5 (22) (22)
From t he G am Schm ©{mpr o¢(ad eabl—l—&' ifrod= atiord)- 7/ 05708
PCT/ US96/ 11735 -11- [err] k) Cet, (23) and
[err] -' (24)
= P n-1)-2'; ¥ (n) _ 19)
5
where
N -
Z’i=n2_l v s " () (20)
10 '
, . HO)
4 i C(t‘,t‘) (21)

. Note that z’; can be used as the detection statistic. Using the original signature

15  sequences when forming z’; is advantageous, since these sequences are-typically +1
values, so that correlation can be implemented with additions and subtractions. The
t;(n) sequence and its correlation with itself may be pre-computed and stored in a
receiver, as may the t'(n) sequence.

‘Thus, according to exemplary embodiments of the present invention,

20  subtraction is performed using detection statistics and modified signature sequences, in
which the modified sequences are orthogonal to one another. An illustration of this
exemplary embodiment of the invention is now given using the previous example.
The first signal is demodulated and removed in the same way as described above,
since u,(n) = s,(n). However, the second signal is removed in a different way.

25 Instead of using equation (9), the second residual signal is formed by:

7o) s @

From the Gram-Schmidt procedure outlined above,



So, equation (22) can be analyzed by substituting equations (24), (23), (8)

and (5) in equation (22), giving: 10 [err]
(25) The anal ysis continues by substituting equations (3) and (1) in
equation (25), giving: [err] 15 [err] [err] 20 [err] [err] 25 [err]

(26) WD 97/ 05708 :
PCT/ US96/ 11735 -WOIMEMBit will be shown that r'2(n) has no coRpHNEM(IIBSong
either signal 1 or signal 2. Computing the correlation of r'2(n) with
signal 1, using equation (26), [err] 5 [err] [err] 10

Al so, conputing the correlation of r'[err](n) with signal 2, using equation
(26), [err] [err] [err] 15 [err] [err] 20

-11-

O(z, Y

t,(m)=s,(n)-

5,(W)=s,(W)-R,;s,(n) 23)

and
5 (24)
C(tz,tz)=N(1 - |R21 lz)
So, equation (22) can be analyzed by substituting equations (24), (23), (8) and (5) in
equation (22), giving:

10 rm=r@m)-zs@n)- [5,(n)-Rys,(m)] 25)

1- I Ry,|?
The analysis continues by substituting equations (3) and (1) in equation (25), giving:
v, () = cbs,(n) + cb,5,(n) + C.bs,(m)

15
- ey + bR, + ¢;b; Ry ls\(n)

' 3 |2[cz by(1=| Ry | +e;by(Ry-Ry; R 5)1s, ()
1

20 R,

m[czbz(l =Ry [)+¢,55(Rep =Ry, R )15, (1)
21

- [csbs(Rsan ~Ry |Rp,[%)

1 - l R |2 -CSbSRﬂ]sl(n)
21

by(R,R, R
- - cLl"(__.ﬂ_z‘ﬁ 5,(n) + c;bs,(m) (26)
|Ry|



Thus, the new residual signal r'[err] arrived at by way of signa

processi ng 25 according to this exenplary enbodi nent of the present

i nvention, has no conponents along signals 1 and 2. Al so, the conplex gains
c[err] and c[err] are absent fromthe final expression for r'[err] in
equation (26). Thus mhen detecting signal 3, interference fron1sigpals 1
and 2 is not pre¥@H5108 \\5 97/ 05708 PCT/USI6/11735
PCT/U896/11735 13- An exenplary system for |nplenent|ng t he

af ore-described signal processing to provide this inproved subtraction form
of pre-orthogonalization is shown in Figure 2. An antenna 202 receives the
radio signal, which is processed by the radi o processor 204 to provide
conpl ex- valued, baseband chip sanples. Radio qéocessing 5 as exenplified
by bl ock 204 is well known in the art and incl*4des filtering,

anplification, mxing, and sanpling operations. The resulting baseband

signal is provided to t £ st SS0 06, which producge det ection
statisti c for the sign ‘?ﬁ%@ ﬁ@ g'?@) wﬂpﬁﬂﬁﬁd}&ﬁ&l rs&npl&ﬁ
signal, r'[err], Waigab2r ecwmﬂﬁg aaetobﬁeraﬁﬁﬂbmegn)swmnﬁgnmn Rsifig gquatiod (26), :
rennved ThIS re5|dual signal is provided to a stage 2 10 processor 208,
which is simlar to the skage 1 processor, except that it operates with
regard to signal 2. xThoLeZslﬂztﬂ) d@)n the art will appreciate that any
nunber of proceSS| ng st can be provided in the receiver of Figure 2,
dependi ng on t e desir dbg(%r—@ﬂ&;l’gnal s_to be obtained. A block diagram
of an exenpl ary stage ﬁm@gmp'ﬁ—grveﬂahsﬁnh gure 3. The 15 input to thg)
stage processor is correlgt d fukorrelator 302 to a si gnat ure sequence
provi ded by sequence gerﬁa c‘ay%lthese sequences are typically
1, the correlator 302 can bel en’%ht ed % ng addition and subtraction

| ogi c. The output of cerrelatof'302 is the detection statistic z' which is

used by the rest of the receiver to determine the information sent on the
correspondi ng $i gnal

, apnd which,i sals |ddto preader 306
where it is sptead witHﬂé0 rfﬁmpf’%hgéﬂfﬁ@%ﬂ"é‘ (fflr')rd@'l\s Pty &uation (26),

"N r' ,m)s; (n)
csbs(Rsszx -Ry, |R;, Iz)
- o el Fo
15 bRy Ry R o
1 - RyP bRy 28
Rn'Rlez Ry Ry | Ry, PRy Ry,(1 - |Ry )
- [Rzllz
- cb R, - RyR, - Ry - R, )
393
20 1- |R21|2
= ¢;b Ry |Ry, 12-Ry Ry +Ry R, Ry | Ry, 2
o ? 1- |R2.1|2

Thus, the new residual signal ', arrived at by way of signal processing
25 according to this exemplary embodiment of the present invention, has no components
along signals 1 and 2. Also, the complex gains ¢, and c, are absent from the final
expression for r’; in equation (26). Thus, when detecting signal 3, interference from
signals 1 and 2 is not present.



the nodifi ed sequence generator 308. The nodified sequences t[err]'(n) can
be generated as described above. Because the detection statistic and the
nodi fi ed sequence are-both nonbinary, e.g., [err]l, [err]2, [err]3, etc.,
the spreader 306 would normally require nultiplications to 25 be '
performed. The output of spreader 306 is provided to adder 310 'g
subtracts the ouWB$0I98 spreader 306 fromthe stage processor ?(ﬁeg@’ ’Pﬁaﬁ
has .been del ayed by delay unit 312. The output of adder 310 is the residual
signal, r'(n). An alternative inplenentation is possible in which the
baseband signal is stored in a buffer. \Wen the residual signal is forned,
It s used to overwite the WO 97/ 05708

PCT/ US96/ 11735 -14- received signal in the buffer. Double buffering can be
used, so that part of the data can be proces§@ while nore data is being
recei ved. One inplenentation concern is the fact that the nodified

sequences, t'[err](n), are not binar Th t he reader 306 multinll
nonbi nary chip val ues }ﬂ“tﬂ‘ef“ﬂg"yssys‘eﬂ'gﬁ’&‘ gﬁ?%ﬁéﬁ??%ﬁ&gﬁsﬁegt%@@
|r égu&égngs 1; olro reaq_h p«;&tﬁ&[ﬁg )Mbﬂ%mum?ﬁfof@ﬁ-bmgbmmﬂhﬁssmm Figure
xpressing t'[err](n) in terng of coefficients aler and the
origi nal sequences?. Amantensa 202 seceiveshe radig signal, H’Q{"hi%l’m&% % hen

given by: 10 Ri.ocds I : IR Bidb fsah Rudib ipratessi
formng only i prot uct%?_zgfglﬁ%v;@%gﬁ?%ﬁf or %qg&fbfdo i?s:t hgﬁgp ﬁfolrpm' ngsmg
sulbtracéI i on 3_y Sad dasreyemplifiadthyr blegk 204 is mel dnpwa dn, theart andringludas fﬁ@ﬂ%&ved chip
val ue, depending o o]k j: 01 SLgn .
This form of subt r%@%@"i’n w‘é'c%’B%@[’fr‘@c | ortlﬂtﬁJ ? %fépl?ﬁggﬁgﬁﬁﬂ\%gﬁ
per f Iolr n’:ad 15  usiprgvidedstobthe stage bpsocessan2Q6, which preducene deteefirariatistic fordhe |
B?ggesg or i Ssequenéllgn%ll if 95,@&&0&&&?&%%@&&8@ QB PL, Which RepréseRs the
received signal with signal 1 removed. This residual signal is provided to a stage 2

10  processor 208, which is similar to the stage 1 processor, except that it operates with

regard to signal 2. Those skilled in the art will appreciate that any number of
processing stages can be provided in the receiver of Figure 2, depending on the
desired number of signals to be obtained.
A block diagram of an exemplary stage processor is given in Figure 3. The
15  input to the stage processor is correlated in correlator 302 to a signature sequence
provided by sequence generator 304. Because these sequences are typically +1, the
correlator 302 can be implemented using addition and subtraction logic. The output
of correlator 302 is the detection statistic z' which is used by the rest of the receiver
to determine the information sent on the corresponding signal, and which is also
20 provided to spreader 306, where it is spread with a modified sequence provided by
the modified sequence generator 308. The modified sequences t;'(n) can be generated
as described above.
Because the detection statistic and the modified sequence are both nonbinary,
e.g., 1, +2, +3, etc., the spreader 306 would normally require multiplications to
25  be performed. The output of spreader 306 is provided to adder 310, which subtracts
the output of spreader 306 from the stage processor input that has been delayed by
: delay unit 312. The output of adder 310 is the residual signal, r'(n).
An alternative implementation is possible in which the baseband signal is
stored in a buffer. When the residual signal is formed, it is used to overwrite the



illustrated in Figure 4, where |ike elements fromprevious figures are

I dentified using the sane reference nuneral. The input is correlated in
correlator 302 with a signature sequence provided by sequence generator
304. The result is the detection statistic z', 20 which is stored in
buffer 402. Then, for one or nore iterations, the output of buffer 402 is
multiplied in nﬂWPﬁMﬁmﬁ 404 wth a coefficient provided by c JETH LIRS
generator 406 to produce a product, which is added or subtracted in each
el enent in the controlled accunmul ator 408, depending on the control

i nformati on provided by the sequence generator. There are N elenents in the
controll ed accumul ator 408, one for 25 each chip sanple, which are
initially loaded with received chip sanpl es. %n iteration is performed for
each termon the right side of equation (30).'ﬁﬁter the iterations are
conpl eted, the accunul ated result fromcontrolled accunul ator 408 is

provi ded as an out e 08 .

PCT/ US96/ 11735 - 15'9*’°5&"°§e%%“¥53"%§4y9@§°fu Double buffering can b ysed, jo that part of the data |
the present inventcanibeipsocessed wijle moseidate ischeirigaeceiwed. t hat subtraction of
signals can be omtted.. The pasic.idea is,t etect the signals usin

o 1160 o gnat ure. seq RRGBRIETELRNRR GRps 8 MR tiatthe Bt Badendes, . cagp
exanpl e, the det ecidt Bihafit. 9T} the sprefdbir B8 Gmileplick nénbiaeeyBhip Vilues WA itieent 5
woul d be given by: N[errél ) .. ) . (31) Since_the
second nodi fi ed sinNpRaingRy, elreioroTristic N Gpes, dgorfaree fo5 %‘_’WP m;?lg.o'l‘he.number of
sequence, i nterfergpaglidaliers dah Be PERCRN G Lexprestif ti(hy MltermsttoeffidieAs QL 986 the
Simlarly, the third nodified sequence’is orthogonal to the first two. An
exenpl ary i npl emerRriginad fequencesise thist ecti on form of pre-orthogonalization is
shown in Figure 5. Thenghi= 2@ iepna recgiyve he radi o signal, wh;

I s processed by the r@éﬁgypr%&(@;o%ﬂg&d@?ﬁr'ovi' ’e§1g1?)rrpl ex-val ued, basebtaz?g
chip The signal that is subtracted is then given by:

10 Z't'n) = 2’y si(n) + z'@;, sam) + ..+ 27, si) 30)
Thus, subtraction can be performed by first forming only 1 products, a; z'; for
k = 1 to i, then performing subtraction by adding or subtracting these products from

each received chip value, depending on the signs of the original signature sequence
values. This form of subtraction, in which subtraction of the i'th signal is performed -
15  using i subtractions,.can either be done sequentially or in parallel..

A sequential form of this exemplary embodiment of the stage processor is
illustrated in Figure 4, where like elements from previous figures are identified using
the same reference numeral. The input is correlated in correlator 302 with a signature
sequence provided by sequence generator 304. The result is the detection statistic z',

20  which is stored in buffer 402. Then, for one or more iterations, the output of buffer
402 is multiplied in multiplier 404 with a coefficient provided by coefficient generator
406 to produce a product, which is added or subtracted in each element in the
controlled accumulator 408, depending on the control information provided by the
sequence generator. There are N elements in the controlled accumulator 408, one for

25  each chip sample, which are initially loaded with received chip samples. An iteration
is performed for each term on the right side of equation (30). After the iterations are
completed, the accumulated result from controlled accumulator 408 is provided as an
output.



15 sanpl es. The resulting baseband signal is provided to correlator 502,
which correlates to a nodified sequence provided by nodi fied sequence
generator 504. The result gives detection statistic Z' for a particular
signal. Because the received data sanples are nonbinary and the nodified
sequences are nonbi nar the correlator 502 would typically include
multipliers. If WOR%MMEN one signal is to be detected, then 28CTUSMATI e
correlators can be used, either in series or in paraIIeI Al ternatively,
the output of the radio processor 204 may be buffered, so that the sanme
correlator can be used repeatedly with different nodified sequences
corresponding to different signals. One inplenentation concern is the fact
that the nodified sequences, t'[err], t[err] or u[err] are not binary.
Thus, the correlator 502 multiplies nonbinary*®hip values wth the 25
nonbi nary received data sanples Ntines, i.e., once for each chip sanple.

The nunber of multiplic t|on can be redu expr ess e nodifie '
sequence, for exanple, 3] Way;iQ, uge-prg:0 Pg‘ﬁ‘éﬁ@ﬂﬁ‘? r‘iﬂfgf"rézeamtﬂﬁ"e‘mm
origi mal sequencesisforimproted dddctior, sb at kitactiorSbfNignalstan be Phfittéd. Theebdsic( n)
+ ...+ b[err] sferr]( 32) Substituting equatlon (32)

in equation (31), hz@td@@ss b signgls paing @Oé’é"&émmfe SCQUSNOLH; BsInp sither t;, t, or
PCT/ US96/ 11735 16 [, r

Thus, the det ectlon s%t%‘st?lg télgr?e‘t%mgbﬁméﬁs%%ﬂﬁ@sqm?gr rlL tﬁ%dg dat a
to the ori gi nal 3 sewoulddegiveptliyeh can be i npl emented with additions and
subtractions since 10 s[err](n) are typically [err] 1 valued. Then,.the
final detection statist¥Nc is obtained by accunmulating y[err] with onl y

[err] products, a[eZrF M &4 @or k = 1°to i-1. In this way, the number o8l)
mul tiplications can be *educed. This exenplary formof detection, in

Since the second modified signature sequence is orthogonal to the first
10  sequence, interference from the presence of the first signal is avoided. Similarly, the
third modified sequence is orthogonal to the first two.

An exemplary implementation of this detection form of pre-orthogonalization is
shown in Figure 5. Therein, an antenna 202 receives the radio signal, which is
processed by the radio processor 204 to provide complex-valued, baseband chip

15 samples. The resulting baseband signal is provided to correlator 502, which
correlates to a modified sequence provided by modified sequence generator 504. The
result gives detection statistic Z’ for a particular signal. Because the received data
samples are nonbinary and the modified sequences are nonbinary, the correlator 502
would typically include multipliers. If more than one signal is to be detected, then

20  multiple correlators can be used, either in series or in parallel. Alternatively, the
output of the radio processor 204 may be buffered, so that the same correlator can be
used repeatedly with different modified sequences corresponding to different signals.

One implementation concern is the fact that the modified sequences, t';, t; or
u;, are not binary. Thus, the correlator 502 multiplies nonbinary chip values with the

25  nonbinary received data samples N times, i.e., once for each chip sample. The
number of multiplications can be reduced by expressing the modified sequence, for
example, t’;, in terms of parameters b, and the original sequences s(n), so that:

t'{m) = si(n) + by, sp(n) + ... + by, 5() (32)
Substituting equation (32) in equation (31), the detection statistic becomes:



whi ch detection of the i'th signal is perforned using i-1 additions, can

ei ther be done sequentially or in parallel. 15 Note that the y[err]
val ues are independent of i, i.e., the signal being detected. In fact,
y[err] is the detection statistic for the first signal. Al so, y[err] is
needed when conputing Z2. Thus, the y[err] values can be conputed once
either in seri esW@S™S8paral lel, and stored in a nemory devi c PCIASPURSn)
in the receiver. Also, the b[err] depend only on the signature sequences,
so that they may be pre-conputed or 20 conputed only rarely. Thus, the
I"th detection statistic can be forned by correlating the received signal
to the original i'th signature sequence, then adding correlation terns
related to previous detection statistics, which would have been stored.
Anot her exenpl ary enbodi nent for inproved detdBti on usi ng pre-

ort hogonal i zati on according to the present invention, based on parallel
correlation but 25 serial detection, is shown in Figure 6. An antenna é@g
receives the radio sigfal= Ywhitta Yestprode®sdd by the radio processor 204
provi de conpl ex- valpgd, baseband chip sanples. The resulting baseband
signal is provided to a bank of correlators 302, which correlate the
received signal to thg signature sequences provided by sequence generator

304. The results args n elations y[err], which are stored in a buffer
602. WO 97/ 0570€ﬁ‘ Z?R S0

PCT/ US96/ 11735 3 17- To detect a particular signal, a series of products are
formed by multiplying outputs of buffer 602 with paraneters provided by (34)
par ameter generator 604 in nultiplier 404. These products are accunul at ed

i n accunmul ator 606, which is initialized to zero. To detect another signal,

acoumil ating oper ati ons N G cgESioB G an pd B 1Y A1t ridling the danp 1 the
the other signal. brigifeRefuahces,Swhith efi beoimplinidhtedovidnaiditions ainksubtrpétiome sinee]
o erial O (702l ) aleypaeatly £ 1 VAeE " mhen, e final QeiBBfEn stshiis Blaned by
accumulating y; with only ,, products, a, Y, for k = 1 toi-1. In this way, the
number of multiplications can be reduced. This exemplary form of detection, in
which detection of the i’th signal is performed using i-1 additions, can either be done
sequentially or in parallel.

15 Note that the y, values are independent of i, i.e., the signal being detected. In
fact, y, is the detection statistic for the first signal. Also, y, is needed when
computing Z,. Thus, the y, values can be computed once, either in series or in
parallel, and stored in a memory device (not shown) in the receiver. Also, the b,
depend only on the signature sequences, so that they may be pre-computed or

20 computed only rarely. Thus, the i’th detection statistic can be formed by correlating
the received signal to the original i’th signature sequence, then adding correlation
terms related to previous detection statistics, which would have been stored.

Another exemplary embodiment for improved detection using pre-
orthogonalization according to the present invention, based on parallel correlation but

25  serial detection, is shown in Figure 6. An antenna 202 receives the radio signal,
which is processed by the radio processor 204 to provide complex-valued, baseband
chip samples. The resulting baseband signal is provided to a bank of correlators 302,
which correlate the received signal to the signature sequences provided by sequence
generator 304. The results are the correlations y,, which are stored in a buffer 602.



exanple in which a group of K signals are be denodulated in parallel. Using
the 10 inproved detection pre-orthogonalization approach, each signature
sequence woul d be pre-orthogonalized with respect to the other signature
sequences in the group. Thus, there would be K Gram Schm dt procedures,
each with a different sequence at the bottomof the list. It wll be
apparent to one WRPEE in the art that the present invention REL/U$HE/11T35
applied to other fornms of parallel subtraction. Al so, the technique 15

can be used as the first stage of a recursive denodul ati on schene, such as
that described in M K. Varanasi and B. Aazhang, "Miltistate detection in
asynchronous code-di vi sion nultiple-access conmunications," | EEE Trans.
Commun., vol. 38, pp. 509-519, Apr. 1990, which disclosure is incorporated
here by reference. Wiile the exanpl es given sélfar correspond to one form
of DS--CDVA, the 20 present invention is readily applied to other forns of
DS-CDVA, as will be apparent to one skilled in the art. In general, an

M ary synbol for (khedetact a partigulatisignady, 3 series afproducieane farmad: bynmpitiplyingoutputs of
M i bl [ t We=h | ' .
possi bl e signa %ﬁ'exsﬁie!éﬁisi% B%g@é%%&leﬁ%ﬂéb ) pdtatiSEr #neraﬂﬁ%ﬁ A nﬁﬁ@;{l{e}ﬁ .

§
observe that the exanp een ‘a specl al case, where s|err (rn)

= b[ err]s[err](n) .These products arg aequimadated incscurwiason €0, svhighi ig iritialiged to zero. To

s[err](n) are nullgy Ch ; :

aEe nLI(I )ed, si nce %’%P%ﬁgegﬁgéaﬁj%hwgﬂ&ro‘gor Pgﬁkﬁ?%ﬁ%rﬁﬁ%ﬁé%d
nul | i ng does nét cepemndating opesatibnssworihd be repeated, evithcphrameters entrespgnding td them of
deci si on feedback error. .However, for the general case, this is not
necessarily so. Tr@}e@%'two approaches. In the first approach, only the
dggr /ects Sg/ Si ggal i g nul e genetsl, subﬁadtb?tCDMA\r/]ﬁxgﬂdsQiﬂ Gg implemented in serial or

P U 11735 -18- I n ccurs along the.detecte rr .but not

Bl ong the ot hor s BTAIRLDER e SR hyehten ARRUeR f ek Swh ot  Bbisden by
al lows for the posshmpleiih Whichal grbiieof K Gipgials e 6 \eeinddalated! ih pdratiel. Vkigg tiehe

wrong synbol i detected. Performance cgn be i nprqoved by del ayin
subtraction until ‘F‘BF"L"H& Hetprtion ST PTRRPEO 0R2Pp ﬂhgpcthégmwﬁd;equ%nce would be

pre-orthogonalized with respect to the other signature sequences in the group. Thus,

there would be K Gram-Schmidt procedures, each with a different sequence at the
bottom of the list. It will be apparent to one skilled in the art that the present .
invention may be applied to other forms-of parallel subtraction. Also, the technique
15  can be used as the first smge of a recursive demodulation scheme, such as that
described in M. K. Varanasi and B. Aazhang, "Multistate detection in asynchronous
code-division multiple-access communications,” IEEE Trans. Commun., vol. 38, pp.
509-519, Apr. 1990, which disclosure is incorporated here by reference.
While the examples given so far correspond to one form of DS-CDMA, the
20  present invention is readily applied to other forms of DS-CDMA, as will be apparent
to one skilled in the art. In general, an M'ary symbol for user i, denoted b;, can be
sent by transmitting one of M possible signature sequences associated with user i,
denoted s;,(n). Observe that the examples so far have been a special case, where
5;x(n) = b;s;(n). In these examples, when components aligned with s,(n) are nulled,
' 25  effectively all components along all s;,(n) are nulled, since all the s;;(n) are
proportional to s(n). Thus, nulling does not depend on which symbol is detected,
preventing any form of decision feedback error.
However, for the peneral case, this is not necessarily so. There are two
approaches. In the first approach, only the detected signal is nulled out, so that



5 can be applied to inproved detection. There is a special case, when the
si gnal happens to be a known pilot signal, so that the known s[err](n)

rat her than the detected one can be subtracted. Wth the second approach,
nul l'ing occurs on all the s[err](n), regardless of which one was detected.
The advantage is that decision error feedback is avoided. The 10

di sadvant age i sSWOPESMB subt racti ons nust be perforned per si offUSHR
each subtraction also renoves a little bit of the remaining signals, this
causes a larger loss of the remaining signal energy. A hybrid approach
woul d be to null out a subset of the s[err](n) sequences, such as the
subset that corresponds to the first, second,... best detection statistic.
15 Anot her special case of DS-CDVA is _described in the

af ore-incorporated U. S. Patent No. 5,151, 919180 Paul W Dent. Wth this
approach, Wal sh-Hadamard (WH) coding is used to spread the signal, and

user's are distinguished by applying a user- specjfic scranblin k to
the WH codewor d. Pelingfcears long thedatects 5&1&‘5’ B@'&bﬁi%&g“et@?ﬁf’?eg temisi ng
a series of descrgiihiB0meNdmb@sdt sWlttaetiors! BRSARWTENGE Pbisibility thaf the Wionge
the M possible WH code words span the N di nensional space of a sequence,

the second appr oatequeste jsaulled autriuhen the wrang symbelkis detgeted. n Beriormapess ®e, as

this would null ' rﬁ‘&gdlcﬁ i S m;ﬁg,r cha€ chinnel dsdagach
is possible, in %&Wlﬁ’?ﬁ%ﬁéén e %fej}rl@ér rrecfr_Pn et e?u t hecV\aI sh domaien
or the tine ddimiean berapplisdodmproveddesentin.z Fhersris atspecial casec whecthetsignabeen
described, it wl I | ORwil | thetdetectedat
pre-orthogonal i zaéﬁgﬁ“ségﬁeéeﬁg‘g%lr"?% ?f’sﬁtéha{t?]ansmwtﬁi%é#)qgtg%gl? t he
transm tted signadme aandecnbttasgdnal but not necessarily [err] 1 in value.

One interesting case ig. when i i d i ot I £ aké%gi 5 P Wil
or nore user signals. @9%?3&%?’@}?8@%%‘31’?’9?% 0??1'% %?ﬂﬁsﬁﬁggfs tl%ktrogspect
to the pilot signede wishdetdctete Theradveneagé isotmt deeisionerros ifepdbdck is avaidadoVBRe, so

h h ' . .
}:C-|a-} Utsgg / ﬁgg@lerl@ga%gm%aegte is that ?&’u??ﬁ%g? must be performed per signal. Since each

subtraction also removes a little bit of the remaining signals, this causes a larger loss

Q)

of the remaining signal energy. A hybrid approach would be to null out a subset of
the s;,(n) sequences, such as the subset that corresponds to the first, second,... best
detection statistic.

15 Another special case of DS-CDMA is described in the afore-incorporated U.S.
Patent No. 5,151,919 to Paul W. Dent. With this approach, Walsh-Hadamard (WH)
coding is used to spreéd the signal, and user’s are distinguished by applying a user-
specific scrambling mask to the WH codeword. The present invention may be applied
to this system using a series of descrambling and fast Walsh transform operations.

20  Since the M possible WH code words span the N dimensional space of a sequence,
the second approach of performing M subtractions would not be possible, as this
would null out the entire received signal. However, the first approach is possible, in
which nulling can be performed in either the Walsh domain or the time domain.

While pre-orthogonalization at the receiver has been described, it will be

25  readily apparent to one skilled in the art that pre-orthogonalization can be applied at
the transmitter, so that the transmitted signals are orthogonal but not necessarily +1
in value. One interesting case is when a pilot signal is transmitted along with one or
more user signals. By pre-orthogonalizing the user signals with respect to the pilot
signal, the interference from the user signals is removed, so that the receiver can get



a better pilot signal, and hence a better estimate of the channel as well
as timng. At the receiving end, the original signature sequences may still
be used for detection purposes. Another use of pre-orthogonalization at the

transmtter would be to avoid 5 interference between cells in a cellular
system The sequences used in one cell, which may al ready be orthogonal or
modified to be oWO%ETI . coul d be nade orthogonal to sequencBST: gﬁﬂ

one or nore nearby cells. Thus, nodified signature sequences used i n nearby
cells would not interfere with each other, or they would interfere |ess

wi th one another. 10 An exenpl ary enbodi nent of a transmtter using
pre-orthogonal i zation is shown in Figure 7. An information source 702
provides information, typically binary infornagion synbols, that are to be
transmtted. These synbols are spread in spreé er 704, using nodified

si gnat-ure sequences provided by generator 706. The spread signal is

nmodul ated in m)dulae r 7%% I% FQ‘@F?\‘/‘;X ge%q?é%t%r?ﬂp SSi ?%1%(56’fmdl umAt
using transmt ant p n%hﬁ'ﬂ}?g
transmitted, as ||th¢1ﬁcélﬁingd:nd Nthé ofigindl sfgnatife® Eequbrckemay et B Bsed fob détb@ivn -1 n

Figure 7 use the sane reference nuneral. A plurality of spread signals are
added toget her i n PRHRASES- 807 prior to nodul ation and transm ssion. So far,

the exanpl es given haveng@gpude ‘deﬁéll rﬁﬁ}%&ﬂ%ﬁ%é trkh?.ﬁﬁtte‘i'vﬂﬂ’d e ﬁfﬁro?cp

synchroni zed. There are sone sit is not the case, so th

users are asyn&hr dnletferencerbetweensels i epliulan systenri Jhe seqgences usediia oe&adbl\uluch
the first and sec *Hap r
user B. One way tgﬂg' h%?@/oggﬁﬁo :t%}oggff&otﬁ%ere g%‘;“ﬁ'gég’)‘%gli’%z'@ﬁ?g’n

asynchronous tr anmmmmed W ane ol'rcuidr@mb)l:ceilst , Thius,t modlfied f»lgmatureanqheamoudi

Y gnal - Then, t ho " RPirpy RERRE RS loffits Yoy SETAER or B0 4BRATAERES 4 win

When renovi ng t he dnerapotharynbol of user B, pre- orthogonal i zati on woul d be

performed wth, espect toah ri efor ser .A, _where t

sequence is obtai ned by "t%‘ﬁ?’ﬁ%”f f‘ﬁ?’@f’? #ieﬁgsé?gWsor?‘ %‘?‘Fﬁé‘ﬁ& ed

symbol and appendishgwh ReFigutes?. mrthoﬁﬁatme;bupee 03 prwidds iiformeition, wpithily binary
information symbols, that are to be transmitted. These symbols are spread in

(/)"

spreader 704, using modified signature sequences provided by generator 706. The
spread signal is modulated in- modulator 708 then conveyed to the transmission

15 medium using transmit antenna 710. Typically, a plurality of signals would be
transmitted, as illustrated in Figure 8, where like elements with those in Figure 7 use
the same reference numeral. A plurality of spread signals are added together in adder
807 prior to modulation and transmission. '

So far, the examples given have been for the case where all user signals are

20  synchronized. There are some situations where this not the case, so that users are
asynchronous. An example is given in Figure 9. In this example, the first and
second symbols of user A overlap with the first symbol of user B. One way to apply
improved subtraction pre-orthogonalization to asynchronous transmissions is as
follows. First, both the first and second symbols of user A would be detected and

25 removed from the composite signal. Then, the first symbol of user B would be
detected and removed. When removing the first symbol of user B, pre-
orthogonalization would be performed with respect to a hybrid sequence for user A,
where the hybrid sequence is obtained by taking the latter part of user A’s first
detected symbol and appending the first part of user A’s second detected symbol.



WD 97/ 05708 PCT/ US96/ 11735
-20- Wth the inproved detection schenme, a simlar pre-orthogonalization
with respect to the hybrid sequence would occur. So far, the exanples given

have been for a frequency-nonsel ective channel, in which there are no
echoes due to tine dispersion. In practice, many CDVA systens 5
experience time 9% on. The pre-orthogonal i zati on appr oachPGCEUSOEEHPS v

extended to this case. First, detection statistics for each i mge of the
strongest signal, signal A would be fornmed, where each inmage is a ray or
echo of the signal . The statistics would then be conbi ned using, for
exanpl e, Rake conbining, to produce an overall statistic for user A Then,
all or some of the rays of signal A would be renoved. 10 Then, signal B
woul d be detected. Wien renoving signal B, prﬁobrthogonalization may occur
In a nunber of ways. First, each ray of signal B may be pre- orthogonalized

with respect to all, the rays of signal,K A, and possibly with respect to.the
other rays of si gn"éﬂt{‘ gge 1?@%"8@88@"@8%‘?@&’?)’}"“&’ Pﬁ%?“%‘g%%???%‘p’éhfw&q
orthogonal i ze eachhé Bybridf seqieiterivolild ez, ONly a subset of the other rays,
per haps even 15 only the ray of sigpal A that is g!%ﬂi[ugned W th the ray of

signal B, if it existsSothe h5FRWRYS EiYem havsrherh iy frequencyasiestive chagnd, o
Wi le this exanpl eyligh heRGfe RO etftRs b io"thrd HiSPrat" BRAGACREC Ry COMA systéns

c
present invention, simlar exanples can be given based on the detection
approach. In tRe texperiegeesiime dispersion.s dhe pra-orghogenalisationapproreihis readily exisnded to
used in other 20 piRys. g ?e&ecﬁ%&? ' ! oS di f ch
i mmge or ray of the si ghaﬁ?sli’ et ec .%%?ﬁ%%‘ﬁ?g@%f’f%ﬁ’ gﬁr#egtcgcl: rdis%nafg,
t he present inventwenkd bexforined,apieire eathtimagenis aday peechotofshe signal ofThe Istatistics

ohon it or i e C Syorpd @6 B8 Bl i, e bRl RREE FinRhint ) olprbdloE 2h SRS

i2r57pr OVﬁdf subt ][ ac':]i statistiy for asdr.gTHen) i’ﬂtat Soe ofale Pays agﬁghzﬂdb_. wouldlte rdinbbed. ent ’
t { t t t .

cories of  subtiohctTERCNET Bornd b Aeircteds, Wy Femaydnearerh B Bi-iosonaliaign”

useful when det eCtmaydoccur in a number of ways. First, each ray of signal B may be pre-

orthogonalized with respect to all the rays of signal A, and possibly with respect to
the other rays of signal B. To reduce complexity, it may be desirable to pre-
orthogonalize each-ray of signal B with only a subset of the other rays, perhaps even

15  only the ray of signal A that is aligned with the ray of signal B, if it exists, The
process then continues for subsequent signals. While this example is based on the
subtraction approach accbrding to the present invention, similar examples can be
given based on the detection approach.

In the time dispersion case, pre-orthogonalization may also be used in other

20  ways. First, when forming detection statistics for each image or ray of the signal,
detection pre-orthogonalization according to the present invention may be applied to
the different shifts of the signature sequence, preventing inter-ray interference or self
interference when forming the statistics. Second, when subtracting the rays of a -
signal, improved subtraction pre-orthogonalization may be applied to the different

25  shifts of the signature sequence to prevent subtraction error from a series of
subtractions for one signal. Pre-orthogonalization can also be useful when detecting
whether a ray is present or not. For example, known rays can be removed first, and
a modified sequence can be used for the detection of possible rays.



whether a ray is present or not. For exanple, known rays can be renoved
first, and a nodified sequence can be used for the detection of possible
rays. WO 97/ 05708

PCT/ US96/ 11735 -21- The present invention can be applied to a variety of
applications, such as cellular or PCS comuni cation systens. It can al so be
applied to packeWOHMHWsyst ens, such as Al oha-based systens, PETUSHIIFH%en
packet collisions occur, it may still be possible to denpdul ate nore than
one packet. Wiile the particular 5 enbodi nents gi ven use baseband si gnal
processing techniques, it wll be readily apparent to one of ordinary skill
in the art that the present invention can be applied to internediate
frequency processing techni ques, including the use of anal og devices. For
exanpl e, the correlator function may be perfordted at an internediate
frequency, using a nultiplier and a filter. 10 Al t hough exenpl ary
enbodi nents of the present invention have been described and illustrated
herein to facilitate unthSrpeseptcinvention cambe anplisd ta 2 Variety, of applications,\wigh @s be

under st ood that t h&xﬂw%??bsi&m%i&@od_éﬁs@m&. i SntQ B VppRiProSpalké radio

modi fications may be made by persons ski'lled in the art.”"The present
appl i cati on cont enf)istemss sughas ddehazhased systems.ceet thagrcheninacket gollisigns eqcur, tiheay

plicatio _ chachascdrydem oo ! e e
Spi it and scope oy fepdariRh Vel Rk il Uho SeRSE dwhile mefshiciha’ e

PCT/ US96/ 11735 3 22embidisberitSgi@en\idertiaseband signal protessingdechaiques; ipwilkbetgadilpans

for receiving a co%grsein{ ) osnie%r}%lrdinary skill in the art that the present invention can be applied to
intermediate frequency processing techniques, including the use of analog devices.
For example, the correlator function may be performed at an intermediate frequency,
using a multiplier and a filter.

10 Although exemplary embodiments of the present invention have been described
and illustrated herein to facilitate understanding of the present invention, it should be
understood that the present invention is not limited thereto since modifications may be
made by persons skilled in the art. The present application contemplates any and all
modifications that fall within the spirit and scope of the underlying invention disclosed

15 and claimed herein.



5 means for processing said conposite signal to produce a processed
conposite signal; neans for correlating said processed conposite signha
with a plurality of signature sequences to produce at |east one
correlation; nmeans for detecting a particular signal within said conposi te
signal using said 10 at |east one correlation; neans for in sald
signature sequen®P708708 oduce nodifi ed signature sequences; H9¥

renoving said particular signal from said processed conposite signal u5|ng
said nodi fied signature sequences. 15 2. The receiver of claima1l,
wherein said neans for nodifying said signature sequences further

conpri ses: neans for orthogonalizing said plurality of signature sequences
with respect to others of said plurality of Ségpature sequences. 20 3.

The receiver of claim1l, wherein said conposi signal is nodulated as a

direct sequence CDMA signal. 4. The receiver of claim?2, wherein said
means for orthogo[ﬁ ’ Gram Schm dt procedure to

ort hogonal i ze each—ofsart Ry of - si gnature sequences. WO 97/ 05708
PCT/ US96/ 11735 -23- 5. A receiver conprising: nmeans for receiving a

conposi te signal; nmeans for processing, said conp05|te signal to produce a
processed conposite signal ;A receiver comprising:

means for receiving a composite signal;
5 means for processing said composite signal to produce a processed composite

signal;

means for correlating said processed composite signal with a plurality of
signature sequences to produce at least one correlation;

means for detecting a particular signal within said composite signal using said

10  at least one correlation;

means for modifying said signature sequences to produce modified signature
sequences; and

means for removing said particular signal from said processed composite signal
using said modified. signature. sequences.

15
2. 'The receiver of claim 1, wherein said means for modifying said
signature sequences further comprises:
means for orthogonalizing said plurality of signature sequences with respect to
others of said plurality of signature sequences.
20

3. The receiver of claim 1, wherein said composite signal is modulated as
a direct sequence CDMA signal.

4, The receiver of claim 2, wherein said means for orthogonalizing uses a
25  Gram-Schmidt procedure to orthogonalize each of said plurality of signature
sequences.
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5 means for correlating said processed conposite signal with a
plurality of signature sequences to produce at |east one correlation; neans
for detecting a particular signal within said conposite signal using said
at | east one correlation; and nmeans for renoving said particul ar signal
fromsaid processed conposite signal 10 by a sequence of Suﬁ%éﬁﬁéhﬁﬁ%
sai d sequence ofWQBMWE®cti ons being perforned using coefficie gd to
a nodified signature sequence associated with said particular signal. 6.
The receiver of claimb5, further conprising: 15 means for
generating said nodified signature sequence by orthogonalizing a signature
sequence associated with said particular signal wth respect to others of

said plurality of signature sequences. 7. e receiver of claims5,
wherein said conposite signal is nodul ated as“20 a direct sequence CDMA -
signal. 8. The receiver of claim®6, wherein said neans for generating

uses a Gram Schm dt procedufe tp orthogonal | ze said signature sequence. 25
9. A receiver conprrsi ng‘g‘%ﬁ’ﬁg"? e ei vi ng a conposite signal; neans

for processing said coffeassifofrecéidingla domppsiedignal;a processed conposite
si gnal ; WD 97/ 05708

PCT/ US96/ 11735 - 24- reBXeansifar progessing stig comporile sienalto prodyes. Pracessed ompesite 1,
signal s which havgirghﬁen conbined to formsaid conposite signal; means for

correlating said procéssed conposite signal with said _rmglif,i ed sigpat gre
sequences to pBoduce amepasdor corrrlating said|paecessed camposife signal with a uyphr -

detecting a parti glhat SlediidbestbpRidics & 18ast BAP Qo] gnal using said
means for detecting a particular signal within said composite signal using said
at least one correlation; and
means for removing said particular signal from said processed composite signal
10 by a sequence of subtractions, said sequeﬁce of subtractions being performed using
coefficients related to a modified signature sequence associated with said particular
signal.

6. The receiver of claim 5, further comprising:
15 means for generating said modified signature sequence by orthogonalizing a
signature sequence :associated ‘with said particular signal with respect to others of said

plurality of signature sequences.

7. The receiver of claim 5, wherein said composite signal is modulated as
20  a direct sequence CDMA signal.

8. The receiver of claim 6, wherein said means for generating uses a

Gram-Schmidt procedure to orthogonalize said signature sequence.

25 9. A receiver comprising:
means for receiving a composite signal;
’ means for processing said composite signal to produce a processed composite

signal;

A



at | east one correlation. 10. The receiver of claim9, wherein said nmeans
for nodifying further conprises: 10 nmeans for generating said
nodi fi ed signature sequences by orthogonalizing original signature
sequences associated with said signals Wi th respect to others of said

original si gnature se%,gences The receiver of claim 10, where aid
means for gener XOHP5W8es a 15 " Gram Schni dt procedure to or?ﬁﬂ@ﬁ%&ﬁ?’ e.
sai d signature sequences. 12. A receiver conprising: neans for receiving

a conposite signal; means for processing said conposite signal to produce a
processed conposite 20 signal; neans for correlating said processed
conposite signal with signature sequences to produce a plurality of

correl ations; neans for conbining said correlations corresponding to a
plurality of signature sequences to produce'gﬂ‘least one statistic
associated with a particular signal; and 25 nmeans for detecting a

particul ar signal usi n said at . |east one-statistic The .re
claim12, wherein sai ?r%ﬂ" é}%‘a‘i"{ﬁieﬂ%‘f“"?oﬁm"f% with sigfigls &%Fbé’%%
PCT/ US96/ 11735 - 2peen ¥bmbined & fotifiRaidabinpesiemitinh; ed si gnat ure sequences by

orthogonal i zi ng each original si nature sequence assog w th s
signal's with respect t‘EeaBEfR! %F?ﬁ‘a@ Eﬂai: dl@(fﬁ‘grfe‘ég%e%

14.  The recei v Cligh &ﬁmﬁ&‘&&&&lamﬁﬁldﬁe%ﬁaﬁu&@weneratI ng uses a
G am Schm dt procedu re to orthogonalize said signature sequences AA‘
transmtter cohprisi ngneans for detectmg a particular signal within said composite signal usmg sai

at least one correlation.

10.  The receiver of claim 9, wherein said means for modifying further
comprises:
10 means for generating said modified signature sequences by orthogonalizing
original signature sequences associated with said signals with respect to others of said

original signature sequences.

11.  The receiver of claim 10, wherein said means for generating uses a

15  Gram-Schmidt procedure to orthogonalize said signature sequences.

12. A receiver comprising:
means for receiving a composite signal;
means for processing said composite signal to produce a processed composite
20  signal;
means for correlating said processed composite signal with signature sequences
to produce a plurality of correlations;
means for combining said correlations corresponding to a plurality of signature
sequences to produce at least one statistic associated with a particular signal; and
25 means for detecting a particular signal using said at least one statistic.

13.  The receiver of claim 12, wherein said combining means further

comprises:
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nmeans for modifying a plurality of signature sequences to produce nodified
10 si gnature sequences; neans for spreading information using one or nore
of said nodified signature sequences to produce a plurality of spread
signals; nmeans for conbining said spread signals to produce a conposite

spread signal; and 15 means for nodul ating and transm tting said
conposite spreadvepPyIsaPs 16, A transmtter according to cl ai*’rﬁfﬂﬁg"b&% ein
said neans for nodifying said signature sequences further conprises: neans
for orthogonalizing said plurality of signature sequences with respect to
20 others of said plurality of signature sequences.

25-

means for generating modified signature sequences by orthogonalizing each
original signature sequence associated with said signals with respect to others of said
original signature sequences.

5 14. The receiver of claim 13, wherein said means for generating uses a
Gram-Schmidt procedure to orthogonalize said signature sequences.

15. A transmitter comprising:
means for modifying a plurality of signature sequences to produce modified
10  signature sequences;
means for spreading information using one or more of said modified signature
sequences to produce a plurality of spread signals;
means for combining said spread signals to produce a composite spread signal;
and

15 means for modulating and transmitting said composite spread signal.

16. A transmitter according to claim 15, wherein said means for modifying
said signature sequences further comprises:
means for orthogonalizing said plurality of signature sequences with respect to

20 others of said plurality of signature sequences.
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