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RAKE RECEIVER WITH SELECTIVE RAY COMBINING

FIELD OF INVENTION
The present invention relates to the use of Code

Division Multiple Access (CDMA) communications

5 techniques in cellular radio telephone communication
systems, and more particularly, to a RAKE receiver
scheme for correlating a despreading code sequence
with the received signal samples to determine the
received data sequences.

10 BACKGROUND OF THE INVENTION
CDMA or spread spectrum communications have been

in existence since the days of World War II. Early
applications were predominantly military oriented.
However, today there has been an increasing interest

15 in using spread spectrum systems in commercial
applications. Some examples include digital cellular
radio, land mobile radio, and indoor and outdoor
personal communication networks.

The cellular telephone industry has made

20 phenomenal strides in commercial operations in the
United States as well as the rest of the world.
Growth in major metropolitan areas has far exceeded
expectations and is outstripping system capacity. If
this trend continues, the effects of rapid growth

25 will soon reach even the smallest markets.
Innovative solutions are required to meet these
increasing capacity needs as well as maintain high
quality service and avoid rising prices. -

_ Throughout the world, one important step in

30  cellular systems is to change Fiom analog to digital
transmiscion. Fqually important is the choice of an
effectivae digital-transmission scheme for
implementing the next generaition of cellular
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recei ved data sequences. 10 BACKGROUND OF THE | NVENTI ON
CDVA or spread spectrum conmuni cations have been I n existence since
the days of World War II. Early applications were predom nantly
mlitary oriented. However, today there has been an increasing
interest 15 I n using spread spectrum systens in comerci al

applications. Sone exanples include digital cellular radi o, |and
nobi | e radi o, and indoor and out door per sonal communi cati on networks.
The cel lul ar tel ephone industry has fafie”20 phenonenal strides in
commercial operations in the Uni ted States as well as the rest of the

v | ﬁls%tstrl ﬁm't ééil eﬂﬁ&t

expect ati ons sten1capa0|t this trend
continues, tHe firsh 9%191?%1@99 vR#FWa%¢¢mW¢%h‘é% even the
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5 and used to make or receive calls in the home,
office, street, car, etc., will be provided by
cellular carriers using the next generation digital
cellular system infrastructure and the cellular
frequencies. The key feature demanded in these new
10 systems is increased traffic capacity.
Currently, channel access is achieved using
Frequency Division Multiple Access (FDMA) and Time
Division Multiple Access (TDMA) methods. In FDMA, a
communication channel is a single radio frequency
15 band into which a signal's transmission power is
' concentrated. Interference with adjacent channels is
limited by the use of band pass filters which only
pass signal energy within the specified frequency
band. Thus, with each channel being assigned a
20 different frequency, system capacity is limited by
the available frequencies as well as by limitations
imposed by channel reuse. In TDMA systems, a
channel consists of a time slot in a periodic train
of time intervals over the same frequency. Each
25 period of time slots is called a frame. A given
signal's energy is confined to cne of these time
slots. Adjacent channel interference is limited by
the use of a time gate or other synchronization
element that only passes signal energy received at
30 the proper time. Thus, the problem of interference
from different relative signal strength levels is
reduced.
Capacity in a TDMA system is increased by
compressing the transmission signal into a shorter
35 time slot. As a result, the information must be
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gqual ity service and avoid rising prices. Thr oughout the worl d,
one inportant step in 30 cellular systens is to change fromanal og to

di gi tal transm ssion. Equally inportant is the choice of an
effective digital transm ssion schene for I npl ementi ng the next
generation of cellular - 2-
technol ogy. Furthernore, it is wdely believed that

_3_

transmitted at a correspondingly faster burst rate
which increases the amount of occupied spectrum
proportionally.
With FDMA or TDMA systems or hybrid FDMA/TDMA
5 systems, the goal is to insure that two potentially
interfering signals do not occupy the same frequency
at the same time. In contrast, Code Division
Multiple Access (CDMA) allows signals to overlap in
both time and frequency. Thus, all CDMA signals
10 share the same frequency spectrum. In the frequency
or the time domain, the multiple access signals
appear to be on top of each other.
There are a number of advantages associated with
CDMA communication techniques. The capacity limits
15 of CDMA-based cellular systems are projected to be up
to twenty times that of existing analog technology as
a result of the properties of a wide band CDMA
system, such as improved coding gain/modulation
density, voice activity gating, sectorization and
20 reuse of the same spectrum in every cell. CDMA
transmission of voice by a high bit rate decoder
insures superior, realistic voice quality. CDMA also
provides for variable data rates allowing many
different grades of voice quality to be offered. The
25 scrambled signal format of CDMA completely eliminates
cross talk and makes it very difficult and costly to
eavesdrop or track calls, insuring greater privacy
for callers and greater immunity from air time fraud.
In principle, in a CDMA system the informational
30 data stream to be transmitted is impressed upon a
much higher rate data stream known as a signature
sequence. Typically, the signature sequence data are
binary, providing a bit stream. One way to generate
this signature sequence is with a pseudo-noise (PN)
35 process that appears random, but can be replicated by
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the first generation of Personal Conmunication Net wor ks ( PCNs) ,
enploylng | ow cost, pocket si ze, cordl ess tel ephones that can be
carried confortably and used to nake or receive calls in the hone,
office, sstreet, car, etc., will be provided by cellular carriers using
t he next generation digital cellular systeminfrastructure and the
cel | ul ar frequencies. The key feature demanded in these new 10
systens is increased traffic capacity. Currently, channel access
I s achi eved .usi ng Frequency Divisiog Miultiple Access (FDVA) and Tine
Division Multiple Access (TDVA) nethods. In FDVA, a conmuni cati on
channel is a single radio frequency 15 band into which a signal's
transm ssi on amweuthsrized receiwvér at eThel imfofeatiorali datadj acent

channels 15 strebhhh80RY AiGnUSE:! %égn&:gﬁééuwgs&ge%gch onl'y

pass signal energy w éb Thus, with
each channel 9$¥reanaasegaembin bﬂlﬁﬁbﬁbﬂlY%ﬂQq Ackwoshitem capacity is

limted by stré@ﬁs%’é@éﬁﬁéﬁ faggaﬁmge@h@%méfyaﬁamieélart ghikons
| mposed pg Chgggebléegggeams LgeTgég}gzsteng by +1 or -1. This
combination of the higher bit rate signal with the
lower bit rate data stream is called coding or
spreading the informational data stream signal. Each
informational data stream or channel is allocated a
10 unique spreading code.

A plurality of coded information signals
modulate a radio frequency carrier, for example by
quadrature phase shift keying (QPSK), and are jointly
received as a composite signal at a receiver. Each

15 of the coded signals overlaps all of the other coded
signals, as well as noise-related signals, in both
frequency and time. If the receiver is authorized
then the composite signal is correlated with one of
the unique codes, and the corresponding information

20 signal can be isolated and decoded.

One CDMA technique, called "traditional CDMA
with direct spreading", uses a signature sequence to
represent one bit of information. Receiving the
transmitted sequence or its complement (the

25 transmitted binary sequence values) indicates whether
the information bit is a "0" or "1". The signature
sequence usually comprises N bits, and each bit is
called a "chip". The entire N-chip sequence, or its
complement, is referred to as a transmitted symbol.

30 The receiver correlates the received sighal with the
known signature sequence of its own signature
sequence generator to produce a normalized value
ranging from -1 to +1. When a large positive
correlation results, a "0" is detected; when a large

35 negative correlation results, a *1" is detected. — ~—— - __
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channel consists of a tinme slot in a periodic train of time intervals
over the sane frequency Each 25 period of tine slots is called a frane.

A gi ven signal's energy is confined to one of these tine sl ots.
Adj acent, channel interference is limted by the use of a tine gate or
ot her synchroni zation el ement that only passes signal energy received
at 30 the proper tine. Thus, the problemof interference from
different relative signal strength |levels_s reduced. )
Capacity in a TDVA systemis increased By conpressing the transm ssion

signal into a shorter 35 tine slot. As aresult, the information nust be
Another CDMA technique, called "enhanced CDMA

with direct spreading" allows each transmitted
sequence to represent more than one bit of
information. A set of code words, typically

5 orthogonal code words or bi-orthogonal code words, is
used to code a group of information bits into a much
longer code sequence or code symbol. A signature
sequence or scramble mask is modulo-2 added to the
binary code sequence before transmission. At the

10 receiver, the known scramble mask is used to
descramble the received signal, which is then
correlated to all possible code words. The code word
with the largest correlation value indicates which
code word was most likely sent, indicating which

15 information bits were most likely sent. One common
orthogonal code is the Walsh-Hadamard (WH) code.

In both traditional and enhanced CDMA, the
"information bits" referred to above can also be
coded bits, where the code used is a block or

20 convolutional code. One or more information bits can
form a data symbol. Also, the signature sequence or
scramble mask can be much longer than a single code
sequence, in which case a subsequence of the
signature sequence or scramble mask is added to the

25 code sequence.

In many radio communication systems, the
received signal includes two components, an I (in-
phase) component and a Q (quadrature) component.

This results because the transmitted signal has two

30 components, and/or the intervening channel or lack of
coherent carrier reference causes the transmitted
signal to be divided into I and Q components. In a
typical receiver using digital signal processing, the
received I and Q component signals are sampled every
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- 3- transmtted at a correspondingly faster burst rate whi ch

i ncreases the amount of occupi ed spectrum proportionally. Wth
FDVA or TDMA systens or hybrid FDMW TDMA 5 systens, the goal is to insure
that two potentially interfering signals do not occupy the sane
frequency at the sanme tine. In contrast, Code D vision Mul tiple
Access (CDMA) allows signals to overlap in both tine and frequency.
Thus, all CDMA signals 10 share the gane frequency spectrum In the
frequency or the time domain, the nultiple access signals appear to
be on top of each other. There are a nunber of advantages

associ at ed wt lxeconastDMhSYMINESath8NaheaBNbAUSE- aTBRipIPARKLY |1 M ts 15
of CDMA-based cellul ar systens are projected to be up to twenty tines

that of exist¥®EP@nal og technol ogy as
In mobile communication systems, signals

transmitted between base and mobile stations

5 typically suffer from echo distortion or time
dispersion, caused by, for example, signal
reflections from large buildings or nearby mountain
ranges. Multipath dispersion occurs when a signal
proceeds to the receiver along not one but many paths

10 so that the receiver hears many echoes having
different and randomly varying delays and amplitudes.
Thus, when multipath time dispersion is present in a
CDMA system, the receiver receives a composite signal
of multiple versions of the transmitted symbol that

15 have propagated along different paths (referred to as
“rays") having relative time delays of less than one
symbol period.. Each distinguishable "ray" has a
certain relative time of arrival k T, seconds and
spans N of the I and Q chip samples, since each

20 signal image is an N-chip sequence. As a result of
multipath time dispersion, the correlator outputs
several-smaller spikes rather than one large spike.
Each ray that is received after the symbol period
(i.e., if the time delay caused by a reflection

25 exceeds one symbol period) appears as an uncorrelated
interfering signal that reduces the total capacity of
the communication system. To optimally detect the
transmitted symbols (bits), the spikes received must
be combined. Typically, this is done by a RAKE

30 receiver, which is so named because it "rakes" all
the multipath contributions together.:

A RAKE receiver uses a form of diversity
combining to collect the signal energy from the.
various received signal paths, i.e., the various

35 signal rays. Diversity provides redundant T
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a,result of the properties of a wide band CDVA

codlng gai n/ nodul ati on density, voice activity gating, sectorization
and 20 reuse of the sane spectrumin every cell. CDVA
of voice by a high bit rate decoder I nsures superi or,

quality. CDMA al so

different grades of voice quality to be offered. The 25

transm ssi on
realistic voice

provides for variable data rates allow ng many

scranbl ed si gna

format of CDMVA conpletely elimnates _ _cross talk and nakes it very
difficult and costly to eavesdrop oOr track calls, insuring greater
privacy for callers and greater immunity fromair tinme fraud.
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correlatlon method and adding them algebraic
(with the same sign). Further, to avoid int
interference, appropriate time delays are in
between the respective detected echoes so th
fall into step again.

In one form of RAKE receiver, correlati
of the signature sequence with the received
at different time delays are passed through
line that is tapped at expected time delays
expected time between receiving echoes. The
at the RAKE taps are then combined with appr
weights. Such a receiver searches for the e

ally
ersymbol
serted
at they

on values
signals
a delay
(dt), the
outputs
opriate
arliest

ray by placing a tap at T;,, and for a ray delayed by

dt by placing a tap at T,+dt, and so forth.
tap outputs having significant energy are
appropriately weighted and combined to maxim
received signal to noise and interference ra
Thus, the total time delay of the delay line
determines the amount of arrival time delay
be searched.

A diagram of a conventional RAKE receiv
post~correlator, coherent combining of diffe
is shown in Fig. 1. A received radio signal

‘demodulated by, for example, mixing it with

and sine waveforms and filtering the signal
receiver 1, yielding I and Q chip samples. -
chip samples are buffered by a buffer which

The RAKE

ize the
tio.

that can

er using

rent rays
is

cosine
in an RF

These

is

couposed of two buffers, one for the I (in-phase)
samples 2a and one for the Q (quadrature) samples 2b.

The bottom of each buffer 2a and 2b contains
recently received chip samples in time.

the most
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-4- an authorized receiver. The informational data stream and t he
high bit rate signature sequence stream are conbi ned by nultiplying the
two Bit streans together, assum ng the binary values of the 5 two bit
streans. are represented by +1 or -1. This conbi nati on of the higher
bit rate signal with the | ower bit rate data streamis called coding or
spreading the informational data stream signal. Each

-8 -

A multiplexer 3 receives the buffered chip
samples and sends complex correlators 4a and 4b a
range of I chip samples and the same range of Q chip
samples. The range selected includes N samples

5 corresponding to the N-chip sequence arriving at a
certain time. For example, if the I and Q buffers 2a
and 2b, respectively, contain 159 chip samples (0-
158), and N is 128, then the multiplexer 3 would send
chip samples i through (i+127) from the I buffer 2a,

10 and chip samples i through (i+127) from the Q buffer
2b to correlator 4a, where 1 is the discrete time
index of the signal rays from when the buffers were
first filled.

A complex correlation value is formed by each

15 complex correlator 4a and 4b which correlate two sets
of signal samples, I and Q, to the known signature
sequence (code). Different complex correlators
correspond to different received sample ranges, and
hence different signal rays. The multiplexer 3 can

20 provide the received samples either serially or in
parallel. _

In general, a complex correlator correlates a
complex input stream (I+3jQ samples) to a complex
known sequence, producing a complex correlation

25 value. If the signature sequence is not complex,
each complex correlator can be implemented as two
scalar correlators in parallel, which is defined as a
"half-complex" correlator. 1If the signature sequence
is complex, the complex correlators correlate a |

30 complex input to a complex sequence, giving rise to
"full-complex” correlators. It is to be understood
that the term “complex correlator" will be used
herein to refer to each of the aforementioned
scenarios.
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I nformati onal data stream or channel is allocated a 10 unique spreadi ng
code. | A plurality of coded information signals nodul ate a
radi 6 frequency carrier, for exanple by guadr at ure phase shift keying
(QPSK), :and are jointly received as a conposite signal at a receiver.
Each 15 of the coded signals overlaps all of the other coded si gnal s,
as well as noise-related signals, in both frequency and tine. If the
receiver is authorized then the cogposite signal is correlated with
one of t he uni que codes, and the corresponding informati on 20 si gnal
can be isol ated and decoded. One CDMA techni que, called

"traditional CDNAFollowﬂdd1dﬁﬁﬁﬁﬂaﬁﬂmﬁadﬂﬂgcomyﬂﬁkEbdﬂnykﬁﬂﬂdhsequence to
r epr esent one#&ﬁ |nfornat| e|V| he tran t q:sequence
or its conpl & %%qéeﬁ'&’ee’i?al ég i cat es
whet her mm::pﬁmmmy @n dsumpljex aréi@hh)rré‘ﬁérredrl’a@ Asyraat ur e o
Sod one?, bR IRTRAE S U o MU e compr B LB 11 P
transmt Sed $pmsdisting of a real part and an imaginary part. The
.complex correlator 4a correlates a set of data to a
known signature sequence. Typically, only the real
part of the product of the complex correlation values
and the RAKE tap values are sent to accumulator 6.
10 The accumulator 6 sums the weighted correlation
results for all the signal rays processed and sends
the accumulated result to a threshold device 7. The
threshold device 7 detects a binary "“0" if the input
is greater than a threshold, or a binary "1" if the
15 input is less than the threshold.
In mathematical terms, suppose X(n) = I(n) +
jQ(n) are the chip samples received by the receiver,
where I(n) are the I component samples, Q(n) are the
Q component samples, and n is the chip sample index
20 corresponding to a respective discrete time. In Fig.
1, I(n) are stored in 2a and Q(n) are stored in 2b.
The multiplexer 3, selects a range of I samples and a
range of Q samples corresponding to the same ray. If
M(k,n) = M, (k,n) + jMy(k,n) is the multiplexer output
25 for ray k, giving N samples (n=0,N-1), then M(k,n) =
X(n+k) and M,(k,n) = I(n+k) and M (k,n) = Q(n+k).
The complex correlator, 4a, correlates the range
of data samples from the multiplexer 3 to a known
code sequence. Consider data samples X(k), X(k+1),
30 «++; X(k+N-1), which are discrete time samples of the
received data. If the receiver is trying to detect a
code sequence C(0), C(1l), ... C(N-1), which consists
of N values (usually *1 values), the cowrrelator
correlates some set of N data values with the N code
'35 sequence values as follows: - —_— e
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30 The receiver correlates the received signal with the known
signature sequence of its own signature sequence generator to produce
a nornmalized val ue ranging from-1 to +1. When a | arge positive
correlation results, a "0" is detected; when a |large 35 negative
correlation results, a "1" is detected.

-5- Anot her CDMA techni que, called "enhanced CDVA

—10_

R(k)=X(k) C(0) +X(k+1)C(1) +...+X(k+N-1)C(N-1)

N-1

=Y X(n+k) C(n)

n=o0

where the index k indicates where to start in the
data éequence. This corresponds to a relative time
of arrival of the signal. Different arrival times
correspond to different signal rays. Thus, ray k

5 corresponds to a range of data values needed:
{X(k) , X(k+1),...,X(k+N-1)). If N is large, then rays
k and k+1 correspond to ranges which substantially
overlap.
The computation of R(k) can be performed by accessing

10 the input data range in parallel or serially. Fig. 2
is representative of a parallel approach. A data
buffer 53 stores consecutive time samples of the
received signal, X(n). Multiplexer 54 selects a
range of N data values, {X(k),X(k+1),..., X(k+N-1)),

15 which are sent to the correlator 55. A multiplier 56
which corresponds to each input to the correlator,
multiplies each input value with a corresponding
coding sequence value. The products are summed
together in adder 57 to form the correlation value

20 R(k).

Fig. 3 is representative of accessing the input

range serially to compute R(X). Input buffer 58
stores the received data samples. The buffer may be
only one sample long, since only one sample at a time

25 is correlated. If the buffer is more than one sample
long, then a multiplexer 59 is needed to select a
particular sample X(k+i), where i is determined by
control processor 60. The value selected is sent to
correlator 61. The correlator 61 first computes the

30 product of the input X(k+i) with one element of the o

code sequence, C(i), using multiplier 62. Thls'ﬂ o
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wth direct spreading"” allows each transmtted sequence to represent

nore than one bit of I nformation. A set of code words, typically 5
ort hogonal code words or bi-orthogonal code words, is used to code a
group of information bits into a much | onger code sequence or code
synbol . A signature sequence or scranble mask is nodul o-2 added to the
bi nary code, sequence before transm ssion. At the 10 receiver, the known
scranble mask is used to descrambl g, the received signal, which is then
correlated to all possible code words. fhe code word mnth t he 1 argest

correlation val ue indicates which code word was nost |ikely sent,

I ndi cating t LKaly . One conmon
or t hogonal “@gSHuéitﬁe &%%EEQHE%B Qb §F$§§8u§g§%tb%k%4 ?%%%%h bot h
traditional &R@reshRASE] PTONRCtEhe Acc aterngti 8 Priginadiddired to
above can al satbeo zeroCOQ;%nbllt is Wheppeliherende ¢oet-is a bl ock or 20

AT e g e
| onger tban prsdogke have been accumulated, they are output from
the correlator giving correlation value R(k).
Whether performing the correlation in parallel or
serially, each data value X(n) consists of b bits.
The bits can be accessed and used all at once
10 (parallel computation) or one at a time (bit serial
approach).
Regardless of the correlation approach used, the
correlator 4a for ray k correlates the multiplexer
output M(k,n) to the real code sequence C(n),
15 producing a complex correlation value R(k) =
R, (k)+jR,(k) where:

N-1

R(k) =Y M(k,n)C(n)

n=0

and

N-1
R (k) =) I(n+k)C(n)

n=0

N-1
R,(k) =) O(n+k)C(n)

n=0
The RAKE combiner uses RAKE taps W(k) = W (k) + jW (k)

to multiply the correlation values and accumulate the
20 result into the decision statistic, Z where:

z= Yy Relw(k)R*(k)}= Y w;(k)R (k) +W,(k)R,(k)

N{k) »0+ 30 Nik)e0eJ0
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sequence, in which case a subsequence of the
scranble nask is added to the 25 code sequence. In many radio
comuni cation systens, the recei ved signal includes two conponents,

I (in- phase) conponent and a Q (quadrature) conponent. Thi s
results because the transmtted signal has two 30 conponents, and/or the

si gnat ure sequence or

an

i ntervening channel or lack of coherent carrier reference causes the
transmtted signal to be divided into I and Q conponents. In a
typi cal receiver using digital signal™ processing, the received | and Q

conponent signals are sanpled every
The quantity 2 is then thresholded in the threshold
device 7 to determine whether a "0" or "1" was sent.
The conventional RAKE receiver is designed based
on the assumption that for a given signal ray, there

5 is signal energy in both the I and Q channels. 1In
practice, this is not always the case. If all or
most of the energy for a given signal ray is on the I
channel then correlating both the I and Q channel is
inefficient. This results in inefficient use of

10 processing time, which might be better used elsewhere
in the receiver. For a required level of
performance, the conventional RAKE receiver requires
more processing time than necessary. If processing
time is limited, then a loss in utilized received

15 signal power results, giving a loss in performance,
i.e., increased detection errors.

The following example shows how the conventional
RAKE receiver functions under two different
scenarios. Suppose there are four signal rays, one

20 line-of-sight ray and three echoes, which are
combined with the complex weights (referred to as
RAKE taps) given in TABLE 1.

TABLE 1
Rake Receiver Example
25 lsignal amplitude | angle I RAKE Q RAKE
ray (deg) tap tap
0o 0.625 70 0.214 0.587
1 0.5 30 0.433 0.250
2 0.4677 40 0.358 0.301
30 3 0.375 10 0.369 0.065

The amplitude and angle represent the polar form
of the RAKE taps, and the I and Q taps provide the
Cartesian form used to multiply I and Q respectively.

The energy in each signal ray is given by the'"”““_“'
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- 6- . T[err] seconds, where T[err] is the duration of a chip, and

st or ed. I n nobil e communi cation systens, signals transmtted
bet ween base and nobile stations 5 typically suffer fromecho distortion or
tinme . di spersion, caused by, for exanple, signal reflections from

| arge buil di ngs or nearby nountain ranges. Ml tipath dispersion occurs
when a si gnal proceeds to the receiver along not one but nmany paths 10
so that the receiver hears nany echoq§lgpgjng different and randomy
varyi ng del ays and anplitudes. Thus;” when nultipath time dispersion is
present in a CDVA system the receiver receives a conposite signal

of multiple varsiqnnolsddifrdd BBy ek WPV R 1 Rak@veapr opagat ed
along different paths (referred to "as "rgé;;) havj ng.relative tine

del ays of | efguargd and Q RAKE fRR SBIa%RMA- E AR HgtehBREE ray” has

a been normalized so that the total signal power (sum

of the amplitudes squared) is unity.

5 In the first scenario, suppose the RAKE receiver
is limited to two RAKE taps, which would be used to
combine the two strongest rays, rays 0 and 1. The
energy in rays 2 and 3 would not be used in the
detection process. The total signal power RAKE'd in

10 would be 0.6252 + 0.52 = 0.214% + 0.5872 + 0.433% +
0.250%2 = 0.64 or 64% of the total signal power. An
objective of the present invention is to increase the
signal power used in the detection process, resulting
in an increase in system performance.

15 In a second scenario, assume that the RAKE
receiver is required to provide a certain performance
level, which corresponds to RAKing in a certain
percentage level of the signal energy, for example
75%, during detection. With a conventional RAKE

20 receiver, it is necessary to process three of the
four rays. This requires a certain amount of
computation, which corresponds to either a certain
amount of hardware (three complex correlators) or a

- certain amount of processing time (one complex

25 correlator used three times). Another objective of
the present invention is to achieve the same system
performance level with less computation, which
corresponds to either less hardware or less
processing time which is later discussed herein.

30 SUMMARY OF THE INVENTION
The present invention solves the above-mentioned
problems using a modified form of the RAKE receiver,
referred to herein as a WRAKE receiver wherein the I
and Q components are treated independeritly and the I
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certain relative tinme of arrival k T[err] seconds and spans N of the |
and Q chip sanples, since each 20 signal inmage is an N-chip sequence. As
a result of mul tipath tinme dispersion, the correlator outputs

several smal | er spikes rather than one | arge spike. Each ray that is
received after the synbol period (i.e., if the tine delay caused by a
reflection 25 exceeds one synbol period) appears as an uncorrel ated
interfering signal that reduces the total capacity of t he

comuni cation system To optimally detktt-the transmtted synbol s
(bits), the spikes received nust be conmbined. Typically, this is done
by a RAKE 30 receiver, which is so naned because it "rakes" all t he
mul ti path comedi@uErphsI¥reBefhEferent rays apeprecessefver uses a form of

diversity gim§PERh&6ES1YO Cohberkakherstgiabr eNREDNAESOehhe ~various
recel ved sigpal, pall%y s he®a’ cbliSo¥ElbBgRtt of! $08h1EBktng O VOrS! Y

transmitted modulated carrier signals including at
5 least two rays and for demodulating the composite

signal to recover the transmitted symbols in each
ray, means for sampling in-phase (I) and quadrature
(Q) signals for each ray to produce I and Q samples
for each transmitted symbol, means for selecting

10 different groups of samples, each group including I
or Q samples from one of said rays, means for
correlating the grouped samples with known code
sequences to generate correlation values, means for
combining the correlation values and means to compare

15 the combined correlation values with a threshold to

| determine each data symbol corresponding to each
transmitted symbol. In one preferred embodiment only
two groﬁps of samples are selected where one group
includes I samples and the other group includes Q

20 samples.

In preferred embodiments the following can be
used as correlation means: a single complex
correlator, a set of complex correlators, a single
scalar correlator and a set of scalar correlators.

25 In another embodiment a means for computing a fast
Walsh transform is used to correlate a set of known
code sequences with the samples. A single code
sequence can be non-orthogonal, orthogonal or bi-
orthogonal with other code sequences associated with

30 the same receivers or other receivers. ' .

A further embodiment employs the RAKE receiver
in a subtractive CDMA system. A descrambler is used
to descramble each sample and then the correlation
means correlates the descrambled samples with the

35 code sequences. A detection weans detects the . .-
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-7~ . communi cati on channels so that when sonme channel s f ade,

comunj cation is still possible over non-fading channel's. A CDVA RAKE
recei ver conbats fadi ng by detecting the echo signals individually
using a 5 correlation nmethod and addi ng them al gebraically (with the
same sign). Further, to avoid intersynbol interference, appropriate
tinme delays are inserted between the respective detected echoes so

t hat they fall into step again. 10 In one form of RAKE receiver,
correl ation val ues - 15 -

received code sequence. The detected signal is then
subtracted from the composite signal leaving a
residual composite signal which, if subtracted in the
correlation domain, is inverse correlated and

5 rescrambled to produce the original composite signal
less the detected signal. The residual composite
signal is then recursively decoded until all the
information signals have been extracted from the
composite signal.

10 BRIEF DESCRIPTION OF THE DRAWINGS
The features and advantages of the invention

will become apparent from reading the following
detailed description in conjunction with the
drawings, in which:

15 Fig. 1 is a functional schematic of a
conventional RAKE receiver;

Fig. 2 is functional schematic of an exemplary
parallel correlator;

Fig. 3 is functional schematic of an exemplary

20 serial correlator;
Fig. 4 is a functional schematic of an
embodiment of a WRAKE receiver according to the
" present invention;
Fig. 5 is a functional schematic of an
25 embodiment of the multiplexer operation according to
the present invention;

Fig. 6 is a functional schematic of another
embodiment of the multiplexer operation accordlng to
the present invention;

30 Fig. 7 is a functional schematic of a further
embodiment of a WRAKE receiver according to the
present invention:
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of the signature sequence wth the received signals at different tine
del ays are passed through a del ay line that is tapped at expected tine
del ays (dt), the expected time between receiving echoes. The outputs 15
at the RAKE taps are then conbined with appropriate wei ghts. Such a
recei ver- searches for the earliest ray by placing a tap at T[err], and
for a ray del ayed by dt by placing a tap at T[err]+dt, and so forth.
The RAKE tap out puts having sigan&gagt energy are 20 appropriately
wei ght ed and conbined to maxi m ze the recei ved signal to noise and

I nterference ratio. Thus, the total tinme delay of the delay line

determ nes the ampypt gf 5 §rBRXEEth%%aQeE@ﬁehg%ﬁcc%& anotifersear ched. 25

A di agram of a conveérti on ecel ver usi ng “post-correl ator,
coherent conBrRPAdmentdpLf &henmulyiplexer operaldom of fher. A recei ved

radi o signal prasent devea¢liahed by, for exanple, n1X|ng it with cosine
and sine waveforng .,and filterin he s&gnakeln an recei ver 1,

yielding | and Q ER8p Sals &s fungtdopa H'iaﬁlé’al‘ﬁfl @s are buffered by a

buf f er wsi chcoaventional RAKE receiver with prefiltering;

Fig. 10 is a functional schematic of an
embodiment of a WRAKE receiver with prefiltering
according to the present invention;

Fig. 11 is a functional schematic of a further

10 embodiment of a WRAKE receiver according to the
present invention; and

Fig. 12 is a functional schematic including
further elements of the Fig. 11 embodiment.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
15 While the following description is in the
context of cellular communications systems involving
portable or mobile radio telephones and/or personal
communication networks, it will be understood by
those skilled in the art that the present invention
20 may be applied to other communications applications.
The present invention, referred to as a WRAKE
receiver, combines signal energy in a manner
different from conventional RAKE receivers. Rather
than treating the signal energy components as signal
25 rays with I and Q components, the WRAKE receiver
treats the components at a lower level, referred to
as "waves", where each wave has a signal ray number
and a channel specification (I or Q).
For example, the strongest wave in the aforesaid
30 TABLE 1 example is on signal ray 0, the Q channel
(having weight 0.587). Shown in TABLE 2 are the
waves in decreasing energy order for the example in
TABLE 1.
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conposed of two buffers, one for the |I (in-phase) sanpl es 2a and one

for the Q (quadrature) sanples 2b. The bottom of each buffer 2a and 2b
contains the nost 35 recently received chip sanples in tine. :
- 8- A multiplexer 3 receives the buffered chip sanpl es and

sends conplex correlators 4a and 4b a

- 17 -
TABLE 2

WRAKE View of Signal Components

wave signal ray | channel weight

d 4] Q 0.587

5 1 1 I. 0.433

|| 2 3 I 0.369

|3 2 I 0.358

4 2 Q . 0.301

5 1 Q 0.250

10 6 0 I 0.214

7 3 Q 0.065

When combining signal energy components at the
wave level, one strategy is to combine waves
containing the most signal energy. Since there are

15 twice as many waves as there are rays, this approach
might appear inefficient. However, because a complex
correlator can perform two correlations in parallel,
two waves can be processed together in the same
complex correlator. Unlike the conventional RAKE

20 receiver of Fig. 1, these waves need not come from
the same signal ray (i.e., the waves processed
together can arrive at different times) and these
waves do not have to come from two different channels
(i.e., they could both be from either the I or Q

25 channel). A pair -of waves processed by the same
complex correlator is defined as a "wray".

The present invention processes the waves which
contain the most signal energy. For example, the
strongest wave can be processed with the next

30 strongest wave in the same complex correlator, etc.
This particular method of WRAKE pairing need not be
used, so long as the'strongest waves are processed.
TABLE 3 shows the aforementioned method of pairing
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range of | chip sanples and the sane range of Q chip sanpl es. The range
sel ected includes N sanples 5 <corresponding to the N-chip sequence

arriving at a certain tine. For exanple, if the | and Q buffers 2a
and 2b, -respectively, contain 159 chip sanples (0- 158), and N is 128,
then the multiplexer 3 would send chip sanmples i through (i+127) from
‘the | buffer 2a, 10 -and chip sanples i through (i+127) fromthe Q buffer
2b to correlator 4a, where i is the diggrete tine i ndex of the signal
rays fromwhen the buffers were first filled. A conpl ex

correlation value is formed by each 15 conplex correlator 4a and 4b which

correl ate twyheeesSthe st¥ongegtalwavanilseprobeasddQwiltt the Keamn signature
sequence (cod cqorrel ators orrespond to different

. Dff t |
o es SongRongebkebalie O TRR g Gt B rRrreg £50RTR0OM 1S

mul ti pl exer 3wrag"20 provide the received sanples either serially or in

parallel. In general, a c X f£orrelator correlates a
conpl ex input stream (I+j Q sanples) to a conpl ex
5 WRAKE Pairing
?
signal "wray" | first component | second component
0 wave 0 wave 1
1 wave 2 wave 3
2 wave 4 wave 5
10 3 wave 6 wave 7

In the example used, the conventional RAKE
limited to two complex correlations processed 64% of
the signal energy. The WRAKE receiver, also limited
to two complex correlations, would process "wrays" O

15 and 1. Thus, the total signal energy included would
be (see TABLEs 2 and 3) 0.587% + 0.433%2 + 0.369% +
0.358% = 0.796 or 79.6% of the total signal power.
Thus, for this example, the increase over the
conventional system in signal energy collected is

20 15.6% of the total energy available. There are other
examples which can be constructed where the increase
in signal energy collected is even greater. Thus,
when the number of complex correlations performed is
limited, the WRAKE receiver collects more of the

25 signal energy, providing better receiver performance.

With the same example, suppose a performance
requirement determines the number of complex
correlations performed. If the performance
requirements of the system results in the requirement

30 that 75% of the signal energy be collected, the
performance criterion is met with only two complex
correlations. Actually in this example, the WRAKE
receiver collects 79% of the energy with only two
complex correlations. As a result, there is either a
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known -sequence, producing a conplex correlation 25 value. |If the

si gnature sequence i s not conpl ex, each conpl ex correlator can be

[ npl eirent ed as two scalar correlators in parallel, which is defined as
a "hal f -conpl ex" correlator. If the signature sequence S

conpl ex, the conplex correlators correlate a 30 conplex input to a conpl ex
sequence, giving rise to "full-conplex" correlators. It is to be

under st ood that the term "conpl ex goLreIator will be used herei n
to refer to each of the aforenentloned ~scenari os.

reduction in hardwaré or processing time over the
conventional RAKE receiver which requires three
complex correlations to meet the performance
criterion.

5 The mathematical value of the decision statistic
Z from the discussion of the conventional RAKE can be
manipulated to distinguish the conventional RAKE and
the WRAKE of the present invention. From the
conventional RAKE:

Y RelW(k)R*(K)}= Y Wy (k) Rp(Kk) +W, (k) Ry(k)

k k
Nk} w0+70 wik)woefO

10 The expression is equivalent to:

Y. Wr(KRp(k)+ Y Ho(k)Ry(k)

k
wik) »0+J0 w{k) wOeFO

Some of the component taps in each summation may be
zero or quantized to zero since W(k)+#0+jO0 means that
at least one component of W(k) is nonzero, but not
necessarily both. Computing the corresponding

15 correlation value would be a waste of computation
resources, since it would then be multiplied by zero.
Accordingly for the WRAKE receiver, only component
correlations which are weighted by nonzero component
tap values are computed. When the RAKE receiver is

20 limited to a certain number of RAKE taps, L, there is
a limitation on the number of rays that can be
combined in the conventional RAKE. To optimize
performance, the L rays with the highest RAKE tap
magnitudes or magnitudes squared are used. If ki,

This Sheet Has Been R

T



-9- . Fol l owi ng correl ation, the conplex correl ation val ues
are transmtted to nultiplier 5 where they are multiplied by a conpl ex
wei ght referred to as a conpl ex RAKE tap. Each RAKE tap is a conpl ex
nunber 5 consisting of a real part and an imaginary part. The

conplex correlator 4a correlates a set of data to a known si gnature
sequence. Typically, only the real part of the product of the conpl ex
correl ation val ues and the RAKE tap,values are sent to accumulator 6.
10 The accunul ator 6 suns the wei ghted correl ation results for al
the signal rays processed and sends the accunul ated result to a

A R L R G TN i Gl A 1 CIR T
is | ess thanfPReat APEYRBEdonal RAKE isgn nmt hermtical terns, suppose X(n) =

I(n) + JQn) are theIEPip sanpl es rgggived by the receiver,
1=0

i=0

L-1
=Y W (k1) R (k1) +W, (k) Ry (k1)

i=q

The WRAKE receiver combines more signal energy
in two ways. First, the same ray for each component
5 combined in parallel does not have to be used, and,
second, different components (I and Q) in parallel
need not be combined. For example, when i=1 in the
previous summation, the WRAKE receiver could combine
ray 1, I component with ray 2, I component.
10 Mathematically, the WRAKE receiver forms:

L-1 .
Z=Y" Wi (ki) Rog (ki) +H 2 (k3 R 2 (k5)

i=0

where c,' and c,’ represent which component, I or Q, k'
and k,' represent which ray, and i indicates which
"wray". Unlike the conventional RAKE, c,' and c,' do
not have to be different and k,' and k,' do not have to
15 be the same. In the conventional RAKE, Z consisted
of a sum of ray contributions, corresponding to a
particular ray index k and a pair of different
components I and Q. The WRAKE however, combines
"wrays", each consisting of two components ¢, and c,
20 not necessarily different and associated rays k; and
k, not necessarily the same.
The present invention will now be described with
reference to a block diagram shown in Fig. 4. Like
the conventional RAKE receiver, a radio signal is
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where. (n) are the | conponent sanples, Qn) are the Q component
sanples, and n is the chip sanple index 20 corresponding to a respective

discrete tinme. 1In Fig. 1, I(n) are stored in 2a and n) are stored
in 2b. The nmultiplexer 3, selects a range of | sanples and a

range of Q sanples corresponding to the sane ray. If Mk, n) =
Merr](k,n) + jMerr](k,n) is the multiplexer output 25 for ray k, giving N
sanples (n=0O, N-1), then Mk, n) = _ ginjk) and Merr](k,n) = 1(n+k) and
Merr](k,n) = Q n+k). The conpl ex correlator, 4a, correlates the
range of data sanples fromthe nultiplexer 3 to a known code
sequence. CPEEEQ@EddﬂkaaS§§EEE§e¥(511aﬁﬁkéhﬁglgg produc%ﬁ§+@hﬁl> whi ch
are discrete tine sanpfes o received data, If the“receiver is

trying to defa®plgs I(n)céﬁé 24fdencEherg) chip| Famplescayer) which

consi sts bubtebedaliiea buggakl, ywhivhl €an) bet eetedr akatao

correlates spug sel oL N ¢alarya)ues il 108, Na8gigndd ror°BlsgICe VAl ues
5 samples 12b.

The buffered chip samples are passed to a
multiplexer 13. The multiplexer 13 selects two
independent ranges of chip samples. The chip samples
selected can come from the same or different

10 channels. Let M(k,, ¢,, k,, c,, n) denote the output
of multiplexer 13 for a "wray", consisting of two
sample ranges, one from component c, one from
component c,, where c, is either I or Q and c, is
either I or Q. All four combinations, (I,I), (I,Q),

15 (Q,I), and (Q,Q), of c; and c, are possible. However,
some combination are nonsensical. For example, if
c,=C,, it does not make sense for k,=k, because this
result would correspond to RAKing in the same signal
energy twice. The range of samples from component c,

20 corresponds to ray k, and the range from component c,
corresponds to ray k,. The values of k, and k, are
not necessarily the same. The output of the
multiplexer is given by:

M(ki, ci, ki, ci.n) = cf(n+ ki) + jci(n + k)

The multiplexer outputs are correlated to a
25 known sequence in complex correlators l4a and 14b.
For a "wray" i, the output of correlator l4a is:

N-1
R (ki) +3R 1K) =Y Micl. ki, ¢, ki n) Cc(m)

n=0

The output of the correlators 14a and 14b are
multiplied by complex weights in multipliers 15.
Typically, only the real part of the product is

30 needed, which can be obtained by two scalar
' This Sheet Has Been Replaced
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110 - R(K) =X(K) ©(0) +X(k+1) C(1) +. ...+X(k.N-1) C(N-1)

[err] where the index k indicates where to start in the dat a
sequence. This corresponds to a relative tine of arrival of the signal.
Different arrival tines correspond to different signal rays. Thus, ray

k 5 corresponds to a range of data val ues needed:

- 22 -

multipliers and an adder. This is referred to as a
*half~-complex" multiplier. However, there are cases
where a true complex multiplier, referred to as a
"full-complex" multiplier, is needed. For example,

5 if two signals are sent on carriers with a phase
difference of ninety degrees, they can be demodulated
together if a full-complex multiplier is used. It is
to be understood that the term complex multipliers
when used herein is referring to either half-complex

10 or full-complex multipliers. Another possibility is
that the code sequence is complex, which corresponds
to the case where the I channel signature sequence
and the Q channel signature sequence are different.
In this case C'(n) should be used in the equation for

15 the correlator output above.

Next the products are sent to an accumulator 16
where they are accumulated. The accumulated result
is:

z= h Rel (W 1 (k') W 1 (k3)) (Roa (ki) TR 2 (ki)

1
1 1
¥ $(k3VeIN glkj)e0ef0
o 2 L

or

z= ) Weg (ki) Rog (ki) +H 2 (K5 Rog ()i

i
¢ 4
w g(xlyegw gixdreseso
et R 1t

20 The decision statistic Z is passed to a threshold
decision device 17 which determines the received
binary information bit by comparing the accumulated
result with a predetermined threshold. |

In general, all the correlations can be

25 performed'in parallel (as shown in FIG. 4) or in
series, using the same correlators more than once.
The number and type (complex versus scalar) of
correlators available determines the number of
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- X(k) X(k+1),...,X(k+N-1)). If Nis large, then rays k and k+1

correspond to ranges which substantially over |l ap. The conputation
of R(k) can be perforned by accessing 10 the input data range in parallel
or serially.- Fig. 2 Is representative of a parallel approach. A data
buf fer 53 stores consecutive tinme sanples of the recei ved si gnal

X(n). Multiplexer 54 selects a range of N data val ues,

{X(k), X(k+l'), ..., X(k+N-1)}, 15 whichpqre sent to the correlator. 55. A
mul tiplier 56 whi ch corresponds to each input to the correl ator,

mul tiplies each input value with a correspondi ng codi ng sequence val ue.

The product Sraéeleumdmple taggéhethénmamﬁeplézemmﬁstnprbeider rel ation

lue 20 R WEig. . ' ing the input
Fange seri al (YRR oS85 BEEc Meke" FREGPIBLRRL! Sbhus, *tnBCPoos Y | otei Ved
dat a sanpl esmuThépbekérr ofayhbeWRAKE Uﬁb?lﬁﬁe Buspl provade ohece only one
sanpl e at a LLfike23 dhﬁacgéiﬁgétgg ﬁlhél cQﬂQ%e&of§eﬂHESr§han one sanpl e

| ong, then a nu tlp exer 'S ne
5 two ranges of data values (a 51ng1e complex

correlator or two scalar correlators), or more (more
than two scalar correlators or more than one complex
correlator) ranges of data values from the data
buffer to the correlator(s). An increase in the

10 ranges in parallel is accompanied by an increase in
circuitry needed for the multiplexer.

If only one range is required, for example when

a single scalar correlator is used, then the
multiplexer is straightforward. A simple example of

15 this embodiment is shown in Fig. 5 where each channel
buffer is three samples long, and the range of
samples required (i.e., the length of the information
sequence to which the data are being correlated) is
two. If the three complex samples are represented by

20 I(n) + jQ(n), where n is the discrete time index,
there are four possible ranges of data values: I(1)
through I(2), I(2) through I(3), Q(1) through Q(2)},
and Q(2) through Q(3). These values are stored by
channel in buffers 43a and 43b. One of the four

25 possible ranges is selected by the multiplexer 44
where control bits ¢, and c, select the starting time
and the channel respectively. The selected range is
then sent to scalar correlator 45.

There are several ways to provide more than one

30 range, not necessarily from different channels. For
example, if all multiplexer outputs are provided in
parallel, then one "brute force" method for providing
more than one range is to duplicate the multiplexer
of Fig. 5, as shown in Fig. 6. The data buffers 46a

35 and 46b are connected to the multiplexer 47 which
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particul ar sanmple X(k+i), where i is determ ned by control processor

60. The val ue selected is sent to correlator 61. The correlator 61
first conputes the 30 product of the input X(k+i) with one el enent of the
code sequence, C(i), using multiplier 62. This pr oduct
I's then added to an accunul at or 64 which stores past products.

Accumul ator 64 is originally
_24_

includes multiplexers 48a and 48b, each providing a
different range of possibly overlapping data values.
The two ranges of data values are sent to two
different scalar correlators 50a and 50b.

5 The total number of correlations performed
depends on the number of wrays which is related to
the number of echoes. As the receiver moves with
respect to the transmitter, the number of waves will
vary and hence the number of correlations actually

10 performed will vary with time. For example, during
one time period a single wave might be processed
while during a different time period multiple waves
may be processed.

The WRAKE receiver can be adapted to other forms

15 of channel diversity. For example, if antenna
diversity is present, then there would be multiple I
and Q channels. The WRAKE would still process the
strongest waves, independently of the signal ray, 1I/Q
channel, and antenna from which the waves originated.

20 Also, by using full-complex multipliers instead of
half-complex multipliers, the WRAKE receiver can
demodulate in parallel two signals whose carriers are
separated by ninety degrees. Other forms of channel
diversity include, but are not limited to, frequency

25 diversity (sending the same message on different
frequency channels), time diversity (sending the same
message at different times), explicit path or space
diversity (sending the message purposely on different
paths, usually using different transmitting and/or

30 receiving antennas), and polarization diversity.

An alternate preferred embodiment replaces the
multiple correlators shown in Fig. 4 with one complex
correlator. 1In this configuration, the single
complex correlator is used multiple times, and the

35 results are accumulated. As compared to a
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set to-zero, theni is stepped fromO to N1, all owi ng the
accunmul ati on of N products. After N 5 products have been accunul ated, they
are output from the correlator giving correlation value R(k).

Whet her performng the correlation in parallel or serially, each data
val ue X('n) consists of b bits. The bits can be accessed and used al

at once 10 (parallel conmputation) or one at a tine (bit serial

approach). Regardl ess of thejgoLrel ation approach used, the
correlator 4a for ray k correlates the nultiplexer output Mk, n) to
the real code sequence C(n), 15 producing a conplex correlation value R(Kk)

= Rl er r bonkbhtliBn@n’ e iWee!,eif the single complex [err]
and correlator is used the same number of times, the
complex correlator of the WRAKE would process more
signal energy than the conventional RAKE. Thus, for
5 a given performance level the WRAKE uses the single
complex correlator fewer times, saving processing
time.
In the discussion above, the WRAKE receiver is
configured to process pairs of ranges either in
10 parallel or in series. If scalar correlators are
used (scalar sample by sample multipliers in the pre-
filtering WRAKE case), then ranges are actually
processed one at a time, allowing for the total
number of processed ranges to be even or odd. Thus,
15 if the number of waves is odd, the number of ranges
processed exactly equals the number of waves. If the
WRAKE receiver is configured to process pairs of
ranges, and the number of waves is odd, then the
last wave could be paired with an arbitrary range to
20 complete a "wray", and the weight associated with the
arbitrary range would be set to zero. 1In general,
the WRAKE receiver can be configured to process J
ranges of data in parallel, possibly allowing results
from multiple sets of J ranges to be accumulated. If
25  the number of waves is not a multiple of J, then
either extraneous processing elements are fed with
zeroes, or they are fed with arbltrary ranges, whose
results are weighted by zero.

Limited WRAKE
30 Another preferred embodiment of the present

invention called a limited WRAKE receiver is shown in

Fig. 7. Like elements in Fig. 7 function the same as

the elements in Fig. 4 except as mentioned below.

The limited WRAKE receiver differs from a regular
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[err] - [err] The RAKE conbi ner uses
RAKE taps Wk) = Werr] (k) + jwerr](k) to multiply the correlation
val ues and accunul ate the 20 result into the decision statistic, Z where:

= [err] Re(WK)R*(k)}= [err] Werr] (k)yRlerr](k) +Werr](k)Rerr] (k)

[err]

- 26 -

WRAKE receiver because the complex correlator of a
limited WRAKE receiver must receive a range of I
values and a range of Q values. The ranges are still
independent, but in contrast to the WRAKE receiver,

5 the two ranges in a limited WRAKE receiver must come
from different channels. The multiplexer 13 still
selects independent ranges from the I and Q channels
as shown in Fig. 7.

The limited WRAKE receiver processes the
10 strongest I waves and the strongest Q waves, but the
I waves must be paired with Q waves. Following the
example discussed above, TABLE 4 shows the results of
pairing the strongest I wave with the strongest Q
wave, and so on.

15 TABLE 4
Limited WRAKE pairing
signal "wray" I component Q component
o wave 1 wave O
1 wave 2 wave 4
20 2 wave 3 wave 5
3 wave 6 wave 7

Processing the two strongest "wrays" yields
0.4332 + 0.5872 + 0.3692 + 0.3012 = 0.759 or 75.9% of
25 the total signal energy. 1In this example, the
limited WRAKE receiver provides 11.9% more signal
energy than the conventional RAKE receiver. &also, to
meet a performance criterion of 75%, the signal
energy processed by the limited WRAKE reéeiver
30 requires only two complex correlations. Thus, the
limited WRAKE is still an improvement over the
conventional RAKE receiver
One of the motivations for the limited WRAKE
approach is that the multiplexers become simpler. ..
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-12- - The quantfty Zis then thresholded in the threshold device 7

to determ ne whether a "0" or "1" was sent. The conventi onal RAKE
recei ver is designed based on the assunption that for a given signal
ray, there 5 1is signal energy in both the | and Q channels. In

practice, this is not always the case. If all or nost of the energy for
a given signal ray is on the | channel then correlating both the I and
Q channel is inefficient. This results in inefficient use of 10
processing tinme, which nmight be better2lised el sewhere in the receiver.
For a required | evel of performance, the conventional RAKE receiver
equires iDL e Bl Q2RSS Poh] JPoh D BoRSE R 5B K] LeBEOCS5E 1O

two scalar correlators, is used. In this case, two
standard multiplexers are required, one for the I
channel and one for the Q channel. The control of

5 each is independent, allowing independent ranges of
values to be selected.

Another method to multiplexing, particularly
useful in the limited WRAKE approach, uses the input
buffer to provide range selection as shown in Fig. 8.

10 The I and Q data buffers are independent shift
registers, shifting the data into position for access
by a set of connections to a fixed range of data
buffer locations. The I and Q buffers 5la and 51b
are such shift registers. When a single shift

15 upwards is commanded, the contents in position D move
to position C, the contents in position C move to
position B, and so forth. With the contents shown in
Fig. 8, the range I(1) through I(2) is selected for
correlation as is the range Q(1) through Q(2). To

20 select different ranges, say, I(2) through I(3) and
Q(1) through Q(2), the I buffer would be shifted
upwards once and the Q buffer would remain unchanged.

Pre-filtering WRAKE

The order of processing the received signal in

25 the RAKE receiver can be altered. Fig. 9 shows a
conventional RAKE receiver in which the chip samples
are filtered using the RAKE taps, then correlated to
a known sequence. In such an implementation only one
scalar correlator is needed.

30 Another preferred embodiment of the present
invention is a WRAKE with pre-filtering as shown in
Fig. 10. A radio signal is received by the receiver
21 which produces quantized chip samples for the I
and Q channels. These samples are buffered in a
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time i's limted, then a loss in utilized received 15 signal power results,

giving a loss in perfornmance, I.e., increased detection errors.

- The followi ng exanpl e shows how t he conventi onal RAKE r ecei ver
functions under two different scenari os. Suppose there are four signal
rays, one 20 line-of-sight ray and three echoes, which are conbi ned
with the conplex weights (referred to as RAKE taps) given in TABLE 1.
TABLE 1 Rake Recei ver Exanmple 25 signal anplitude
angl e | RAKE Q RAKE ray - 28 - (deg) tap tap
0 0. 625 70 0 214 0. 587 1 0.5 30
0. 433 0. 250 40 0.301 30 3
0. 375 peptfer, @héﬁb canolgggude two buff?ﬂﬁ'aﬂﬂ?lgﬁﬁe and angl e

represent theamelés $a and oné tbe RAKEmbBES, 228d the | and Q taps

provide the The buffered chip samples are passed to a

multiplexer 23. In the conventional RAKE receiver

5 with pre-filtering of Fig. 9, the multiplexer 23
provides the sample by sample nultiplier 24 with a
range of I values and the same range of Q values.
The multiplier 24 can include a series of sample by
sample multipliers as shown in Fig. 9 or simply a

10 single sample by sample multiplier used multiple
times. The multiplier 24 takes each sample I + jQ
and multiplies it by a complex weight, computing only
the real part of the product. Thus, if the input to
the multiplier is N I samples and N Q samples, the

15 output is N scalar samples.

In the WRAKE receiver shown in Fig. 10, the
multiplexer 23 provides one range of I or Q values
and another range of I or Q values to the sample-by-
sample multiplier 24. The multiplier multiplies each

20 chip sample by a complex weight, computing either the
full-complex product or only the real part of the
product. If only the real part of the product is
required, then the complex sample-by-sample
multiplier can be implemented as two scalar sample-

25 by-sample multipliers followed by an accumulator. If
only one scalar sample-by-sample multiplier is
available, then it can be used twice to realize the
product. The accumulator function can be provided by
the adder 25.

30 The sample-by-sample adder 25 adds the results
from multiple sample-by-sample multipliers of
multiplier 24 and passes the result to scalar
correlator 26. If a single sample-by-sample
multiplier is used multiple times, then the sample-

35 by-sample adder accumulates the results before
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Cartesian formused to nultiply I and Q respectively. The energy in

each signal ray is given by the 13
anplitude squared or by the sumof the | RAKE tap squared and Q RAKE
tap squared. The anplitudes have been normalized so that the total

si gnal power (sum of the anplitudes squared) is unity. 5 In the

first scenario, suppose the RAKE receiver
- 29 -

passing them on to the scalar correlator 26. The
scalar correlator 26 correlates the result with a
known signature sequence. The correlation result is
sent to a threshold decision device 27. The

5 threshold decision device 27 compares the correlated
result with a threshold to determine the data sent.
If the sample-by-sample complex multipliers 24a and
24b produce complex ocutputs, then 26 would be a
complex correlator, correlating the real samples to

10 one sequence and the imaginary samples to another
sequence (e.g., for detection of two signals
simultaneously, where the two signals were
transmitted with carriers ninety degrees apart).

Several advantages are realized by the

15 prefiltered WRAKE receiver of the present invention.
For example, with a fixed number of sample-by-sample
complex multipliers, the WRAKE collects more signal
energy than the conventional RAKE. Also, with a
fixed performance level, the WRAKE requires fewer

20 sample-by-sample complex multipliers. Thus, when a
single sample~by-sample multiplier is used multiple
times, the WRAKE receiver uses the complex multiplier
fewer times, reducing processing time.

WRAKE Receiver in a Subtractive CDMA System
25 In another preferred embodiment of the present

invention a WRAKE receiver is used in a subtractive
CDMA system of the type described in U.S. Patent No.
5,151,919, entitled "CDMA Subtractive Demodulation™
by Paul W. Dent and the corresponding Continuation-
30 In-Part, U.S. Patent Application Serial No. 739,446.
A block diagram of the present WRAKE receiver used in
a subtractive CDMA system is shown in Fig. 11.
Similar to the WRAKE receiver of Fig. 4, a
composite signal is received by a receiver 31 and
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is limted to two RAKE taps, which would be used to conbi ne the two

strongest rays, rays 0 and 1. The energy in rays 2 and 3 woul d not be
used in the detection process. The total signal power RAKE d in 10
woul d be 0.625[err] + O.5[err] = 0.214[err] + 0.587[err] + 0.433[err] +
0.250[err] = 0.64 or 64%of the total signal power. An obj ective of
the present invention is to increase the signal power used in the
detection process, resulting - in_ag,inhcrease in system performance. 15
In a second scenario, assune that the KE receiver is required to
provide a certain performance ‘1 evel, which corresponds to RAKing in a
certain sRRpEea! ageohﬁ&%g% hha & A% Saﬁbmés fOlI‘héX%Eﬁ bdes  75%
during detection, onventi onal RAK

0 scel £2§ necessary
to process tRAF&e B?fFﬁﬁd in af Buf FSysWh?ﬁPslPEAH P8s §°CEPF ¥ Sanmount of
conput ati on, 3EBLCbeOEbesmOBdﬁpléseahHEQ aamplésbnrespec&awuﬂw of hardware

(L oo 6458" ERpeLRkm o8 iy, ppBEphRhY BHRLRLML PGS L
the presént saﬂzeqtsonwpsraogsshpév§atnpée§arr90§ysle@|$ﬁsarlly
corresponding to different components (I and Q).
Using the limited WRAKE approach, the multiplexer 33
selects a range of I samples and a range of Q
samples. In both cases, the sample rénges selected
10 are independent of each other.

A descrambler 34 removes one scrambling code
from the samples either by inverting each chip sample
or not, depending on the bit polarity of the
scrambling code. Next the samples are transferred in

15 parallel to a single correlator 35 which
simultaneously correlates the samples with several
known code sequences using a fast Walsh transform
algorithm. Each sequence correlation result is then
multiplied by a complex weight in multiplier 36 and

20 the results are individually accumulated in
accumulator 37.

To accumulate multiple wrays, the multiplexer
windows are moved and the correlation, weighting, and
accumulation processes are repeated. Finally, a

25 decision device 38 determines the largest accumulated
result. The index of the largest accumulated result
indicates which sequence was detected and thus the
signal decoded.

Next, subtraction of the coded signal having

30 just been detected occurs; the process is depicted in
Figs. 11 and 12. Similar to the detection process,
the multiplexer selects a range of I samples and a
range of Q samples where signal energy is present.
These ranges are both descrambled in 34 and sent

35 through the correlator 35. Instead of sending the
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pérformance | evel with | ess conputation, which corresponds to either

| ess hardware or | ess processing tine which is |ater discussed herein
30 ’ SUMMARY OF THE | NVENTI ON The present

i nvention sol ves the above-nenti oned probl ens using a nodified form of
t he RAKE recei ver, referred to herein as a WRAKE receiver wherein the |
and Q conponents are treated independently and the |

correlator outputs to the complex multipliers, as in
Fig. 11, the correlator outputs are sent to a gating
device 39 as shown in Fig. 12. From the previously
performed detection process, the output of the

5 decision device 38 determines which complex
correlation value is set to zero by opening the
corresponding switch in gating device 39. The gating
device 39 allows all values to pass through except
for the line corresponding to the index detected

10 previously. This is done by closing all but one
switch. - The line not closed effectively passes a
zero value. Thus, the line corresponding to the
largest correlation value, as determined by decision
device 38, is set to zero by opening the

15 corresponding switch in 39. 1In this manner one image
of the decoded signal is subtracted from the
composite signal. As depicted in Fig. 12, the
remaining spectrum of the composite signal with one
component removed is processed in an inverse fast

20 Walsh transform circuit 40 and rescrambled by a
rescrambler 41 with the same scrambling code to
reconstruct the original signal samples minus the
just-subtracted signal image. The output of the
rescrambler 41 is used to overwrite the original data

25 in the I and Q buffers 32. The process is repeated

- for other ranges of I and Q samples until all or most
of the signal energy is removed. Thus, each
information signal is removed from the composite
signal after it has been decoded.

30 The correlation values not passed by the gating
device 39 are sent instead to sorting processor 42,
which combines these values from different echoes to
forn an estimate of the signal strength. The sorting
processor 42 then orders the signal stfengths and

35 associated scrambling codes from greatest to weak_?E,*_t_-:L_'____________,___.-._...
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- 44 -. and Q taps fromdifferent rays are processed
si mul t aneousl y. The WRAKE recei ver includes neans for receiving a

conposi te signal of overlapping transmtted nodul ated carrier signals
including at 5 least two rays and for denodul ati ng the conposite

signal to recover the transmtted synbols in each ray, nmeans for
sanpling.in-phase (1) and quadrature (Q signals for each ray to
produce | and Q sanpl es for each transmtted synbol, neans for
selecting 10 different groups of sanpl 28, -each group including I or Q
sanpl es fromone of said rays, means for correlating the grouped
sanples with known code sequences to generate correl gtion val ues, neans
f or conmbi Fhegcole comreispondingattge$hgngreatest J2GHHFRE 45 the

conbi ned Corr%ﬁg%n'it‘é%ldj%h‘@h@d%s@i‘aﬁﬂi@&d 340 for sideiadr nine each data

synbol correspon A % to each transmtte sggbol. I.n one preferred
u

embodi ment onBgmodulatieny fdgss -of TFpmes oL PEEEI e one group

preferred over other methods because interference is
5 minimized by decoding the strongest signal and then

subtracting that signal from the composite signal.

Once the strongest signal is removed from the

'composite signal, the next strongest signal may be

readily detected without having to account for the
10 interference of the strongest signal.

The residual, composite signal having a first
decoded signal removed according to the subtractive
demodulation technique is descrambled again by
descrambler 34 using the descrambling code of the

15 second signal to be decoded and passed to correlator
35 to be correlated by a second fast Walsh transform
for decoding and so on. The order in which signals
are decoded and subtracted is governed by the order
in which the descrambling codes are used, which in a

20 preferred embodiment are in descending order of the
signal strengths.

The contribution of unwanted signals (e.g.,
interfering) can be further minimized if the digital
spreading codes are orthogonal. Two codes are

25 orthogonal if exactly one half of their bits are
different. Additionally, bi-orthogonal codes where
the code words and their complements are used may be
used as digital spreading codes so that an additional
bit of information may be conveyed per codeword. It

30 will be understood that only a certain number of
orthogonal code words exist for a finite word length
and that orthogonality can be maintained only if the
relative time alignment between two signals is
strictly maintained. The fast Walsh transform, where

35 all the spreading codes may be simultaneously- - -~ o
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includes | sanples and the other group includes Q 20 sanples. In
preferred enbodi nents the follow ng can be used as correl ati on neans:
a single conpl ex correlator, a set of conplex correlators, a single
scal ar correlator and a set of scalar correlators. 25 In another

enbodi nent a neans for conputing a fast Wal sh transformis used to
correlate a set of known code sequences with the sanples. A single
code sequence can be non-orthogonal, orthogonal or bi- or t hogonal
with other code sequences associ ated w3t 30 the sane receivers or other
recei vers. A further enbodi nent enpl oys the RAKE receiver in
a subtractive CDVA system A descranbler is used Hﬁ&des ranbl e each

sanpl e and GEFkESr /AGIGIGNtLY usgs, RFthngdad &t ranbl ed

sanpl es witkdd@s.35 code sequences. A detection neans detects the
Implementation of the WRAKE filtering operations
shown in Figs. 4, 7, 10 and 11 can be done in several
5 ways. The operations can be implemented directly in
hardware, using VLSI technology. An alternative is
to implement some or all of the operations in a
multi-purpose programmable processor, such as a
micro-processor or a Digital Signal Processor (DSP).

10 In this embodiment, multiplexing becomes memory
accessing with certain addresses. Correlating and
multiplication can be performed in the arithmetic
logic unit (ALU) of the processor, using registers or
other memory to accumulate results.

15 While particular embodiments of the present
invention have been described and illustrated, it
should be understood that the invention is not
limited thereto since modifications may be made by
persons skilled in the art. The present application

20 contemplates any and all modifications that fall
within the spirit and scope of the underlying
invention disclosed and claimed herein.
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15 -

recei ved code sequence. The detected signal is then

subtracted fromthe conposite signal |eaving a resi dual conposite
signal which, if subtracted in the correlation domain, is inverse
correlated and 5 rescranbled to produce the original conposite signa

| ess the

det'ected signal. The residual conposite signal is then

recursively decoded until all the I nformati on signals have been
extracted fromthe conposite signal

10

15

20

25

30

- 34 -

CLAIMS:

1. In a spread spectrum communications systen
wherein a transmitter transmits a data signal to a
receiver, said receiver comprising:

means for receiving at least two rays of the
data signal, wherein the receiving means produces in-
phase (I) and quadrature (Q) components for each ray;

means for sampling said I and Q components to
produce at least one I sample and at least one Q
sample for each ray:

means for selecting at least two wrays of said
samples, each wray including I samples or Q samples
from any one of said rays; and

means for combining said samples in each of said
selected wrays to recover the transmitted data
signal.

2. In a code division multiple access system
for communicating a sequence of data symbols to a
receiver, wherein a transmitter combines each data
symbol with a known code sequence to form a
respective transmitted symbol, said receiver
comprising:

means for receiving a composite signal of
overlapping modulated carrier signals including at
least two rays and for demodulating the composite
signal to recover the transmitted symbols in each
ray, the receiving and demodulating means producing
in-phase (I) and quadrature (Q) components for each
ray; o

means for sampling said I and Q components to
produce at least one I sample and at least one Q
sample for each transmitted symbol;
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16 : BRI EF DESCRI PTI ON OF THE DRAW NGS The features and

advant ages of the invention wi || becone apparent fromreading the

fol |l ow ng detail ed description in conjunction with the drawi ngs, in
which: 15 - Fig. 1 is a functional schenmatic of a conventi onal RAKE
receiver; Fig. 2 is functional schematic of an exenplary

paral l el correlator; Fig. 3 is functional schematic of an
exenplary 20 serial correlator; Fig. 4 is a functional schematic
of an enbodi nent of a WRAKE receidkr- according to the ~ present

I nvention; Fig. 5is a functional schematic of an 25  enbodi nent

of (he Tl 1 Pl exer oper AL oD PECOLEL TR (8o wral dSBIETERS, | DvertLon
nul tipl exer sqepbés preacis owcaygineluding thesqpbestor nY esamphes 30
Fig. 7is a.éfggtégnaJngcthgélg fgyg.further
means for correlating said samples in each of
5 said selected wrays to a known code sequence and
generating correlation values;
means for combining said correlation values to
generate a combined value; and
means for comparing said combined value with a
10 threshold to determine each data symbol corresponding
to each transmitted symbol.

3. The system according to claim 2 wherein said
selecting means selects said samples from two
different wrays, a first wray including I samples

15 from one of said rays and a second wray including Q
samples from one of said rays.

4. The system according to claim 2 wherein the
combining means includes:
means for multiplying each correlation value by
20 a corresponding weight to produce a plurality of
weighted values; and
means for summing the weighted values to
generate said combined value.

5. The system according to claim 2 wherein the
25 correlation means includes a single complex
correlator for correlating each selected wray with
said known code sequence.

6. The system according to claim 2 wherein the
correlation means includes a single scalar correlator
30 for correlating each selected wray with said known
code sequence. e
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enbodi rent of a WRAKE receiver according to the present invention;

- 16 - Fig. 8 is a functional schematic of another

enbodi-ment of the multiplexer operation of the present invention;
Fig. 9 is a functional schematic of a 5 conventional RAKE receiver wth
prefiltéring;

- 36 -

7. The system according to claim 2 wherein the
correlation means includes a plurality of complex
correlators for correlating each selected wray with
said known code sequence.

5 8. The system according to claim 2 wherein the
correlation means includes a plurality of scalar
correlators for correlating each selected wray with
said known code sequence.

9. In a code division multiple access system

10 for communicating a sequence of data symbols to a
receiver, wherein a transmitter combines each data
symbol with a known code sequence to form a
respective transmitted symbol, said receiver
comprising:

15 means for receiving a composite signal of
overlapping modulated carrier signals including at
least two rays and for demodulating the composite
signal to recover the transmitted symbols in each
ray, the receiving and demodulating means producing

20 in-phase (I) and quadrature (Q) components for each
ray;

means for sampling said I and Q components to
produce at least one I sample and at least one Q
sample for each transmitted symbol;

25 means for selecting at least two wrays of said
samples, each wray including I samples or Q samples
from any one of said rays;

means for combining said samples in each of said
selected wrays to generate groups of combined

30 samples;

means for correlating said groups of cgmbined
samples with a known code sequence and generating a
correlatlon value, and e e
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Fig. 20 is a functional schematic of an enbodi nent of a WRAKE recei ver

with prefiltering according to the present invention; Fig. 11
is a functional schematic of a further 10 enbodi nent of a WRAKE receiver
accordi.ng to the present invention; and Fig. 12 is a
functional schematic including further elenments of the Fig. 11

enbodi nent . DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS 15
While the followi ng description is idfl 4he- context of cellular

comuni cati ons systens invol ving portabl e or nobile radio tel ephones
and/ or personal communi cation networks, it will be understood by

t hose skill ed i n méensirfor hadmpineipy esaid ¢omrﬁnat¢pﬂ0vahng withpplied to
ot her comm%cgﬁfé)ﬁof@p‘lzéc&\étg ine each d efnqﬁgfnt i nvention, referred
gy

to as a WRA ecei ver I N a manner
di f ferent frQﬁWEQ#N@m@i@matoFF%Ehr%%@m$@¢§te¢%§Yn#°1 than treating the
si gnal energy conponents as signal :

10. The system according to claim 9 wherein
5 said selecting means selects said samples from two
different wrays, a first wray including I samples
from one of said rays and a second wray including Q
samples from one of said rays.

11. The system according to claim 9 wherein the
10 combining means includes:
means for multiplying each sample by a
corresponding weight to produce a plurality of
weighted wvalues; and
means for summing the weighted values to
15 generate said groups of combined samples.

12. The system according to claim 11 wherein
the multiplying means includes a single complex
sample-by-sample multiplier for mﬁltiplying each
sample by said corresponding weight.

20 13. The system according to claim 11 wherein
the multiplying means includes a single scalar
sample-by-sample multiplier for multiplying each
sample by said corresponding weight.

l4. The system according to claim 11 wherein
25 the multiplying means includes a plurality of complex
sample-by-sample multipliers for multiplying each
sample by said corresponding weight.

15. The system according to claim 11 wherein
the multiplying means includes a plurality of scalar

UL
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25 rays with I and Q conponents, the WRAKE receiver
conponents at a lower level, referred to

has a signal ray nunber and a channel specification (I or Q.

treats the
as "waves", where each wave

For exanpl e, the strongest wave in the aforesaid 30 TABLE 1 exanple is on

si gnal
are the
1

ray 0, the Q channel

10

15

20

25

30

waves in decreasing energy order for the exanple in
- 17 -
._38_

sample-by-sample multipliers for multiplying each
sample by said corresponding weight.

16. 1In a code division multiple access system
for communicating data symbols to a receiver, wherein
a transmitter maps a stream of data symbols into a
stream of code symbols and further combines each code
symbol with one scrambling bit sequence to form a
stream of respective transmitted scrambled code
symbols, the receiver comprising:

means for receiving a composite signal of
overlapping modulated carrier signals including at
least two rays and for demodulating the composite
signal to recover the transmitted scrambled code
symbols in each ray, the receiving and demodulating
means producing in-phase (I) and quadrature (Q)
components for each ray:

means for sampling the I and Q components to
produce at least one I sample and at least one Q
sample for each transmitted scrambled code symbol;

means for successively selecting at least two
wrays of said samples, each wray including I samples
or Q samples from any one of said rays:;

means for successively descrambling each wray of
samples with the scrambling bit sequence;

means for successively correlating the
descrambled samples in the selected wrays with a set
of known code sequences and generating correlation
values;

means for successively combining said
correlation values to generate combined values; and

means for successively comparing the combined
values with each other to detect each transmitted
scrambled code symbol, said detected scrambled code

(havi ng wei ght 0.587). Shown in TABLE 2
TABLE

symbols corresponding to said stream of data symbols.

AT il
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TABLE:* 2 VWRAKE Vi ew of Si gnal Cbnponenfs wave

signal ray channel wei ght 0 0 Q

0.587 5 1 1 I 0. 433 2

3 . I 0. 369 3 2 I

0.358 4 2 . Q 0. 301 5

1 Q 0. 250 10 6 0 I

0. 214 7 3 Q 0. 065 When
conbi ni ng signal energy conponents at 3he” wave | evel, one strategy
I's to conmbi ne waves containing the nost signal energy. Since there

are 15 twce as nang waves as therg,are raé ,.th&§ aggroach
mi ght appear inef#ici efit® FBREGEr aCHREQLRE Hoc iﬁ?@x Wherelf, el at or can
performtwo saidesalechingnmpanal setcessively selects said
samples from two different wrays, a first wray
including I samples from one of said rays and a
5 second wray including Q samples from one of said
rays.

18. The system according to claim 16 further
including:
means for successively removing a selected one
10 of said code symbols corresponding to the detected
one of said code symbols from the composite signal to
generate a residual composite signal; and
means for successively reconstructing the
original composite signal samples less the selected
15 code symbol from the residual composite signal and
transmitting the samples to the selecting means.

19. The system according to claim 18 wherein
said reconstructing means further includes:

means for inverse correlating the residual

20 composite signal; and

means for rescrambling the residual composite
signal to reconstruct the original composite signal
without the code symbol corresponding to the detected
code symbol using said scrambling bit sequence.

25 20. The system according to claim 19 wherein
said correlating means includes means for computing a
fast Walsh transform to correlate the samples to
known Walsh-Hadamard sequences and said inverse
correlating means includes means for computing an

30 inverse fast Walsh transform to reconstruct samples
of the residual composite signal.
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tWo waves can be processed together in the sane conpl ex correl ator

Unli ke the conventional RAKE 20 receiver of Fig. 1, these waves need
not cone from the sane signal ray (i.e., the waves processed
together can arrive at different tinmes) and these waves do not have
to come.fromtwo different channels (i.e., they could both be from
either the I or Q 25 <channel). A pair of waves processed by the sane
conplex correlator is defined as a "wgy'. The present

i nventi on processes the waves which contain the nost signal energy.
For exanple, the strongest wave can be processed with the next

30 strongest wavein tfife SAPE: &P U] Alaitr8 wherein This

particul ar nmethod of WRAKE i ri ng need, not S o _long as the
strongest waiAd é%%n&ﬂ-‘a’c%%s@%“s det emm@%%&%"’?ﬂb ‘gf o?]éf%nt i oned

met hod of padisg itle largest, and said removing means removes the
code symbol, corresponding to the largest correlation
$ value, from the composite signal to form the residual
composite signal.

22. The system according to claim 16 wherein
the correlation means includes means for computing a
fast Walsh transform to correlate the samples to
10 known Walsh-Hadamard sequences.

23. A system according to claim 16 wherein said
set of known code sequences are code words from an
orthogonal block code.

24. A system according to claim 16 wherein said
15 set of known code sequences are code words from a bi-
orthogonal block code.

25. In a code division multiple access system
for communicating data symbols to a receiver, wherein
a transmitter maps a stream of data symbols into a
20 stream of code symbols and further combines each code
symbol with one scrambling bit sequence to form a
stream of respective transmitted scrambled code
symbols, the receiver comprising:
means for receiving a composite signal of
25 overlapping modulated carrier signals including at
least two rays and for demodulating the composite
signal to recover the transmitted scrambled code
symbols in each ray, the receiving and demodulating
means producing in-phase (I) and quadrature (Q)
30 components for each ray:
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- 18 - where the strongest wave is processed with the next
strongest wave. Each pair is referred to as a "wray".

TABLE 3 5 VWRAKE Pai ri ng signal "way"

conponent - second conponent 0 wave O
1 1 wave 2 wave 3 2
wave 4 wave 5 10 3 wave 6

- 41 -

means for sampling the I and Q components to
produce at least one I sample and at least one Q
sample for each transmitted scrambled code symbol;
means for successively selecting at least two
5 wrays of said samples, each wray including I samples
or Q samples from any one of said rays;
means for successively descrambling each wray of
samples with the scrambling bit sequence;
means for successively combining said
10 descrambled wrays of samples to generate groups of
combined samples; and
means for successively correlating said groups
of combined samples with a set of known code
sequences and generating a plurality of correlation
15 values, one for each sequence; and
means for successively comparing the correlation
values with each other to detect each transmitted
scrambled code symbol, said detected scrambled code
symbols corresponding to said stream of data symbols.

20 26. The system according to claim 25 wherein
said selecting means selects said samples from two
different wrays, a first wray including I samples
from one of said rays and a second wray including Q
samples from one of said rays.

25 27. The system according to claim 25 wherein
the correlation means includes means for computing a
fast Walsh transform to correlate the samples to
known Walsh-Hadamard sequences.

28, A system according to claim 25 wherein said
30 set of known code sequences are code words in an
orthogonal block code.

first
wave

wave 7
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In thé exanpl e used, the conventional RAKE limted to two conpl ex

correl ati ons processed 64% of the signal energy. The WRAKE receiver,
also limted to two conplex correlations, would process "ways" 0 15
and 1. _Thus, the total signal energy included would be (see TABLEs 2
and 3) 0.587[err] + 0.433[err] + 0.369[err] + 0.358[err] = 0.796 or
79.6% of the total signal power. Thus, for this exanple, the increase
over the conventional systemin-sagnal energy collected is 20 15. 6%
of the total energy available. There are other - exanpl es which can be
constructed where the increase in signal energy collected is even

greater. Thus, 29.mh&pSYﬁtenungeﬂr@iDGthl@katbr2élﬁh€§ﬁ§np§§ﬁérned i s
limted, thesWRAKE kRGGHhVELAEOLLEEERCERT £roT cbiE gvéf%sts%ﬁnal pgoer gy,

provi ding better recelver performnce. e sanme exanpl e,
suppose a pe?P¥ehrogeRal blockegafd®enent deternines the nunber of conpl ex
correlations perforned. If the perfornmance requi renents of the system

Its in th ' t 30, that.75% of i gnal be col | ected,
the ' Derformte oPiie vote SiharTan el fple OpCeaty ayeeds, o0 o0t e

5 a method for communicating a sequence of data symbols
to a receiver, wherein a transmitter combines each
data symbol with a known code sequence to form a
respective transmitted symbol, said method comprising
the steps of:

10 receiving a composite signal of overlapping
modulated carrier signals including at least two
rays;

demodulating the composite signal to recover the
transmitted symbols in each ray, producing in-phase

15 (I) and quadrature (Q) components for each ray:

sampling said I and Q components to produce at
least one I sample and at least one Q sample for each
transmitted symbol;

selecting at least two wrays of said samples,

20 each wray including I samples or Q samples from any

one of said rays:;

correlating said samples in each of said
selected wrays to a known code sequence and
generating correlation values;

25 combining said correlation values to generate a ).
combined value; and

comparing said combined value with a threshold
to determine each data symbol correspondiné to each
transmitted symbol.

30 31. The method according to claim 30 wherein
said step of selecting includes the step of selecting
said samples from two different wrays, a first wray
including I samples from one of said rays and a
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correlations. Actually inthis exanpl e, the WRAXE receiver collects

79% of the energy with only two conplex correlations. As a result,
there is either a - 19 -
reduction.in. hardware or processing tinme over the conventional RAKE
recei ver which requires three conplex correlations to neet the
per f or mance criterion.

...43_.

second wray including Q samples from one of said
rays.

32. The method according to claim 30 wherein
said step of combining further includes the steps of:
5 multiplying each correlation value by a
corresponding weight to produce a plurality of
weighted values; and
summing the weighted values to generate said
combined value.

10 33. The method according to claim 30 wherein
the step of correlating includes correlating each
selected wray with said known code sequence using a
single complex correlator.

34. The method according to claim 30 wherein
15 the step of correlating includes correlating each
selected wray with said known code sequence using a
single scalar correlator.

35. The method according to claiﬁ”BO wherein
the step of correlating includes correlating each
20 selected wray with said known code sequence using a
plurality of complex correlators.

36. The method according to claim 30 wherein
the step of correlating includes correlating each
selected wray with said known code sequence using a

25 plurality of scalar correlators.

37. In a code division multiple access systen,
a method for communicating a sequence of data symbols
to a receiver, wherein a transmitter combines each
data symbol with a known code sequence to form a

T T
AN AT




5 * The mathematical val ue of the decision statistic Z fromthe
di scussi on of the conventional RAKE can be mani pul ated to di stinguish
t he conventional RAKE and t he WRAKE of the present invention. Fromthe
conventi onal. RAKE: [err] 10 The expression is equival ent to:
[err] Some of the conponent taps in each summati on may be zero
or quantized to zero since WKk)[err] 0+ O neans t hat at | east one
conmponent of WKk) is nonzero, but not necessarily both. Conputing the
correspondi ng - 44 -

respective transmitted symbol, said method comprising
the steps of:
receiving a composite signal of overlapping
modulated carrier signals including at least two
5 rays;
demodulating the composite signal to recover the
transmitted symbols in each ray, producing in-phase
(I) and quadrature (Q) components for each ray:
sampling said I and Q components to produce at
10 least one I sample and at least one Q sample for each
transmitted symbol;
selecting at least two wrays of said samples,
each wray including I samples or Q samples from any
one of said rays;
15 combining said wrays of samples to generate
groups of combined samples;
correlating said groups of combined samples with
a known code sequence and generating a correlation
value; and
20 comparing said correlation value with a
threshold to determine each data symbol corresponding
to each transmitted symbol.

38. The method according to claim 37 wherein
said step of selecting includes the step of selecting
25 said samples from two different wrays, a first wray
including I samples from one of said rays and a
second wray including Q samples from one of said
rays. '

39. The method according to claim 27 wherein
30 said step of combining further includes the steps of:
multiplying each sample by a corresponding
weight to produce a plurality of weighted values; and

This Sheet Has Been Replaced

R o T



15 cdrrelation value would be a waste of conputation resources, since

It would then be nultiplied by zero. Accordingly for the WRAKE

recei ver, only conponent correlations which are wei ghted by nonzero
conponent '» -~ tap val ues are conmputed. Wien the RAKE receiver is 20
limted to a certain nunber of RAKE taps, L, there is alimtation on
the nunber of rays that can be conbined in the conventional RAKE. To
optim ze performance, the L rays 4$th the hi ghest RAKE tap

magni tudes or magni tudes squared are used. If Kk[err],

- 20- :

summing the weighted values to generate said
groups of combined samples.

40. The method according to claim 39 wherein

the step of muitiplying includes multiplying each

5 sample by said corresponding weight using a single
complex sample-by-sample multiplier.

41. The method according to claim 39 wherein
the step of multiplying includes multiplying each
sample by said corresponding weight using a single

10 scalar sample-by-sample multiplier.

42. The method according to claim 39 wherein
the step of multiplying includes multiplying each
sample by said corresponding weight using a plurality
of complex sample~by-sample multipliers.

15 43. The method according to claim 39 wherein
the step of multiplying includes multiplying  each
sample by said corresponding weight using a plurality
of scalar sample-by-sample multipliers.

44. In a code division multiple access systen,
20 a method for communicating data symbols to a
receiver, wherein a transmitter maps a stream of data
symbols into a stream of code symbols and further
combines each code symbol with one scrambling bit
sequence to form a stream of respective transmitted
25 scrambled code symbols, the method comprising the
steps of:
receiving a composite signal of overlapping
modulated carrier signals including at least two rays
and demodulating the composite signal to recover the
30 transmitted scrambled code symbols in each ray,

R
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where'i=0,...,L-1 correspond to these rays then Z for a conventi onal

RAKE i s: [err] [err]

The WRAXE recei ver conbi nes nore signal energy in two ways. First, the
same ray f.or- each conponent 5 conbined in parallel does not have to be
used, and, second, different conmponents (I and Q in parallel need
not be conbi ned. For exanple, when i=1 in the previ ous summation, the
WRAKE recei ver coul d conbi ne - 46 -

producing in-~-phase (I) and quadrature (Q) components
for each ray:
sampling the I and Q components to produce at
least one I sample and at least one Q sample for each
5 transmitted scrambled code symbol;
successively selecting at least two wrays of
said samples, each wray including I samples or Q
samples from any one of said rays:;
succeésively descrambling each wray of samples
10 with the scrambling bit sequence;
successively correlating the descrambled samples
in the selected wrays with a set of known code
sedquences énd generating correlation values;
successively combining said correlation values
15 to genefate combined values; and
successively comparing the combined values with
each other to detect each transmitted scrambled code
symbol, said detected scrambled code symbols
corresponding to said stream of data symbols.

20 45. The method according to claim 44 wherein
said step of'successively selecting includes the step
of successively selecting said samples from two
different wrays, a first wray including I samples
from one of said rays and a second wray including Q

25 samples from one of said rays.

46. The method according to claim 44 further
including the steps of: successively removing a
selected one of said code symbols corresponding to
the detected one of said code symbols from the
30 composite signal to generate a residual composite
signal; and
successively reconstructing the original
composite signal samples less the selected code ”““wmwﬂw_ﬂm;ﬂ
T This SheetHasBeenReplaced
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Tt L. ! s x I

[t



ray 1, | conponent with ray 2, | conponent. 10 Mathematically, the WRAKE

receiver forns: [err] where c[err] and cl[err]
represent which conponent, | or Q Kk[err] and k[err] represent which
ray, and i.indicates which "wray". Unlike the conventional RAKE,

c[err] and c[err] do not have to be different and k[err] and k[err] do
not have to 15 be the sane. |In the conventional RAKE, Z consisted of
a sumof ray contributions, corresponding-to a particular ray index k
and a pair of different components | and Q The WRAKE however

conbi nes "wrays", each consisting of two conponents c[err] and cl[err]
20 not neceyﬁnbilyrdhftnéenésaﬂdaaseompegﬂﬂeraygnaleanﬂ and k[err]

hot necessar#%gn£ln]e.t§g$§r‘téfrll%eS?mpleﬁl 52K égsggiebeﬁﬁ%fnggng rg. now be

descri bed w ragrams 4. Like

47. The method according to claim 46 wherein
said step of reconstructing further includes:
5 inverse correlating the residual composite
signal; and
rescrambling the residual composite signal to
reconstruct the original composite signal without the
code symbol corresponding to the detected code symbol
10 using the scrambling bit sequence.

48. The method according to claim 47 wherein
said step of correlating includes computing a fast
Walsh transform to correlate the samples to known
Walsh-Hadamard sequences and said step of inverse

15 correlating includes computing an inverse fast Walsh
transform to reconstruct samples of the residual
composite signal.

49. The method according to claim 46 wherein
said step of comparing determines which combined
20 value is the largest, and said step of removing
removes the code symbol corresponding to the largest
correlation value from the composite signal to form
the residual composite signal.

50. A method according to claim 44 wherein said
25 set of known code sequences are code words from an
orthogonal block code.

51. A method according to claim 44 wherein said
set of known code sequences are code words from a bi-
orthogonal block code.
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t ie*conventional RAKE receiver, a radio signal is

- 21 - ~ received by a receiver 11 and sanpl ed, producing chip
sanples I (n) and Q' n). These chip sanples are buffered in a buffer,
whi ch can. be viewed as two buffers, one for 1(n) sanples 12a, and one
for Qn) 5 sanples 12b. The buffered chip sanples are passed to
a

..48_

52. The method according to claim 44 wherein
the step of correlating includes computing a fast
Walsh transform to correlate the samples to known
Walsh-Hadamard segquences.

5 53. In a code division multiple access systemn,
a method for communicating data symbols to a
receiver, wherein a transmitter maps a stream of data
symbols into a stream of code symbols and further
combines each code symbol with one scrambling bit

10 sequence to form a stream of respective transmitted
scrambled code symbols, the method comprising the
steps of:

receiving a composite signal of overlapping
modulated carrier signals including at least two rays

15 and demodulating the composite signal to recover the
transmitted scrambled code symbbls in each ray,
producing in-phase (I) and quadrature (Q) components
for each ray:

sampling the I and Q components to produce at

20 least one I sample and at least one Q sample for each

transmitted scrambled code symbol;

successively selecting at least two wrays of
said samples, each wray including I samples or Q
samples from any one of said rays:

25 successively descrambling each wray of samples
with the scrambling bit sequence:

successively combining said descrambled wrays of
samples to generate groups of combined samples;
successively correlating said groups of combined

30 samples with a set of known code sequences and
generating a plurality of correlation values, one for
each sequence; and .

successively comparing the correlation values
with each other to detect each transmitted scrambled

This Sheet Has Been Replaced
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nui'ti'pFexer 13. The multipl exer 13 selects two I ndependent ranges of

chip sanples. The chip sanpl es sel ected can cone fromthe sane or
different 10 channels. Let MKk1, c[err], k[err], c[err], n) denote the
output - --of nmultiplexer 13 for a "way", consisting of two sanpl e
ranges, one from conponent c[err] one from conponent cl[err], where
cl[err] is either | or Qand c[err] is either 1 or Q Al four

conbi nations, (I1), (1,Q, 15 (QI) g9nd (Q Q, of c[err] and c[err] are
possi bl e. However, some conbi nation are nonsensical. For exanple, if

clerr]=c[err],

It does not nmake sense for k[err]=k[err] because this

result woul d coste el t@ﬁ/&(idu};écrtd&mm@ké@rwjde symlayles gy twi ce.

range of samg nﬁné‘j{q{%%er%aﬁi A deat of QYL o ray k[err] and
one

t he range fromco

The

correspon S t ray Terr] The val ues

of k[err] and k[err] are not necessarily the sane. The output of the

nul tiplexer is giyl bDY¥he method accdr@inlg to claim 53 WeerBid i pl exer
outputs are correlated to a

5

10

15

20

25

30

said step of selecting includes the step of selecting
said samples from two different wrays, a first wray
including I samples from one of said rays and a
second wray including Q samples from one of said

rays.

55. The method according to claim 53 wherein
the step of correlating includes computing a fast
Walsh transform to correlate the samples to known
Walsh-Hadamard sequences.

56. The method according to claim 53 wherein
said set of known code sequences are code words in an
orthogonal block code.

57. The method according to claim 53 wherein
said set of known code sequences are code words in a
bi-orthogonal block code.

58. 1In a spread spectrum communications systen,
a method for receiving spread spectrum information
signals and determining received data sequences, said
method comprising:

receiving a composite signal of overlapping,
transmitted signals;

sampling said composite signal;

selecting at least two wrays of compesite signal
samples; and

combining said composite signal samples in-each
of said selected wrays to recover the transmitted

data 51gna1. I
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25 " known sequence in conplex correlators 14a and 14b.

I, the output of correlator 14a is: [err]

For a "
The

Vw ayll
out put

of the correlators 14a and 14b are mul tiplied by conplex weights in

mul tipliérs15. Typically, only the real part of the product

needed, which can be obtained by two scal ar

- 850 -

ABSTRACT

A modified RAKE receiver, referred to as a WRAKE

receiver is used in CDMA communications.

It is

particularly adaptable to a subtractive CDMA system.

5 The receiver includes a radio receiver for receiving

and demodulating a composite signal of overlapping

transmitted signals (spread signals), a sampler to

sample the received signals, a selector for selecting

different groups of samples, a correlator for

10 correlating the samples with known despreading codes

and a comparator to determine the symbol transmitted.

The receiver also includes a combiner which combines

either different groups of samples together or

combines different correlation values together. The

15 sample groups selected are channel independent and

combine data received from different time shifts.

Likewise, the sample groups for each channel and the

correlation values are time-of-arrival independent.
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mul tipliers and an adder. This is referred to as a "hal f - conpl ex"

multiplier. However, there are cases wher e a'“t’f‘"f-"t;é""é@&p,i“ ¥ aubtrpl | esg
referred to as a “full-conplex” multiplier, i d., oL, ,;exagg) h8ged....
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I's: [err] or [err] 20 The decision statistic

Z is.passed to_a deci si on device 17 which determnes the
recei ved™ . ' fation bit by conparing the accumul at ed resul t
wi t h a p} edelermnred-thrieshol d. EP0563d20Ageneral , all the correlations
can be 2 arhl lel (as shown in FIG 4) or in seri es,
using theg 4 of s} nore than once. The nunber and type (conpl ex
versus s
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‘correl ators avail abl e determ nes the nunber of

- 23.-

correl at ed).

Thus,

t he

i recei ved sanple ranges the nultiplexer nust provide (one
set per "wave"
must provi de one

mul tipl exer of the WRAKE receiver

range of dataﬁ?eﬂ-’!féﬂ”(‘e? singl e scalar correlator), 5

two ranges of data values (a single conplex correlator or two scal ar
or nore (nore

correl ators),
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than two scalar correlators or nore than one conpl ex correl ator) ranges
of data values fromthe data ‘buffer to the correlator(s). An increase
inthe 10 ranges in parallel is acconpanied by an increase in

circuitry needed for the nultiplexeEP0563020A2 | { only one range is

requi red, for exanple when a single scalar correlator is used, then the
mul tiplexer is straightforward. A sinple exanple of 15 this enbodi nent
is showmn in Fig. 5 where each channel buffer is three sanples I ong, and
t he range of sanples required (i.e., the length of the information
sequence to which the data are being correlated) is two. If the three
conpl ex sanples are represented by 20 I(n) + jQn), where nis the

di screte tinme index, there are four possible ranges of data val ues:

1 (1) through 1 (2)Q 1(2) through 1(3), Q1) through Q2), and Q 2)
t hrough QQ3). These values are stored by channel in buffers 43a and
43b. One of the four possi bl e ranges is selected by the nultiplexer 44
where control bits c[jgg] and c arting tinme and the
channel respectively..kﬁe sel ect

pon ol ey |

ed rangges
-

w
<
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CORRELA
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‘then sent to scalar correlator 45. There are several ways to
provide nore than one 30 range, not necessarily fromdifferent channels.

For exanple, if all nmultiplexer outputs are provided in paral |l el ,
then one "brute force" method for pro¥PHiPAA2 nore than one range is to
duplicate the nmultipl exer of Fig. 5 as shown in Fig. 6. The data

buffers 46a 35 and 46b are connected to the multiplexer 47 which
-24 -
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I ncludes nul tiplexers 48a and 48b, each providing a di fferent range of
possi bly overl appi ng data val ues. The two ranges of data values are
sent to two di fferent scalar correlators 50a and 50b. 5 The t ot al
nunber of correlations perforned EPO&EH®AAS on the nunber of wrays which
Is related to t he nunber of echoes. As the receiver noves with

respect to the transmtter, the nunber of waves wl| vary and hence the
number of correlations actually 10 pegformed will vary with time. For
exanpl e, during one tinme period zslngle wave m ght be processed

while during a different tine pHle waves may be processed.
The WRAKE recei ver can be adapt ed tq;QLher florms 15 of channel diversity.

For exanple, if antenna di versgg®&Eis prlesgnt, then there would be
mul tiple | and Q channel sl The KE woul @ still process the
strongest waves, |ndependentgy of t@® signal|jray, 1/Q channel , and

ant enna fronlmhlch t he maveq:p' gi natjed.

0 Al so, by using full-conpl ex
mul tipliers instead of
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'half-conplex mul tipliers, the WRAKE recei ver can denodul ate in

parallel two signals whose carriers are separated by ni nety degrees.

Q her forns of channel diversity include, but are not limted to,
frequency 25 diversity (sending tfB 99620 A2ssage on different

frequency channels), time diversity (sending the sane nmessage at
different tines), explicit path or space diversity (sending the
nmessage purposely on different pat hs, usually using different
transmtting and/ or 30 receiving antennas), and pol arization diversity.
An alternate preferred enbodi ment repl aces the mul tiple correlators

showmn in Fig. 4 wwth one conpl ex correlator. 1In this configuration,

the single conplex correlator is used nultiple tines, and the 35
results are accunul ated. As conpared to a
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- 25 - conventional receiver, if the single conplex correlator is

used the sane nunber of tines, the conpl ex correlator of the WRAKE
woul d process nore si gnal ener t han t he conventi onal RAKE. Thus, for
5 a given performance |evel the %ﬁﬂKﬁ the single conpl ex
correlator fewer tines, saving processing tine. In the

di scussi on above, the WRAKE receiver is configured to process pairs of
ranges either in 10 parallel or i eries. |If scalar correlators are
used (scal ar sanpl e by sanple mult Eﬁi ers in the pre- filtering WRAKE

case), then ranges are act ug

sed one at a tine, allowng for
t he total
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‘nunber of processed ranges to be even or odd. Thus, 15
t he nunber

waves i s odd,
of waves. If t
ranges,

associ ated wt

t he WRAKE receiver can be configure
possi bly allow ng results|=

par al | el
be accunul at ed

ei t her extraneous processing
fed with arbitrary ranges,

Li m t ed WRAKE

invention called a limted W
elenents in Fig. 7 function

he

h the

. 1f 25

of

WRAKE r ecei ver
and the nunber of waves is
paired with an arbitrary range to 20

ranges

conplete a "way",
arbitrary range would be set to zero.
to process J

i f the nunber

ured to process pairs of
t he | ast wave coul d be
and t he wei ght

of
processed exactly equal s the nunber
i s confi

BFcR5630

I n general,
ranges of data in

frommultiple sets of J ranges to

the n

A .
IMJcTlI dI

weves]is not a nultiple of J, then
elemedis are fed with zeroes, or they
whose HEL results are wei ghted by zero.
30 Anot her pr¢§§§red eptV'di nent of the present
RAKE rEcCei ver |s shown in Fig. 7. Like
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‘the el ements in Fi g. 4 except as nentioned bel ow. The |imted WRAKE

receiver differs froma regular - 26
- VWRAKE recei ver because the cor‘rgl ex correlator of a limted
WRAKE: r ecei ver nust receive a rang& 8f%3020A2 | 3| yes and a range of Q

val ues. The ranges are still I ndependent, but in contrast to the WRAKE
receiver, 5 the two ranges in a |imted WRAKE recei ver nust cone
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fromdifferent channels. The multiplexer 13 still sel ects i ndependent

ranges fromthe | and Q channel s as shown in Fig. 7. The
limted WRAKE recei ver processes the 10 strongest | waves and the
strongest Q waves, but the | wBYRE533%A2 he paired with Q waves.
Fol | ow ng the exanpl e di scussed above, TABLE 4 shows the results of
pairing the strongest I wave with the strongest Q wave, and so on.
15 TABLE 4 Li m ted WRAKE
pai ring signal "way" | conponent Q conponent 0
wave 1 wave 0O o Lo wave 2 wave 4 20
2 WavegS 5@ wienave S 3 . wave 6
wave 7 Proc = strongest "ways" yields
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. e ¢ afes
0.433[err] +_0.587Iqrr] + 0.369[err] + 0.301[err] = 0.759 or 75.9% of 25

th égégy—ﬁtgggb¢eﬂ rgy. In Rhis'exanple, t he limted WRAKE recei ver
pr bvi vy -pore signal ¥ energy than the conventjonal RAKE receiver.
Al $0}] to meet a] per f or mace criterion ofy75% the,signal ener gy
prcésse JANIME |infted WRAKE receiver 30 requires only two conpl ex
cofrdl ations. Thus, |t he v limted WRAKE js still an inprovement over
thq ° convention%l RAKE r ecei ver ~~ One of " the notivations for
thd |inited WRAKE

approach-is fhé¥‘the gﬁk}iplexers becone sinpler,

RAKE RECEIVER WITH SELECTIVE RAY COMBINING

FIELD OF INVENTION
The present invention relates to the use of Code

Division Multiple Access (CDMA) communications

5 +techniques in cellular radio telephone communication
systems, and more particularly, to a RAKE receiver
scheme for correlating a despreading code sequence
with the received signal samples to determine the
received data sequences.

10 BACKGROUND OF THE INVENTION
CDMA or spread spectrum communications have been
in existence since the days of World War II. Early
applications were predominantly military oriented.
However, today there has been an increasing interest
15 in using spread spectrum systems in commercial
applications. Some examples include digital cellular
radio, land mobile radio, and indoor and outdoor
personal communication networks.
The cellular telephone industry has made
20 phenomenal strides in commercial operations in the
United States as well as the rest of the world.
Growth in major metropolitan areas has far exceeded
expectations and is outstripping system capacity. 1If
this trend continues, the effects of rapid growth
25 will soon reach even the smallest markets.
Innovative solutions are required to meet these
increasing capacity needs as well as maintain high
quality service and avoid rising prices.
Throughout the world, one important step in
30 cellular systems is to change fxcm analog to digital
transmiscion. Fqually important is the choice of an
effective digital transmission scheme for
implementing the next generation of cellular
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arttettarty upeful in the limted WRAKE approach

rticularly if only one conplex correlator, i.e.
~C , s used. In this case, two standard nul ti pl exers
rg required, one i{for the | channel and one for the Q channel. The

oht ho} jalN ﬁg?éa‘ph I s i ndependent, allow ng i ndependent ranges of

afues to be sel gcted. Anot her nethod to nul ti pl exi ng,

) t wo

uses the input

uffer to provide Fange selection as showmn in Fig. 8. 10 The | and Q data
purters are independent shift registers, shifting the data into
position for access by a set of connections to a fixed range of data
buffer locations. The | and Q buffers 5la and 51b are such shift

regi sters. Wiegeghfbloge.shFirthermopeqr dt¢ is widdeAgpdbdliekwedcthaEnts in

position D mVene £348+Pgahbk8ibn b®pE2RLAA1S coindRibhEIBAC MVE tO
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Networks (PCNs), employing low cost, pocket-size,
cordless telephones that can be carried coﬁfortably
and used to make or receive calls in the home,
office, street, car, etc., will be provided by
cellular carriers using the next generation digital
cellular system infrastructure and the cellular
frequencies. The key feature demanded in these new
systems is increased traffic capacity.

Currently, channel access is achieved using
Frequency Division Multiple Access (FDMA) and Time
Division Multiple Access (TDMA) methods. In FDMA, a
communication channel is a single radio frequency
band into which a signal's transmission power is
concentrated. Interference with adjacent channels is
limited by the use of band pass filters which only
pass signal energy within the specified frequency
band. Thus, with each channel being assigned a
different frequency, system capacity is limited by
the available frequencies as well as by limitations
imposed by channel reuse. In TDMA systems, a
channel consists of a time slot in a periodic train
of time intervals over the same frequency. Each
period of time slots is called a frame. A given
signal's energy is confined to one of these time

. slots. Adjacent channel interference is limited by

the use of a time gate or other synchronization
element that only passes signal energy received at
the proper time. Thus, the problem of interference
from different relative signal strength levels is
reduced.

Capacity in a TDMA system is increased by
compressing the transmission signal into a shorter
time slot. As a result, the information must be



posi p+ea—B,....and_so forth. Wth the contents shown in Fig. 8, the range
(1) ﬁﬁP@ﬂgﬁmW{ﬂgr?' el ected for correlation as is the range Q1)

t hr ou 2%~~v . sel ect different ranges, say, [(2) through I(3) and

Q 1)) tih | buffer would be shifted upwards once and the Q
buffer changed. Pre-filtering WRAKE The order
of Ived signal in 25 the RAKE receiver can be altered.
Fig. 9 shoms a nventi onal RAKE receiver in which the chip sanples
are ' RAKE taps, then cerBetated to a known sequence.
I n such an |nplenentat|on only one scal ar correlator is neeaﬁikESO .
Anot her preferred enbodi nent of the present, I nvention is a W
pre- flltgrlng astiBRFRLtEed at gjgprrespondingly sFapker iRursk arakel by t he
recei ver 2 uhddle hiershises theinaett Bf PSAIPLes Spectien | and Q

channel s. These Eggggﬁﬁigggiﬂyffered in a

With FDMA or TDMA systems or hybrid FDMA/TDMA
5 systems, the goal is to insure that two potentially
interfering signals do not occupy the same frequency
at the same time. In contrast, Code Division
Multiple Access (CDMA) allows signals to overlap in
both time and frequency. Thus, all CDMA signals
10 share the same frequency spectrum. 1In the frequency
or the time domain, the multiple access signals
appear to be on top of each other.
There are a number of advantages associated with
CDMA communication techniques. The capacity limits
15 of CDMA-based cellular systems are projected to be up
to twenty times that of existing analog technology as
a result of the properties of a wide band CDMA
system, such as improved coding gain/modulation
density, voice activity gating, sectorization and
20 reuse of the same spectrum in every cell. cDMA
transmission of voice by a high bit rate decoder
insures superior, realistic voice quality. CDMA also
provides for variable data rates allowing many
different grades of voice quality to be offered. The
25 scrambled signal format of CDMA completeiy eliminates
cross talk and makes it very difficult and costly to
eavesdrop or track calls, insuring greater privacy
for callers and greater immunity from air time fraud.
In principle, in a CDMA system the informational
30 data stream to be transmitted is impressed upon a
much higher rate data stream known as a signature
sequence. Typically, the signature sequence data are
binary, providing a bit stream. One way to generate
this signature sequence is with a pseudo-noise (PN)
35 process that appears random, but can be replicated by



: Fglw = vathHLjE‘, whi ch can include two buffers, one for
sanp egaﬁéﬁ?méﬁﬁjﬁﬁg’f r Q sanples 22b. The buffered chip sanples

are passed to a tiplexer 23. In the conventional RAKE receiver 5
withiptealgaarigng o ig. 9, the nultiplexer 23 provi des the sanpl e by

sanpkejmul tiplier 24/ wWwth a range of | values and the sanme range of Q
val ugs. '

an authorized receiver. The informational data
stream and the high bit rate signature sequence
stream are combined by multiplying the two bit
streams together, assuming the binary values of the

5 two bit streams are represented by +1 or -1. This
combination of the higher bit rate signal with the
lower bit rate data stream is called codiﬁg or
spreading the informational data stream signal. Each
informational data stream or channel is allocated a

10 unique spreading code.

A plurality of coded information signals
modulate a radio frequency carrier, for example by
quadrature phase shift keying (QPSK), and are jointly
received as a composite signal at a receiver. Each

- 15 of the coded signals overlaps all of the other coded
signals, as well as noise-related signals, in both
frequency and time. If the receiver is authorized
then the composite signal is correlated with one of
the unique codes, and the corresponding information

20 signal can be isolated and decoded.

One CDMA technique, called "traditional CDMA
with direct spreading", uses a signature sequence to
represent one bit of information. Receiving the
transmitted sequence or its complement (the

25 transmitted binary sequence values) indicates whether
the information bit is a "0" or "1". The signature
sequence usually comprises N bits, and each bit is
called a "chip". The entire N-chip sequence, or its
complement, is referred to as a transmitted symbol.

30 The receiver correlates the received signal with the
known signature sequence of its own signature
sequence generator to produce a normalized value
ranging from -1 to +1. When a large positive
correlation results, a "0" is detected; when a large

35 negative correlation results, a "1" is detected.



éinulﬁhﬁﬁﬁEﬁHﬁﬁ“dan i nclude a series of sanple by sanple multipliers
trown--rn~Fig—9 jor sinply a 10 single sanple by sanple multiplier used
ltiple,,, b%nﬁs. The multiplier 24 takes each sanple | + jQ  and
ItigﬁiééaqP y Ja |conpl ex wei ght, conputing only the real part of the
oduct.. Thus i tlhe input to the multiplier is NI sanples and N Q
spnpl es, the 15 outlput is N scal ar sanpl es. In the WRAKE recei ver
—m—Frg—310—t'he mul ti pl exer 23 provides one range of | or Q
val ues and another range of | or Q valsies to the sanpl e- by- sanpl e
multiplier 24. The multiplier multiplies each 20 chip sanple by a conpl ex
wei ght, conputing either the full-conplex product or only the real
part of the pr odatheax @MB/ teahnigue paallsd Menhansad COMA

required, then hhg idtéat St I t}g'sm&zs each¥rdndnititdepn be
e_

|nplenented as two scal ar, sa - S | e nultl i er follomed by an
accumul ator. |f Seduengg tq, 5%%#& BBW fl plier

avai | abl e, then irifd:aiatbmmsedxtsmt:e:ﬂ a:o"dmlwcmds hetypicalmoduct The
accunul at or éL”"%ééﬁbééﬂhf“%&ﬁé“@é¥3§*Bé bi-orthogonal code words, is
used to code a group of information bits into a much
longer code sequence or code symbol. A signature
sequence or scramble mask is modulo-2 added to the
binary code sequence before transmission. At the
10 receiver, the known scramble mask is used to
descramble the received signal, which is then
correlated to all possible code words. The code word
with the largest correlation value indicates which
code word was most likely sent, indicating which
15 information bits were most likely sent. One common
orthogonal code is the Walsh-Hadamard (WH) code.

In both traditional and enhanced CDMA, the
"information bits" referred to above can also be
coded bits, where the code used is a block or

20 convolutional code. One or more information bits can
form a data symbol. Also, the signature sequence or
scramble mask can be much longer than a single code
sequence, in which case a subsequence of the
signature sequence or scramble mask is added to the

25 code sequence.

In many radio communication systems, the
received signal includes two components, an I (in-
phase) component and a Q (quadrature) component.

This results because the transmitted signal has two

30 components, and/or the intervening channel or lack of
coherent carrier reference causes the transmitted
signal to be divided into I and Q components. In a
typical receiver using digital signal processing, the
received I and Q component signals are sampled every
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The sanpl e-by-sanpl e adder 25 adds the results
f riorh. fAuf ple. -by-sanple nultipliers of mul tiplier 24 and passes
tHe resilt to scallar correlator 26. If a single sanpl e-by-sanple
mu tipbpggg@SWGEe ltiple tines, then the sanple- 35 by-sanpl e adder
actuhul®ates the rebults before - 29

T, seconds, where T, is the duration of a chip, and
stored.

In mobile communication systems, signals
transmitted between base and mobile stations

5 typically suffer from echo distortion or time
dispersion, caused by, for example, signal
reflections from large buildings or nearby mountain
ranges. Multipath dispersion occurs when a signal
proceeds to the receiver along not one but many paths

10 so that the receiver hears many echoes having
different and randomly varying delays and amplitudes.
Thus, when multipath time dispersion is present in a
CDMA system, the receiver receives a composite signal
of multiple versions of the transmitted symbol that

15 have propagated along different paths (referred to as
"rays") having relative time delays of less than one
symbol period. Each distinguishable "ray" has a
certain relative time of arrival k T, seconds and
spans N of the I and Q chip samples, since each

20 signal image is an N-chip sequence. As a result of
multipath time dispersion, the correlator outputs
several smaller spikes rather than one large spike.
Each ray that is received after the symbol period
(i.e., if the time delay caused by a reflection

25 exceeds one symbol period) appears as an uncorrelated
interfering signal that reduces the total capacity of
the communication system. To optimally detect the
transmitted symbols (bits), the spikes received must
be combined. Typically, this is done by a RAKE

30 receiver, which is so named because it "rakes" all
the multipath contributions together.

A RAKE receiver uses a form of diversity
combining to collect the signal energy from the
various received signal paths, i.e., the various

35 signal rays. DivVversity provides redundant



scal ar correlator 26
wth a known signature sequence. The correl ation
a threshol d decision device 27. The 5 threshold

conpares the correl ated result with a threshold to
I f the sanpl e-by-sanple conplex multipliers
uce conplex outputs, then 26 would be a conpl ex
correlator, correlating the real sanples to 10 one sequence and the
i magi nary sanples to another sequence Terg., for detection of two _
signal s si mul t aneously, where the tmossigna:s gere transn1t}ed gngh
carriers ninety degrees apart). ever al advantages are realize y
the 15 prefil %/eﬁ"?é&‘ M shAaneks (3R thak shen Ramg Gpnnels of

exanple, with a faded cominenicdt bkanple-syi X pPssible mmlxmnmadRiAﬁl?Ei ers,
Ao, with a - copifss Woom maflf e i ool AN By O,
sanpl e- by- sanpl EetRting rkhe iefhersignais sindiwidually using)a
sanpl e- by- sagipl ecdittdiiticn nethsehnallddPiy them algebraically
(with the same sign). Further, to avoid intersymbol
interference, appropriate time delays are inserted
between the respective detected echoes so that they
fall into step again. ,

10 In one form of RAKE receiver, correlation values
of the signature sequence with the received signals
at different time delays are passed through a delay
line that is tapped at expected time delays (dt), the
expected time between receiving echoes. The outputs

15 at the RAKE taps are then combined with appropriate
weights. Such a receiver searches for the earliest
ray by placing a’'tap at Ty, and for a ray delayed by
dt by placing a tap at To+dt, and so forth. The RAKE
tap outputs having significant energy are

20 appropriately weighted and combined to maximize the
received signal to noise and interference ratio.
Thus, the total time delay of the delay line
determines the amount of arrival time delay that can
be searched.

25 A diagram of a conventional RAKE receiver using
post-correlator, coherent combining of different rays
is shown in Fig. 1. A received radio signal is
demodulated by, for example, mixing it with cosine
and sine waveforms and filtering the signal in an RF

30 receiver 1, yielding I and Q chip samples. These
chip samples are buffered by a buffer which is
couwposed of two buffers, one for the I (in~phase)
samples 2a and one for the Q (quadrature) samples 2b.
The bottom of each buffer 2a and 2b contains the most

35 recently received chip samples in time.
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tiqgsfffﬂQEMBAKEﬁﬁ%c i ver uses the conplex multiplier fewer tines,
redu@ﬁﬁﬁiﬁﬁﬁéesﬁth i me. WRAKE Receiver in a Subtractive CDVA
Syst em 25 ;ﬂhﬁﬁgn’ t her preferred enbodi nent of the present

i nventi o a r

cgiver is used in a subtractive CDMA system of the
Cont k nuat i on-

- S\ Patent No. 5,151,919, entitled "CDVA
Jfon" by Paul W Dent and the correspondi ng
In-Part, U S. Patent Application Serial No. 739, 446.

A bl | agram of the present WRAKE regeévgr used in a subtractive
CDMA systemis shown in Fig. 11. Simlar to the WRAKE recei ver of
Fig. 4, a conposite signal is received by a receiver 31 and

A multiplexer 3 receives the buffered chip
samples and sends complex correlators 4a and 4b a
range of I chip samples and the same range of Q chip
samples. The range selected includes N samples

5 correspohding to the N-chip sequence arriving at a
certain time. For example, if the I and Q buffers 2a
and 2b, respectively, contain 159 chip samples (0-
158), and N is 128, then the multiplexer 3 would send
chip samples i through (i+127) from the I buffer 2a,

10 and chip samples i through (i+127) from the Q buffer
2b to correlator 4a, where i is the discrete time
indéx of the signal rays from when the buffers were
first filled.

A complex correlation value is formed by each

15 complex correlator 4a and 4b which correlate two sets
of signal samples, I and Q, to the known signature
sequence (code). Different complex correlators
correspond to different received sample ranges, and
hence different signal rays. The multiplexer 3 can

20 provide the received samples either serially or in
parallel.

In general, a complex correlator correlates a
complex input stream (I+jQ samples) to a complex
known sequence, producing a complex correlation

25 value. If the signature sequence is not complex,
each complex correlator can be implemented as two
scalar correlators in parallel, which is defined as a
"half-complex" correlator. If the signature sequence
is complex, the complex correlators correlate a

30 complex input to a complex sequence, giving rise to
"full-complex" correlators. It is to be understood
that the term "complex correlator" will be used

herein to refer to each of the aforementioned
scenarios.



30 - _ sanpl ed, producing | and Q chip sanples. The sanpl es are

-Beffen, which includes two buffers 32a,- 32b for | sanples
EPSHH%%@§,5¥§§pectively. Usi ng the regul ar WRAKE approach, the
-eXeT 33 5 |seél ects two ranges of sanples, not necessarily
onﬁhﬂgﬁ§p di fif erent conponents (I and Q. Using the limted
) Re Inul ti pl exer 33 selects a range of | sanples and a
rapge nf & —sarnplles. In both cases, the sanple ranges selected 10 are
|n$ependent of each pot her. A desc® anbl er 34 renoves one scranbling
code fTomthe sanples either by inverting each chip sanple or

not, dependi ng on the i.t polarit
’ P g loding cofééiatlon, the complex correlation

values are transmitted to multiplier 5 where they are
multiplied by a complex weight referred to as a
complex RAKE tap. Each RAKE tap is a complex number
5 consisting of a real part and an imaginary part. The
complex correlator 4a correlates a set of data to a
known signature sequence. Typically, only the real
part of the product of the complex correlation values
and the RAKE tap values are sent to accumulator 6.

10 The accumulator 6 sums the weighted correlation
results for all the signal rays processed and sends
the accumulated result to a threshold device 7. The
threshold device 7 detects a binary "o" if the input
is greater than a threshold, or a binary "1i" if the

15 input is less than the threshold.

In mathematical terms, suppose X(n) = I(n) +
jQ(n) are the chip samples received by the receiver,
where I(n) are the I component samples, Q(n) are the
Q component samples, and n is the chip sample index

20 corresponding to a respective discrete time. In Fig.
1, I(n) are stored in 2a and Q(n) are stored in 2b.
The multiplexer 3, selects a range of I samples and a
range of Q samples corresponding to the same ray. If
M(k,n) = M;(k,n) + jM,(k,n) is the multiplexer output

25 for ray k, giving N samples (n=0,N-1), then M(k,n) =
X(n+k) and M,(k,n) = I(n+k) and M,(k,n) = Q(n+k).

The complex correlator, 4a, correlates the range
of data samples from the multiplexer 3 to a known
code sequence. Consider data samples X(k), X(k+1),

30 eee; X(k+N-1), which are discrete time samples of the
received data. If the receiver is trying to detect a
code sequence C(0), C(l), ... C(N-1), which consists
of N values (usually #1 values), the correlator
correlates some set of N data values with the N code

35 sequence values as follows:



écran@LLngﬁCQ@éﬁﬁﬁ@x the sanples are transferred in 15 parallel to a

singhéaﬁﬁﬁﬁﬁta%ﬂr 5\whi ch si mul taneously correl ates the sanples with
sever al-—"" kn%ﬁﬂ ode sequences using a fast Wal sh transform

al gori .t hm, fﬁ&ﬂ§ eqyence correlation result is then mul tiplied by a
conpJ ex i ght | Ity plier 36 and 20 the results are individually
accubukgLed#rh actunul ator 37. To accunul ate nultiple ways,

t he I'tipl ex wi nhdows are noved and the correl ati on, weighting, and
accu tONn processes are repeated. Finghpl %, a 25 deci sion device 38
determ nes the | argest accunul at ed result. The index of the |argest
accunul ated result I ndi cat es whi ch sequence was detected and thus the

si gnal decoded. - t] ft € Yol havi ng 30
j ust been detected 0%&5}§¥EEﬁ%(%fg%Lé€f¥éeg%g1ttgg(gﬁﬁgg>éhgrgt. 11 and 12.
Simlar to the detection process, xa the nultiplexer selects a range of

sanples and a range of Q sanpl<y Xlerk)c(ghal energy is present.
These ranges are both descranbl ed i m84 and sent

where the index k indicates where to start in the
data sequence. This corresponds to a relative time
of arrival of the signal. Different arrival times
correspond to different signal rays. Thus, ray k

5 corresponds to a range of data values needed:
(X(k),X(k+1),...,X(k+N-1)}. If N is large, then rays
k and k+1 correspond to ranges which substantially
overlap.
The computation of R(k) can be performed by accessing

10 the input data range in parallel or serially. Fig. 2
is representative of a parallel approach. A data
buffer 53 stores consecutive time samples of the
received signal, X(n). Multiplexer 54 selects a
range of N data values, {X(k),X(k+1l),..., X(k+N-1)},

15 which are sent to the correlator 55. A multiplier 56
which corresponds to each input to the correlator,
multiplies each input value with a corresponding
coding sequence value. The products are summed
together in adder 57 to form the correlation value

20 R(k).

Fig. 3 is representative of accessing the input

range serially to compute R(k). Input buffer 58
stores the received data samples. The buffer may be
only one sample long, since only one sample at a time

25 is correlated. If the buffer is more than one sample
long, then a multiplexer 59 is needed to select a
particular sample X(k+i), where i is determined by
control processor 60. The value selected is sent to
correlator 61. The correlator 61 first computes the

30 product of the input X(k+i) with one element of the
code sequence, C(i), using multiplier 62. This



35 yhrough 1he correlator 35. Instead of sending the _ _
T Gy r outputs to the conplex multipliers, as in Fig.
the‘c tel.2 yputs are sent to a gating device 39 as shown in

ron1the p}e i ously performed detection process, the output of
bﬂ@ueV| e 38 determ nes which conpl ex correlation value is
LNZELQ*Q¥~SBSHI g the
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product is then added to an accumulator 64 which
stores past products. Accumulator 64 is originally
set to zero, then i is stepped from 0 to N-1,
allowing the accumulation of N products. After N

5 products have been accumulated, they are output from
the correlator giving correlation value R(k).
Whether performing the correlation in parallel or
serially, each data value X(n) consists of b bits.
The bits can be accessed and used all at once

10 (parallel computation) or one at a time (bit serial
approach).

Regardless of the correlation approach used, the
correlator 4a for ray k correlates the multiplexer
output M(k,n) to the real code sequence c(n),

15 producing a complex correlation value R(k) =
R, (k)+jR, (k) where:
N-1

R(k) =Y M(k,n) C(n)

=0

and

N-1

Ry (k) =) I(n+k)C(n)

N-1
R,(k) =Y 0(n+k) C(n)

The RAKE combiner uses RAKE taps W(k) = W (k) + jW,(k)
to multiply the correlation values and accumulate the
20 result into the decision statistic, Z where:

2= E Relw(k) R* (k) }= E Wy (k) Ry (k) +W, (k) Ry (k)

wix) oo'jo mx -o.,o



6orresponding switch in gating device 39. The gating device 39 all ows

rough except for the line corresponding to the
PR@Vlously This is done by closing all but one
{ \cl osed effectively passes a zero value. Thus, the
o\ t he | argest correlation value, as determ ned by
decmsnon Is set to zero by opening the 15 correspondi ng
smnﬂ H | ‘3% manner one i nmage of the decoded signal is
subt agged conposite signala As depicted in Fig. 12, the
r emai\ni ng spect the conposite signal with one conponent renoved

IS processed I n an inverse fast 20 Walsh transformcircuit 40 and
rescranbl ed by 'nhe quartteis:y @rhiserthn vilireshol desveirs diheeriihmeshoid® t o

reconstruct th @Itgl%ml rescran%[ t'“’ahfr ..i.uq;c?ﬁuggl{@ct ed

si gnal inage. put of O overwite

t he ori gi nal data 25[‘he igpnventional BAKE eeceiyer i desigmed hasedpeat ed
for other rangesn Gihd M¥lnipEHsd @fatNtdr 2/diviin Bidnal ray tHersi gnal

energy is 'S rmv.esd SJ:I;;hnaSI eer?ecrhgy in both the I and Q channels. 1In

practice, this is not always the case. If all or
most of the energy for a given signal fay is on the I
channel then correlating both the I and Q channel is
inefficient. This results in inefficient use of

10 processing time, which might be better used elsewhere
in the receiver. For a required level of
performance, the conventional RAKE receiver requires
more processing time than necessary. If processing
time is limited, then a loss in utilized received

15 signal power results, giving a loss in performance,
i.e., increased detection errors.

The following example shows how the conventional

RAKE receiver functions under two different
scenarios. Suppose there are four signal rays, one

20 line-of-sight ray and three echoes, which are
combined with the complex weights (referred to as
RAKE taps) given in TABLE 1.

TABLE 1
Rake Receiver Example

B N ——
25 signal | amplitude | angle I RAKE Q RAKE
ray (deq) tap tap
0 0.625 70 0.214 0.587
{1 0.5 30 0.433 0.250
2 0.4677 40 0.358 0.301
30 3 0.37?}7 10 0.369 0.065

The amplitude and angle represent the polar form
of the RAKE taps, and the I and Q taps provide the
Cartesian form used to multiply I and Q respectively.
The energy in each signal ray is given by the



I nf groeat+en-signal is renoved fromthe conposite signal after it has
beegrggﬂéﬁéﬁﬁﬁso 1 The correlation values not passed by the gating
devi c Te.sent.ﬂn tead to sorting processor 42, ~which conbines
t hese vIQJ,.fron1 i fif erent echoes to forman estimte of the signa
St} ?. gﬁgdgg?tin processor 42 then orders the signal strengths

ted|sqranbling codes fromgreatest to weakest.
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amplitude squared or by the sum of the I RAKE tap
squared and Q RAKE tap squared. The amplitudes have
been normalized so that the total signal power (sum
of the amplitudes squared) is unity.

5 In the first scenario, suppose the RAKE receiver
is limited to two RAKE taps, which would be used to
combine the two strongest rays, rays 0 and 1. The
energy in rays 2 and 3 would not be used in the
detection process. The total signal power RAKE'd in

10 would be 0.625% + 0.5%2 = 0.2142 + 0.5872 + 0.4332 +
0.250°> = 0.64 or 64% of the total signal power. An
objective of the present invention is to increase the
signal power used in the detection process, resulting
in an increase in system performance.

15 In a second scenario, assume that the RAKE
receiver is required to provide a certain performance
level, which corresponds toc RAKing in a certain
percentage level of the signal energy, for example
75%, during detection. With a conventional RAKE

20 receiver, it is necessary to process three of the
four rays. This requires a certain amount of
computation, which corresponds to either a certain
amount of hardware (three complex correlators) or a
certain amount of processing time (one complex

25 correlator used three times). Another objective of
the present invention is to achieve the same system
performance level with less computation, which
corresponds to either less hardware or less
processing time which is later discussed herein.

30 SUMMARY OF THE INVENTION
: The present invention solves the above-mentioned

problems using a modified form of the RAKE receiver,
referred to herein as a WRAKE receiver wherein the I
and Q components are treated independeritly and the I



ing to the greatest magnitude is transmtted to the

se87 JHEEDr | si gnal denodul ation first. This nmethod of ordering
e pi-ef-erredy oyer other methods because interference is 5 nminimzed by

edodi ng t he rengest signal and then subtracting that signal fromthe

onpo2 Et SAR W¥Hal | Once the strongest signal is renoved fromthe

onposi te _signal } tthe next strongest signal nay be readily detected

j t hout having to account for the 10 i nterference of the strongest
S e residual, conposite,gignal having a first decoded
signal renoved according to the subtractive denodul ati on technique is
descr anbl ed agai n by descranbl er 34 using the descranbling code of the

15 second si gaala b0 tipedecesiod 29draats edyoarel prbaedbed 35 10 be
correlated by a,second fast Wal sh transform r decodi ng _and so on.
The order in wiidRliapeously. The §E°5433§U8PF38?§5 PE3Sver ned by
t he order for weiceliviing e compusitey signad afcowerdapplingh in a
transmitted modulated carrier signals including at
5 least two rays and for demodulating the composite
signal to recover the transmitted symbols in each
ray, means for sampling in-phase (I) and quadrature
(Q) signals for each ray to produce I and Q samples
for each transmitted symbol, means for selecting
10 different groups of samples, each group including I
or Q samples from one of said rays, means for
correlating the grouped samples with known code
sequences to generate correlation values, means for
combining the ‘correlation values and means to compare
15 the combined correlation values with a threshold to
determine each data symbol corresponding to each
transmitted symbol. In one preferred embodiment only
two groups of samples are selected where one group
includes I samples and the other group includes Q
20 samples. .

In preferred embodiments the following can be
used as correlation means: a single complex
correlator, a set of complex correlators, a single
scalar correlator and a set of scalar correlators.

25 In another embodiment a means for computing a fast
Walsh transform is used to correlate a set of known
code sequences with the samples. A single code
sequence can be non-orthogonal, orthogonal or bi-
orthogonal with other code sequences associated with

30 the same receivers or other receivers.

A further embodiment employs the RAKE receiver
in a subtractive CDMA system. A descrambler is used
to descramble each sample and then the correlation
means correlates the descrambled samples with the

35 code sequences. A detection means detects the



20 pfﬁferfedfenb nt are in descending order of the si gnal
stfqu#hsﬁmm.;;ﬂf‘ he contribution of unwanted signals (e.qg.

infeffering) can b urther mnimzed if the digital spreading codes
are pr2nddddal997 Two jcodes are 25 orthogonal if exactly one half of their
bifstare diff nt. Additionally, bi-orthogonal codes where t he
cofde words and thelr conpl enents are used may be used as digita
Spkeadi-ng—cades so_tthat an addi tional bit of information may be
conveyed per codeword. It 30 wll be undg§sLood that only a certain nunber
of ort hogonal code words exist for inite word | ength and t hat
orthogonality can be maintained only if the relative tinme alignnment

bet ween two si grekeived codeskelukehgenti Fhei detectled bidghaYalishtheansform
where 35 all thG,$R6eRd"¢reRd¢heBEnBEsI LIV LIS TbEving a
residual composite signal which, if subtracted in the
correlation domain, is inverse correlated and

5 rescrambled to produce the original composite signal
less the detected signal. The residual composite
signal is then recursively decoded until all the
information signals have been extracted from the
composite signal. '

10 BRIEF DESCRIPTION OF DRAWINGS

The features and advantages of the invention
will become apparent from reading the following
detailed description in conjunction with the
drawings, in which:

15 Fig. 1 is a functional schematic of a
conventional RAKE receiver;

Fig. 2 is functional schematic of an exemplary
parallel correlator:;

Fig. 3 is functional schematic of an exemplary

20 serial correlator:;

Fig. 4 is a functional schematic of an
embodiment of a WRAKE receiver according to the
present invention;

Fig. 5 is a functional schematic of an _

25 embodiment of the multiplexer operation according to
the present invention; |

Fig. 6 is a functional schematic of another
embodiment of the multiplexer operation according to
the present invention:

30 Fig. 7 is a functional schematic of a further
embodiment of a WRAKE receiver according to the
present invention;
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| npl enent ati on of t

ated, efficiently uses orthogonal bl ock code wor ds.
he WRAKE filtering operations shown in Figs. 4, 7,

10 and 11 can be done in several 5 ways. The operations can be

iimpl-enented dkaﬁtl
|s;Lh 1o anLeng

pr dgr ammabl e progeg
Praces&oﬁﬁﬂﬁﬁﬁﬁ 31(
apce53|ng with cdrt

bF performed in thg

y in har dwar e, using VLSI technol ogy. An alternative
sone or all of the operations in a mul ti - pur pose
sor, such as a m cr o- processor or a Digital Signal
In this enbodi ment, multiplexing becones nenory
ai n addresses. Correl asiAg and mul tiplication can
arithmetic

10

15

20

25

30

Fig. 8 is a functional schematic of another
embodiment of the multiplexer operation of the
present invention:;

Fig. 9 is a functional schematic of a
conventional RAKE receiver with prefiltering:;

Fig. 10 is a functional schematic of an
embodiment of a WRAKE receiver with prefiltering
according to the present invention:;

Fig. 11 is a functional schematic of a further
embodiment of a WRAKE receiver according to the
present invention; and

Fig. 12 is a functional schematic including
further elements of the Fig. 11 embodiment.

DETAILED DESCRIPTION OF THE PREFE D ODIMENTS
While the following description is in the
context of cellular communications systems involving
portable or mcbile radio telephones and/or personal °

communication networks, it will be understood by
those skilled in the art that the present invention
may be applied to other communications applications.

The present invention, referred to as a WRAKE
receiver, combines signal energy in a manner
different from conventional RAKE receivers. Rather
than treating the signal energy components as signal
rays with I and Q components, the WRAKE receiver
treats the components at a lower level, referred to
as "waves", where each wave has a signal ray number
and a channel specification (I or Q).

For example, the strongest wave in the aforesaid
TABLE 1 example is on signal ray 0, the Q channel
(having weight 0.587). Shown in TABLE 2 are the

waves in decreasing energy order for the example in
TABLE 1.



logic unit (ALU) of the processor, using registers or ot her nenory to

accunul ate results. 15 Wil e particul ar enbodi nents of the present

l.-nvention have been described and illustrated, it shoul d be under st ood

that the inventief i s not limted thereto since nodifications may be
de: by i ¥7 Sp@ESONs skilled in the art. The present application 20

onfenplates—anyy and all nodifications that fall within the spirit and

cope of th ndgryi ng i nvention disclosed and cl ai med herein
%ipzz JANBIT F Y 30 .
TABLE 2

WRAKE View of Signal Components

wave signal ray | channel weight
0 0 Q 0.587

5 1 1 I 0.433 ]I
2 3 I 0.369
3 2 I 0.358 “
4 2 Q . 0.301 ||
5 1 Q

10 6 4] I

|l7 3 Q

When combining signal energy components at the
wave level, one strategy is to combine waves-
containing the most signal energy. Since there are

15 twice as many waves as there are rays, this approach
might appear inefficient. However, because a complex
correlator can perform two correlations in parallel,
two waves can be processed together in the same
complex correlator. Unlike the conventional RAKE

20 receiver of Fig. 1, these waves need not come from
the same signal ray (i.e., the waves processed
together can arrive at different times) and these
waves do not have to come from two different channels
(i.e., they could both be from either the I or Q

25 channel). A pair of waves processed by the same
cémplex correlator is defined as a "wray".

The present invention processes the waves which
contain the most signal energy. For example, the
strongest wave can be processed with the next

30 strongest wave in the same complex correlator, etc.
This particular method of WRAKE pairing need not be
used, so long as the strongest waves are processed.
TABLE 3 shows the aforementioned method of pairing



; 34 - CLAI MS: 1. In a spread spectrum conmuni cati ons system

B8 etk Tler transmts a data signal to a receiver, said

reﬁ“ﬁﬁgrm hggﬁgkng: 5 means for receiving at |east two rays of the
ata signal, whefe|ln the receiving neans produces in- phase (1) and
uadrd2 WAN (997 cpnponents for each ray; means for sanpling said |
nd Q conponents|{tp produce at |east one | sanple and at | east one Q 10
anpl e Tor eachray; nmeans for selecting at |east two ways of
sal.d . _sanples, pach way including + 3anples or Q sanples . from any
one of said rays; and means for combining said sanples in each of
said 15 selected ways to recover the transmtted data si gnal .

where e strongest wave is processed with the next
strongest wave. Each pair is referred to as a
"wray".
TABLE 3
5 . WRAKE Pairing

b — ————————— —

signal "wray"

first component | second component

' 0 wave 0 wave 1

1 ' wave 2 wave 3

2 wave 4 wave 5

10 3 wave 6 wave 7

In the example used, the conventional RAKE
limited to two complex correlations processed 64% of
the signal energy. The WRAKE receiver, also limited
to two complex correlations, would process "wrays" O

15 and 1. Thus, the total signal energy included would
be (see TABLEs 2 and 3) 0.5872 + 0.433%2 + 0.3692 +
0.3582 = 0.796 or 79.6% of the total signal power.
Thus, for this example, the increase over the
conventional system in signal energy collected is

20 15.6% of the total energy available. There are other
examples which can be constructed where the increase
in signal energy collected is even greater. Thus,
when the number of complex correlations performed is
limited, the WRAKE receiver collects more of the

25 signal energy, providing better receiver performance.

With the same example, suppose a performance
requirement determines the number of complex
correlations performed. If the performance
requirements of the system results in the requirement

30 that 75% of the signal energy be collected, the
performance criterion is met with only two complex
correlations. Actually in this example, the WRAKE
receiver collects 79% of the energy with only twe
complex correlations. As a result, there is either a



2. In_a _code-divsion nultiple access system for communicating a
SRGLIQNEE ernf St&Eh pynbols to a receiver, wherein a transmtter conbines
e da%a"iﬁ““s ol with a known code sequence to forma respective

t ansm i‘)q?y ol, said receiver conpri si ng: means for

r $@ﬁ Ite signal of over |l appi ng nodul ated carrier signals
i cIudlnn at |l east two rays and for dempdul ating the conposite

signal to recover {the transmtted synbols in each ray, the receiving
End—deﬁadu+arrng“ﬁeans pr oduci ng iA-Phase (1) and quadrature (Q
conponents for each ray; 30 means for sanpling said | and Q

conponents to produce at |east one | sanple and at |east one Q
sanpl e for eachredugSipnt 8 bardwpre or processing time over the

conventional RAKE receiver which requires three

complex correlations to meet the performance
criterion.

5 The mathematical value of the decision statistic
Z from the discussion of the conventional RAKE can be
manipulated to distinguish the conventional RAKE and
the WRAKE of the present invention. From the
conventional RAKE:

z= Y, RelW(k)R*(K)}= Y Wy(k) R (K) +Wy(k) Ry (k)

k
Wik) #0ej0 wix)e0eS0

10 The expression is equivalent to:

z= Y Wr(k)Rp(k)+ ; Wy (k) R, (k)

Wik} v0ejo wik) s0+30

Some of the component taps in each summation may be
zero or quantized to zero since W(k)+#0+j0 means that
at least one component of W(k) is nonzero, but not
necessarily both. Computing the corresponding

15 correlation value would be a waste of computation
resources, since it would then be multiplied by zero.
Accordingly for the WRAKE receiver, only component
correlations which are weighted by nonzero component
tap values are computed. When the RAKE receiver is

20 limited to a certain number of RAKE taps, I, there is
a limitation on the number of rays that can be
combined in the conventional RAKE. To optimize
performance, the L rays with the highest RAKE tap
magnitudes or magnitudes squared are used. If X!,



means for selecting at |least two ways of said

eac mray including | sanples or Q sanples fromany one of
fﬂys:f__;;;' means for correlating said sanples in each of 5 said
e eéted wWrays tf known code sequence and generating correlation
JAN 1997 ans for conbining said correlation values to
e_a conbifngd val ue; and means for conparing said conbi ned
alue with a jhreshold to determ ne each data symnbol correspondi ng
N\f - 20 -

where i=0,...,L-1 correspond to these rays then 3
for a conventional RAKE is:

L-1 L-1

=Y Wy () Ry (k) + Y Wy (k) Ry (k)
i=0 i=0
-1

=; Wy (k) Ry (k?) +W, (k%) Ry(k?)
=0 .

The WRAKE receiver combines more signal energy
in two ways. First, the same ray for each component
5 combined in parallel does not have to be used, and,
second, different components (I and Q) in parallel
need not be combined. For example, when i=1 in the
previous summation, the WRAKE receiver could combine
ray 1, I component with ray 2, I component.
10 Mathematically, the WRAKE receiver forms:

L-1

Z=Y Wy (K'Y Rog (Ki') +W o1 (k3 Rog (ki)
=0

' and c,' represent which component, I or Q, k'

and k{ represent which ray, and i indicates which
"wray"”. Unlike the conventional RAKE, c,' and c,' do
not have to be different and k,' and k,' do not have to
15 be the same. In the conventional RAKE, Z consisted
of a sum of ray contributions, corresponding to a
particular ray index k and a pair of different
components I and Q. The WRAKE however, combines
"wrays", each consisting of two components ¢, and c,
20 not necessarily different and associated rays k, and
k, not necessarily the same.
The present invention will now be described with
reference to a block diagram shown in Fig. 4. Like
the conventional RAKE receiver, a radio signal is

where c,



to gach transmﬂkLegigynbol. 3. The system according to claim 2

whet €in. sai.g- liecting nmeans sel ects said sanples fromtwo

di-ffetent wrays, a fi st way including I sanples 15 fromone of said rays
and; als&2ad i pcj uding Q sanpl es fromone of said rays.

4. The¢ system accordiphg to claim2 wherein the conbi ni ng neans

i ncliudes: ans for nultiplying each correlation value by 20 a

cor 0 produce a plurality of wei ght ed val ues; and
nmeans for summing the weighted values tqQ »7 _generate said conmbined val ue.
5. The system according to claim2 wherein the 25 correlation nmeans

I ncl udes a single conpl ex

received by a receiver 11 and sampled, producing chip
samples I(n) and Q(n). These chip samples are
buffered in a buffer, which can be viewed as two
buffers, one for I(n) samples 12a, and one for Q(n)

5 samples 12b.

The buffered chip samples are passed to a
multiplexer 13. The multiplexer 13 selects two
independent ranges of chip samples. The chip samples
selected can come from the same or different

10 channels. Let M(k,, ¢, k;, ¢, n) denote the output
of multiplexer 13 for a "wray", consisting of two
sample ranges, one from component c, one from
component c,, where ¢, is either I or Q and c, is
either I or Q. All four combinationms, (I,I), (I,Q),

15 (Q,I), and (Q,Q), of c, and c, are possible. However,
some combination are nonsensical. For example, if
c,=C,, it does not make sense for k,=k, because this
result would correspond to RAKing in the same signal
energy twice. The range of samples from component c,

20 corresponds to ray k; and the range from component c,
corresponds to ray k,. The values of k, and k, are
not necessarily the same. The output of the
multiplexer is given by:

Mki,ci, ki, ci,n) = ci(n+ ki) + jcin + ki)

The multiplexer outputs are correlated to a
25 known sequence in complex correlators l4a and 14b.
For a "wray" i, the output of correlator 14a is:

R l(kl)"‘JR l(kz) EM(C1 nkllC2 :kz rn) C(n)

n=0

The output of the correlators 1l4a and 14b are:

multiplied by complex weights in multipliers 15.

Typically, only the real part of the product is
30 needed, which can be obtained-by two scalar



correlator for correlating each selected way with said known code
sg& ce - 6. The system according to claim2 wherein the
reans-Tmcl udes a single scalar correl ator 30 for correlating

c rﬁéPEﬂdEJ?WHQQHS}
eac Heet-od. I ith said known code sequence.
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multipliers and an adder. This is referred to as a
"half-complex"” multiplier. However, there are cases
where a true complex multiplier, referred to as a
"full-complex" multiplier, is needed. For example,

5 if two signals are sent on carriers with a phase
difference of ninety degrees, they can be demodulated
together if a full-complex multiplier is used. It is
to be understood that the term complex multipliers
when used herein is referring to either half-complex

10 or full-complex multipliers. Another possibility is
that the code sequence is complex, which corresponds
to the case where the I channel signature sequence
and the Q channel signature sequence are different.
In this case C"(n) should be used in the equation for

15 the correlator output above.

Next the products are sent to an accumulator 16

where they are accumulated. The accumulated result
is:

2= Y Reltg U dWo (k) (Rog (ki) ~TRog (Ki)))

v c;,u;“) v cal(k:’i voejo

or

z= ¥ Wz (ki) Rog (B +Wg (k) Rog (i)

i
4 4
_'cf ey )..'1'::1 (k3)0e30

20 The decision statistic Z is passed to a threshold
decision device 17 which determines the received
binary information bit by comparing the accumulated
result with a predetermined threshold.

In general, all the correlations can be

25 performed.in parallel (as shown in FIG. 4) or in
series, using the same correlators more than once.
The number and type (domplex versus scalar) of
correlators available determines the number of



7"¥Eé§3y§yﬁﬁ?apﬁﬁrd ng to claim2 wherein the correl ati on neans

ihcl des—a pturati+{y| of conpl ex correlators for correlating each

acg¢ond
of Is

sellegt Lt h said known code sequence. 5 8. The system
g 1 o

2| wherein the correlation neans includes a plurality

caorrel ptors for correl ating each selected way with sai d

kngwn code sequence. 9. In a code division nultiple access

systenTio ot

eoffrruni cati ng a sequence of data synbols to a receiver

wherein a transnitter conbines each data 23 -synmbol with a known code
sequence to forma respective transmtted synbol, said receiver .

conprising: 15

10

15

20

25

30

35

means for receiving a conposite signal of
received sample ranges the multiplexer must provide

(one set per "wave" correlated). Thus, the
multiplexer of the WRAKE receiver must provide one
range of data values (a single scalar correlator),
two ranges of data values (a single complex
correlator or two scalar correlators), or more (more
than two scalar correlators or more than one complex
correlator) ranges of data values from the data
buffer to the correlator(s). An increase in the
ranges in parallel is accompanied by an increase in
circuitry needed for the multiplexer.

If only one range is required, for example when
a single scalar correlator is used, then the
multiplexer is straightforward. A simple example of
this embodiment is shown in Fig. 5 where each channel
buffer is three samples long, and the range of
samples required (i.e., the léngth of the information
sequence to which the data are being correlated) is
two. If the three complex samples are represented by
I(n) + jQ(n), where n is the discrete time index,
there are four possible ranges of data values: I(1l)
through I(2), I(2) through I(3), Q(1l) through Q(2),
and Q(2) through Q(3). These values are stored by
channel in buffers 43a and 43b. One of the four
possible ranges is selected by the multiplexer 44
where control bits c¢; and ¢, select the starting time
and the channel respectively. The selected range is
then sent to scalar correlator 45.

There are several ways to provide more than one
range, not necessarily from different channels. For
example, if all multiplexer outputs are provided in
parallel, then one "brute force" method for providing
more than one range is to duplicate the multiplexer
of Fig. 5, as shown in Fig. 6. The data buffers 46a
and 46b are connected to the multiplexer 47 which
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The two ranges of data values are sent to two
different scalar correlators 50a and 50b.

The total number of correlations performed
depends on the number of wrays which is related to
the number of echoes. As the receiver moves with
respect to the transmitter, the number of waves will
vary and hence the number of correlations actually
performed will vary with time. For example, during
one time period a single wave might be processed
while during a different time period multiple waves
may be processed.

The WRAKE receiver can be adapted to other forms
of channel diversity. For example, if antenna
diversity is present, then there would be multiple I
and Q channels. The WRAKE would still process the
strongest waves, independently of the signal ray, XI/Q
channel, and antenna from which the waves originated.
Also, by using full-complex multipliers instead of
half-complex multipliers, the WRAKE receiver can
demodulate in parallel two signals whose carriers are
separated by ninety degrees. Other forms of channel
diversity include, but are not limited to, frequency
diversity (sending the same message on different
frequency channels), time diversity (sending the same
message at different times), explicit path or space
diversity (sending the message purposely on different
paths, usually using different transmitting and/or
receiving antennas), and polarization diversity.

An alternate preferred embodiment replaces the
multiple correlators shown in Fig. 4 with one complex
correlator. 1In this configuration, the single
complex correlator is used multiple times, and the
results are accumulated. As compared to a
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conventional receiver, if the single complex
correlator is used the same number of times, the
complex correlator of the ‘WRAKE would process more
signal energy than the conventional RAKE. Thus, for
a given performance level the WRAKE uses the single
complex correlator fewer times, saving processing
time.

In the discussion above, the WRAKE receiver is
configured to process pairs of ranges either in
parallel or in series. If scalar correlators are
used (scalar sample by sample multipliers in the pre-
filtering WRAKE case), then ranges are actually
processed one at a time, allowing for the total _
number of processed ranges to be even or odd. Thus,
if the number of waves is odd, the number of ranges
processed exactly equals the number of waves. If the
WRAKE receiver is configured to process pairs of
ranges, and the number of waves is odd, then the
last wave could be paired with an arbitrary range to
complete a "wray", and the weight associated with the
arbitrary range would be set to zero. In general,
the WRAKE receiver can be configured to process J
ranges of data in'parallel, possibly allowing results
from multiple sets of J ranges to be accumulated. If
the number of waves is not a multiple of J, then

either extraneous processing elements are fed with

zeroes, or they are fed with arbltrary ranges, whose
results are weighted by zero.

Limited WRAKE

Another preferred embodiment of the present
invention called a limited WRAKE receiver is shown in
Fig. 7. Like elements in Fig. 7 function the same as
the elements in Fig. 4 except as mentioned below.
The limited WRAKE receiver differs from a regular
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i ngl HgddLEnERT St ans for nmultiplying each sanple by a correspondi ng
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13.  The system according to claimll wheggin the multiplying nmeans

i ncl udes a single scalar sanpl e-by-sanple multiplier for nultiplying
each sanpl e by said correspondi ng wei ght.

WRAKE receiver because the complex correlator of a
limited WRAKE receiver must receive a range of I
values and a range of Q values. The ranges are still
independent, but in contrast to the WRAKE receiver,

5 the two ranges in a limited WRAKE receiver must come
from different channels. The multiplexer 13 still
selects independent ranges from the I and Q channels
as shown in Fig. 7.

The limited WRAKE receiver processes the
10 strongest I waves and the strongest Q waves, but the
I waves must be paired with Q waves. Following the
example discussed above, TABLE 4 shows the results of
pairing the strongest I wave with the strongest Q
wave, and so on.

15 ' TABLE 4
Limited WRAKE pairing
“ signél "wray" I comgéhent' Q component ‘
||0 wave 1 wave 0
1 wave 2 wave 4 “
20 2 wave 3 wave 5 “
3 wave 6 wave 7

Processing the two strongest "wrays" yields
0.4332 + 0.5872 + 0.3692 + 0.301%2 = 0.759 or 75.9% of
25 the total signal energy. In this example, the
limited WRAKE receiver provides 11.9% more signal
energy than the conventional RAKE receiver. Also, to
meet a performance criterion of 75%, the signal
energy processed by the limited WRAKE receiver
30 requires only two complex correlations. Thus, the
limited WRAKE is still an improvement over the
conventional RAKE receiver
One of the motivations for the limited WRAKE
approach is that the multiplexers become simpler,
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particularly if only one complex correlator, i.e.,
two scalar correlators, is used. In this case, two
standard multiplexers are required, one for the I
channel and ocne for the Q channel. The control of

5 each is independent, allowing independent ranges of
values to be selected.

Another method to multiplexing, particularly
useful in the limited WRAKE approach, uses the input
buffer to provide range selection as shown in Fig. 8.

10 The I and Q data buffers are independent shift
registers, shifting the data into position for access
by a set of connections to a fixed range of data
buffer locations. The I and Q buffers 5la and 51b
are such shift registers. Wwhen a single shift

15 upwards is commanded, the contents in position D move
to position C, the contents in position C move to
position B, and so forth. With the contents shown in
Fig. 8, the range I(1) through I(2) is selected for
correlation as is the range Q(1) through Q(2). To

20 select different ranges, say, I(2) through I(3) and

- Q(1) through Q(2), the I buffer would be shifted
upwards once and the Q buffer would remain unchanged.

Pre-filtering WRAKE
The order of processing the received signal in
25 the RAKE receiver can be altered. Fig. 9 shows a
conventional RAKE receiver in which the chip samples
are filtered using the RAKE taps, then correlated to
a known sequence. In such an implementation only one
scalar correlator is needed.
30 Another preferred embodiment of the present
invention is a WRAKE with pre-filtering as shown in
Fig. 10. A radio signal is received by the receiver
21 which produces quantized chip samples for the I
and Q channels. These sanples are buffered in a
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samples 22a, and one for Q samples 22b.

The buffered chip samples are passed to a
multiplexer 23. In the conventional RAKE receiver
with pre-filtering of Fig. 9, the multiplexer 23
provides the sample by sample multiplier 24 with a
range of I values and the same range of Q values.

The multiplier 24 can include a series of sample by
sample muitipliers as shown in Fig. 9 or simply a
single sample by sample multiplier used multiple
times. The multiplier 24 takes each sample I + jQ
and multiplies it by a complex weight, computing only
the real part of the product. Thus, if the input to
the multiplier is NI samples and N Q samples, the
output is N scalar samples.

In the WRAKE receiver shown in Fig. 10, the
multiplexer 23 provides one range of I or Q values
and another range of I or Q values to the sample-by-
sample multiplier 24. The multiplier multiplies each
chip sample by a complex weight, computing either the
full-complex product or only the real part of the
product. If only the real part of the product is
required, then the complex sample-by-sample
multiplier can be implemented as two scalar sample-
by-sample multipliers followed by an accumulator. If
only one scalar sample~by-sample multiplier is
available, then it can be used twice to realize the
product. The accumulator function can be provided by
the adder 25.

The sample-by-sample adder 25 adds the results
from multiple sample-by-sample multipliers of
multiplier 24 and passes the result to scalar
correlator 26. If a single sample-by-sample
multiplier is used multiple times, then the sample-
by-sample adder accumulates the results before
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successi vely conbining said 30 correlation values to generate conbined
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st r eam of data_gqqm@|slgnature sequence. The correlation result is
sent to a threshold decision device 27. The
5 threshold decision device 27 compares the correlated
result with a threshold to determine the data sent.
If the sample-by-sample complex multipliers 24a and
24b produce complex outputs, then 26 would be a
complex correlator, correlating the real samples to
10 one sequence and the imaginary samples to another
sequence (e.g., for detection of two signals
simultaneously, where the two signals were
transmitted with carriers ninety degrees apart).
Several advantages are realized by the
15 prefiltered WRAKE receiver of the present invention.
For example, with a fixed number of sample-by-sample
complex multipliers, the WRAKE collects more signal
energy than the conventional RAKE. Also, with a
fixed performance level, the WRAKE requires fewer
20 sample-by-sample complex multipliers. Thus, when a
single sample-by-sample multiplier is used multiple
times, the WRAKE receiver uses the complex multiplier
fewer times, reducing processing time.

WRAKE Receiver in a Subtractive CDMA_ System

25 In another preferred embodiment of the present
invention a WRAKE receiver is used in a subtractive
CDMA system of the type described in U.S. Patent No.
5,151,919, entitled "CDMA Subtractive Demodulation®
by Paul W. Dent and the corresponding Continuation-

30 In-Part, U.S. Patent Application Serial No. 739,446.
A block diagram of the present WRAKE receiver used in
a subtractive CDMA system is shown in Fig. 11.

Similar to the WRAKE receiver of Fig. 4, a

composite signal is received by a receiver 31 and
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sampled, producing I and Q chip samples. The samples
are buffered in a buffer, which includes two buffers
32a, 32b for I samples and Q samples, respectively.
Using the regular WRAKE approach, the multiplexer 33
5 selects two ranges of samples, not necessarily
corresponding to different components (I and Q).
Using the limited WRAKE approach, the multiplexer 33
selects a range of I samples and a range of Q
samples. In both cases, the sample ranges selected
10 are independent of each other.

A descrambler 34 removes one scrambling code
from the samples either by inverting each chip sample
or not, depending on the bit polarity of the
scrambling code. Next the samples are transferred in

15 parallel to a single correlator 35 which
simultaneously correlates the samples with several
known code sequences using a fast Walsh transform
algorithm. Each sequence correlation result is then
multipliéd by a complex weight in multiplier 36 and

20 the results are individually accumulated in
accumulator 37.

To accumulate multiple wrays, the multiplexer
windows are moved and the correlation, weighting, and
accumulation processes are repeated. Finally, a

25 decision device 38 determines the largest accumulated
result., The index of the largest accumulated result
indicates which sequence was detected and thus the
signal decoded. _

Next, subtraction of the coded signal having

30 just been detected occurs; the process is depicted in
Figs. 11 and 12. Similar to the detection process,

" the multiplexer selects a range of I samples and a
range of Q samples where signal energy is present.
These ranges are both descrambled in 34 and sent

35 through the correlator 35. Instead of sending the
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9. The system accprding to claim18 wherej n- sai d reconstructing nmeans
further includes: means for inverse correlating the residual 20
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using said scra
dev1ce 39 as shown in Fig. 12. From the previously

performed detection process, the output of the

5 decision device 38 determines which complex
correlation value is set to zero by opening the
corresponding switch in gating device 39. The gating
device 39 allows all values to pass through except
for the line corresponding to the index detected

10 previously. This is done by closing all but one
switch. The line not closed effectively passes a
zero value. Thus, the line corresponding to the
largest correlation value, as determined by decision
device 38, is set to zero by opening the

15 corresponding switch in 39. In this manner one image
of the decoded signal is subtracted from the
composité signal. As depicted in Fig. 12, the
remaining spectrum of the composite signal with one
component removed is processed in an inverse fast

20 Walsh transform circuit 40 and rescrambled by a
rescrambler 41 with the same scrambling code to
reconstruct the original signal samples minus the
just-subtracted signal image. The output of the
rescrambler 41 is used to overwrite the original data

25 in the I and Q buffers 32. The process is repeated
for other ranges of I and Q samples until all or most
of the signal energy is removed. Thus, each
information signal is removed from the composite
signal after it has been decoded.

30 The correlation values not passed by the gating
device 39 are sent instead to sorting processor 42,
which combines these values from different echoes to
form an estimate of the signal strength. The sorting
processor 42 then orders the signal strengths and

35 associated scrambling codes from greatest to weakest.
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The code corresponding to the greatest magnitude is
transmitted to the descrambler 34 for signal
demodulation first. This method of ordering is
preferred over other methods because interference is
minimized by decoding the strongest signal and then
subtracting that signal from the composite signal.

Once the strongest signal is removed from the

composite signal, the next strongest signal may be
readily detected without having to account for the
interference of the strongest signal.

The residual, composite signal having a first
decoded signal removed according to the subtractive

demodulation technique is descrambled again by

descrambler 34 using the descrambling code of the
second signal to be decoded and passed to correlator
35 to be correlated by a second fast Walsh transform
for decoding and so on. The order in which signals
are decoded and subtracted is governed by the order
in which the descrambling codes are used, which in a
preferred embodiment are in descending order of the
signal strengths.

The contribution of unwanted signals (e.q.,
interfering) can be further minimized if the digital
spreading codes are orthogonal. Two codes are
orthogonal if exactly one half of their bits are
different. Additionally, bi-orthogonal codes where
the code words and their complements are used may be
used as digital spreading codes so that an additional
bit of information may be conveyed per codeword. It
will be understood that only a certain number of
orthogonal code words exist for a finite word length
and that orthogonality can be maintained only if the
relative time alignment between two signals is
strictly maintained. The fast Walsh transform, where
all the spreading codes may be simultaneously
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der é T bi ned val ue Is the largest, and said renobvi ng neans
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correlated, efficiently uses orthogonal block code
words.
Impiementation of the WRAKE filtering operations
shown in Figs. 4, 7, 10 and 11 can be done in several
5 ways. The operations can be implemented directly in
hardware, using VLSI technology. An alternative is
to implement some or all of the operations in a
multi-purpose programmable processor, such as a
micro-processor'o: a Digital Signal Processor (DSP).

10 In this embodiment, multiplexing becomes memory
accessing with certain addresses. Correlating and
multiplication can be performed in the arithmetic
logic unit (ALU) of the processor, using registers or
other memory to accumulate results.

15 While particular embodiments of the present
invention have been described and illustrated, it
should be understood that the invention is not
limited thereto since modifications may be made by
persons skilled in the art. The present application

20 contemplates any and all modifications that fall
within the spirit and scope of the underlying
invention disclosed and claimed herein.



24. A system according to claim 16 wherein said 15 set of known code
sequences _are code words froma bi- ort hogonal bl ock code.

25.9 lgrrascagaydigMEsi gn nul tipl e access system for communi cating data
synpo FSw%e—a~$eee+*er, wherein a transmtter naps a stream of data
synbo s_into stiream of code synbols and further conbines each code
synpo %3 HANn"@9%crarbl i ng bit sequence to forma stream of respective
trans ranblieq code synbol s, the receiver conpri sing:

means for receiving g4 conposite signal of 25 overlapping nodul ated carrier
Si ghats—+-Retuei-hRg—at- | east two rays 3hd for denodul ati ng the conposite
signal to recover the transmtted scranbl ed code synbol s in each ray,

the receiving awghfegodul ating means produci ng in-phase (1) and
gquadrature (Q TﬂT"Eﬁﬁponents for each ray;
1. In a spread spectrum communications system

wherein a transmitter transmits a data signal to a

receiver, said receiver comprising:

5 means for receiving at least two rays of the
data signal, wherein the receiving means produces in-
phase (I) and quadrature (Q) components for each ray;

means for sampling said I and Q components to
produce at least one I sample and at least one Q
10 sample for each ray; .
means for selecting at least two wrays of said
samples, each wray including I samples or Q samples
from any one of said rays; and
means for combining said samples in each of saiad
15 selected wrays to recover the transmitted data
signal.

2. In a code division multiple access system
for communicating a sequence of data symbols to a
receiver, wherein a transmitter combines each data
20 symbol with a known code sequence to form a
respective transmitted symbol, said receiver
comprising:
means for. receiving a composite signal of
overlapping modulated carrier signals including at
25 least two rays and for demodulating the composite
signal to recover the transmitted symbols in each
ray, the receiving and demodulating means producing
in-phase (I) and quadrature (Q) components for each
ray: |
30 means for sampling said I and Q components to
produce at least one I sample and at least one Q
sample for each transmitted symbol:

AR
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means for selecting at two wrays of said
samples, each wray including I samples or Q samples
from any one of said rays:
means for correlating said samples in each of
5 said selected wrays to a known code sequence and
generating correlation values;
means for combining said correlation values to
generate a combined value; and
" means for comparing said combined value with a
10 threshold to determine each data symbol corresponding
to each transmitted symbol.

3. The system according to claim 2 wherein said
selecting means selects said samples from two
different wrays, a first wray including I samples

15 from one of said rays and a second wray including Q
samples from one of said rays.

4. The system according to claim 2 wherein the
combining means includes:
means for multiplying each correlation value by
20 a corresponding weight to produce a plurality of
weighted values; and ~
means for summing the weighted values to
generate said combined value.

5. The system according to claim 2 wherein the
25 correlation means includes a single complex
correlator for correlating each selected wray with
said known code sequence.

6. The system according to claim 2 wherein the
correlation means includes a single scalar correlator
30 for correlating each selected wray with said known
code sequence.

[
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correlators for correlating each selected wray with
said known code sequence.

5 8. The system according to claim 2 wherein the
correlation means includes a plurality of scalar
correlators for correlating each selected wray with
said known code sequence.

9. In a code division multiple access systenm

10 for communicating a sequence of data symbols to a
receiver,'wherein a transmitter combines each data
symbol with a known code sequence to form a
respective transmitted symbol, said receiver
comprising:

15 means for receiving a composite signal of
overlapping modulated carrier signals including at
least two rays and for demodulating the composite
signal to recover the transmitted symbols in each
ray, the receiving and demodulating means producing

20 in-phase (I) and quadrature (Q) components for each
ray:

means for sampling said I and Q components to
produce at least one I sample and at least one Q
sample for each transmitted symbol;

25 means for selecting at least two wrays of said
samples, each wray including I samples or Q samples
from any one of said rays:

means for combining said samples in each of said
selected wrays to generate groups of combined

30 samples;

means for correlating said groups of combined
samples with a known code sequence and generating a
correlation value; and

AR ) R
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means for comparing said correlation value with
a threshold to determine each data symbol
corresponding to each transmitted symbol.

10. The system according to claim 9 wherein
5 said selecting means selects said samples from two
different wrays, a first wray including I samples
from one of said rays and a second wray including Q
samples from one of said rays.

11. The system according to claim 9 wherein the
10 combining means includes:
means for multiplying each sample by a
corresponding weight to produce a plurality of
weighted values; and
means for summing the weighted values to
15 generate said groups of combined samples..

12. The system according to claim 11 wherein
the multiplying means includes a single complex
sample-by-sample multiplier for multiplying each
sample by said corresponding weight.

20 13. The system according to claim 11 wherein
the multiplying means includes a single scalar
sample-by-sample multiplier for multiplying each
sample by said corresponding weight.

14. The system according to claim 11 wherein
25 the multiplying means includes a plurality of complex
sample-by-sample multipliers for multiplying each
sample by said corresponding weight.

15. The system according to claim 11 wherein
the multiplying means includes a plurality of scalar
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A - steugercdrding to claim25 wherein said set of known code
es.—are~gode words in a bi- ort hogonal bl ock code. 30.
I a code division nultiple access system 5 a nethod for communicating a
s'qdﬁhdéNﬂ%mat ynbol s to a receiver, wherein a transmtter conbines
eqach data synpol with a known code sequence to forma respective
itransmtted synbo}l, said nethod conpri sing the steps of: 10
ireceiving a-conpesite signal of overl apping nodul ated carrier signals
i ncluding at |east two rays; denodul ati ng the conposite signa
to recover the transmtted synbols“iﬁseéch ray, producing in-phase 15 -
(I') and quadrature (Q conponents for each ray; sanpling said

and Q conponen pr.od : 0 I east one Q
sanpl e for eac%gmbae F&a%%%??%egu%§%bgﬁ%ES %sf mﬁi@?éﬁgg?gHSEg? | east two
wrays of sai d sampillesby said corresponding weight.

16. In a code division multiple access system
for communicating data symbols to a receiver, wherein
5 a transmitter maps a stream of data symbols into a
stream of code symbols and further combines each code
symbol with one scrambling bit sequence to form a
stream of respective transmitted scrambled code
symbols, the receiver comprising:

10 means for receiving a composite signal of
overlapping modulated carrier signals including at
least two rays and for demodulating the composite
signal to recover the transmitted scrambled code
symbols in each ray, the receiving and demodulating

15 means producing in-phase (I) and quadrature (Q)
components for each ray;

means for sampling the I and Q components to
produce at least one 1 sample and at least one Q
sample for each transmitted scrambled code symbol;

20 means for successively selecting at least two
wrays of said samples, each wray including I samples
or Q samples from any one of said rays:

means for successively descrambling each wray of
samples with the scrambling bit sequence;

25 means for successively correlating the
descrambled samples in the selected wrays with a set
of known code sequences and generating correlation
values:;

means for successively combining said
30 correlation values to generate combined values; and
means for successively comparing the combined
values with each other to detect each transmitted
scrambled code symbol, said detected scrambled code
symbols corresponding to said stream of data symbols.
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Zejfqupgmmay“V udi ng | sanples or Q sanples from any one of said

“a9§ﬁﬁ”“““ﬂ'SHEE ofrelating said sanples in each of said sel ected
ays to a known|cpde sequence and generating correlation val ues; 25
orrbigl_&,zrlm:@qggz corfelation values to generate a conbi ned val ue; and
onparing said cpnpined value with a threshold to determ ne each data
yr I hg to each transmtted synbol. 30 31. The
t hod according tp claim30 wherein said step of selecting includes
the step of selecting said sanmples fromtw different ways, ‘a first
wray including | sanples from one o6f 38aid rays and a

17. The system according to claim 16 wherein
said selecting means successively selects said
samples from two different wrays, a first wray
including I samples from one of said rays and a

5 second wray including Q samples from one of said
rays. '

18. The system according to claim 16 further
including: '
means for successively removing a selected one
10 of said code symbols corresponding to the detected
one of said code symbols from the composite signall to
generate a residual composite signal; and
means for successively reconstructing the
original composite signal samples less the selected
15 code symbol from the residual composite signal and
transmitting the samples to the seledting means.

19. The system according to claim 18 wherein
said reconstructing means further includes:

means for inverse correlating the residual

20 composite signal; and

means for rescrambling the residual composite
signal to reconstruct the original composite signal
without the code symbol corresponding to the detected
code symbol using said scrambling bit sequence.

25 20. The system according to claim 19 wherein
said correlating means includes means for computing a
fast Walsh transform to correlate the samples to
known Walsh-Hadamard sequences and said inverse
correlating means includgs means for computing an

30 inverse fast Walsh transform to reconstruct samples
of the residual composite signal.

R



-43 - second way including Q sanples fromone of said rays.
32. The nethod according to claim30 wherein said step of conbi ning
furt hefsi:pel: dF teps of: 5 mul tiplying each correlation val ue
by a j-----"cdr'est o §bﬁﬁﬂ|ng wei ght to produce a plurality of wei ght ed
vaUu7 ; and summ ng the wei ghted val ues to generate said

co vﬁAqu
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21. The system according to claim 18 wherein
said comparing means determines which combined value
is the largest, and said removing means removes the
code symbol, corresponding to the largest correlation

5 value, from the composite signal to form the residual
composite signal.

22. The system according to claim 16 wherein
the correlation means includes means for computing a
fast Walsh transform to correlate the samples to
10 known Walsh-Hadamard sequences.

23. A system according to claim 16 wherein said
set of known code sequences are code words from an
orthogonal block code.

24. A system according to claim 16 wherein said
15 set of known code sequences are code words from a bi-
orthogonal block code.

25. In a code division multiple access system
for communicating data symbols to a receiver, wherein
a transmitter maps a stream of data éymbols into a
20 stream of code symbols and further combines each code
symbol with one scrambling bit sequence to form a
stream of respective transmitted scrambled code
symbols, the receiver comprising:
means for receiving a composite signal of
25 overlapping modulated carrier signals including at
least two rays and for demodulating the composite
signal to recover the transmitted scrambled code
symbols in each ray, the receiving and demodulating

means producing in-phase (I) and quadraturé (Q)
30 components for each ray:
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The net hod according to claim30 wherein the step of
des correlating each selected way with said known
a si ngl e conpl ex correl ator. 34. The
claim 30 wherein 15 the step of correlating includes

rgl;;a gyg'ggil selected way with said known code sequence using a

gé carrfel at or. 35. The nethod according to claim 30
T the [stfep of correlating includes correlating each 20 sel ected

.2y W th said kngwn code sequence using4a - plurality of conplex -

correl at ors: 36. The method according to claim 30 wherein

the step of correlatlng I ncl udes correl ati ng each selected way with

sai d known code sequesrRRrs U§¢hgsampling the I and Q components to

produce at least one I sample and at least one Q
sample for each transmitted scrambled code symbol;
means for successively selecting at least two
5 wrays of said samples, each wray including I samples
or Q samples from any one of said rays:
means for successively descrambling each wray of
samples with the scrambling bit sequence:;
means for successively combining said
10 descrambled wrays of samples to generate groups of
combined samples; and

means for successively correlating said groups
of combined samples with a set of known code
sequences and generating a plurality of correlation

15 values, one for each sequence; and

means for successively comparing the correlation
values with each other to detect each transmitted
scrambled code symbol, said detected scrambled code
symbols corresponding to said stream of data symbols.

20 26. The system according to claim 25 wherein
said selecting means selects said samples from two
different wrays, a first wray including I samples
from one of said rays and a second wray including Q
samples from one of said rays.

25 27. The system according to claim 25 wherein
the correlation means includes means for computing a
fast Walsh transform to correlate the samples to
known Walsh-Hadamard sequences.

28. A system according to claim 25 wherein said
30 set of known code sequences are code words in an
orthogonal block code.

UL,



25 plurality of scalar correlators. 37. In a code division

mul tiple access system a nethod for comruni cating a sequence of data
s?g?ghay,wfw_qugc cei ver, wherein a transmtter conbines each dat a
Sy iﬁELmLLﬂLQjKQQ code sequence to forma
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29. A system according to claim 25 wherein said
set of known code sequences are code words in a bi-
orthogonal block code.

30. In a code division multiple access system,
5 a method for communicating a sequence of data symbols
to a receiver, wherein a transmitter combines each
data symbol with a known code sequence to form a
respective transmitted symbol, said method comprising
the steps of:

10 receiving a composite signal of overlapping
modulated carrier signals including at least two
rays;

demodulating the composite signal to recover the
transmitted symbols in each ray, .producing in-phase

15 (I) and quadrature (Q) components for each ray:

sampling said I and Q components to produce at
least one I sample and at least one Q sample for each
tranhsmitted symbol;
: selecting at least two wrays of said samples,

20 each wray including I samples or Q samples from any

one of said rays:

correlating said samples in each of said
selected wrays to a known code sequence and
generating correlation values;

25 combining said correlation values to generate a
combined value; and

comparing said combined value with a threshold

to determine each data symbol correspondiﬂé to each
transmitted symbol.

30 31. The method according to claim 30 wherein
said step of selecting includes the step of selecting
said samples from two different wrays, a first wray
including I samples from one of said rays and a

I



réspective transmtted synbol, said nethod conprising the steps o
) erv+ngnanggq993|te si gnal of overl apping nodul ated carrier sig

ol udirg’ At sheast] two 5 rays;

denodul ati ng the conposite sig

elcovértte~—-trlansmtted symbols in each ray, producing in-phase

and g4
cgnpo

AR

f Ot“=eaeh--
said sanpl es,
one oTsare—rays.! 15 conbi ning said ways of sanples to generat

groups of conbi ned sanpl es;

sanpl

val ue;

es with
and 20

10

15

20

25

Q] conponents for each ray; sanpling said

f:
nal s
nal to
(1)
and Q

piogluce at 10 |east one | sanple and at |east one Q sanple

1L

ngmtted synbol; selecting at |east two way
each wray |nclud|ng | -sagpkes or Q sanples from any

secgndnwwAycddeludjngnQesanplgenérani ogeaofosakllati on
rays.conparing said correlation value with a

32. The method according to claim 30 wherein
said step of combining further includes the steps of:

multiplying each correlation value by a
corresponding weight to produce a plurality of
weighted values; and

summing the welghted values to generate said
combined value.

33. The method according to claim 30 wherein
the step of correlating includes correlating each
selected wray with said known code sequence using a
single complex correlator.

34. The method according to claim 30 wherein
the step of correlating includes correlating each
selected wray with said known code sequence using a
single scalar correlator.

35. The method according to claim 30 wherein
the step of correlating includes correlating each
selected wray with said known code sequence using a
plurality of complex correlators.

36. The method according to claim 30 wherein
the step of correlating includes correlating each
selected wray with said known code sequence using a
plurality of scalar correlators.

37. In a code division multiple access system,
a method for communicating a sequence of data symbols
to a receiver, wherein a transmitter combines each
data symbol with a known code sequence to form a

HIl\II\ \\\l\\ |I|\\ \\I\I l\ Il
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correl ating said groups of conbined



threshold to determ ne each data synbol correspondi ng to each

an§n1bteﬂaﬁ 917 38. The nethod according to claim 37
efe p_«mﬁ;miafd ep of selecting includes the step of selecting 25
Spi anples fromtw different ways, a first way i ncl udi ng |
s I 252 ﬂA&rﬂQWIe ,of said rays and a second way including Q sanpl es
fir om one of said rays. 39. The nethod according to claim
7 wherein 30 id step of conbining further includes the steps of:
ltiplying. each sanple by a correspondlng wei ght to produce a

pIurallty of wei ght ed val ues; and

respective transmitted symbol, said method comprising
the steps of:
receiving a composite signal of overlapping
modulated carrier signals including at least two
5 rays; '
demodulating the composite signal to recover the
transmitted symbols in each ray, producing in-phase
(I) and quadrature (Q) components for each ray:
sampling said I and Q components to produce at
10 least one I sample and at least one Q sample for each
transmitted symbol;
selecting at least two wrays of said samples,
each wray including I samples or Q samples from any
one of said rays;
15 combining said wrays of samples to generate
groups of combined samples;
correlating said groups of combined samples with
a known code sequence and generating a correlation
value; and
20 comparing said correlation value with a
threshold to determine each data symbol corresponding
to each transmitted symbol.

38. The method according to claim 37 wherein
said step of selecting includes the step of selecting
25 said samples from two different wrays, a first wray
including I samples from one of said rays and a

second wray including Q samples from one of said
rays.

39. The method according to claim 37 wherein
30 said step of combining further includes the steps of:
multiplying each sample by a corresponding
weight to produce a plurality of weighted values; and

L



14ﬁ5“- T eneer BUMM Ng the wei ghted values to generate said groups
cf»conblne;_ngf 5. 40. The nethod according to claim 39

vihér ei n ﬁn} ¢p of nultiplying includes nultiplying each 5 sanPIe by
Saild g¢or n glwei ght using a single conpl ex sanpl e- by-sanpl e
nU|tl%|I%$§ wH! 41. The nethod according to claim39 wherein t he
st ep=of—mottTPpryind i ncl udes nultiplying each

T T o g i
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summing the weighted values to generate said
groups of combined samples.

40. The method according to claim 39 wherein
the step of multiplying includes multiplying each
5 sample by said corresponding weight using a single
complex sample-by-sample multiplier.

41. The method according to claim 39 wherein
the step of multiplying includes multiplying each
sample by said corresponding weight using a single

10 scalar sample-by-sample multiplier.

42. The method according to claim 39 wherein
the step of multiplying includes multiplying each
sample by said corresponding weight using a plurality
of complex sample-by-sample multipliers.

15 43. The method according to claim 39 wherein
the step of multiplying includes multiplying each
sample by said corresponding weight using a plurality
of scalar sample-by-sample multipliers.

44. In a code division multiple access system,
20 .a method for communicating data symbols to a
receiver, wherein a transmitter maps a stream of data
symbols into a stream of code symbols and further
combines each code symbol with one scrambling bit
sequence to form a stream of respective transmitted
25 scrambled code symbols, the method comprising the
steps of:
receiving a composite signal of overlapping
. modulated carrier signals including at least two rays
and demodulating the composite signal to recover the
30 transmitted scrambled code symbols in each ray,

HIIIIII IHIH Illll HIII H ||Il



aqp e Hespondi ng wei ght using a single 10 scal ar

anp _e-h ltiplier. 42. The nethod according to claim

9 fwherein step of multiplying includes nmultiplying each sanpl e
y jsa@ § SN neep ng weight using a plurality of conpl ex

anpl e- by- sanp e ['tipliers. 15 43. The nmethod according to claim
39 mhereln thej step of multiplying includes multiplying each sanpl e

Ji—QQLLEEFEEQ ng wei ght using a plurality of scal ar
sanpl e- by-sanplé " iul ti pliers. - 4644. In a code division nultiple

access system 20 a nmethod for communicating data synbols to a
receiver, wherein a transmtter nmaps a stream of data synbols into a

stream of code ppwthudinarich-phdseer(I) and guadraturec {Qodompanedtss t h one
scranbling bit for each ray:
sampling the I and Q components to produce at
least one I sample and at least one Q sample for each
5 transmitted scrambled code symbol;
successively selecting at least two wrays of
said samples, each wray including I samples or Q
samples from any one of said rays;
successively descrambling each wray of samples
10 with the scrambling bit sequence:;
successively correlating the descrambled samples
in the selected wrays with a set of known code
sequences and generating correlation values;
successively combining said correlation values
15 to generate combined values; and
successively comparing the combined values with
each other  -to detect each transmitted scrambled code
symbol, said detected scrambled code symbols
corresponding to said stream of data symbols.

20 45. The method according to claim 44 wherein
said step of successively selecting includes the step
of successively selecting said samples from two
qifferent wrays, a first wray including I samples
from one of said rays and a second wray including Q

25 samples from one of said rays.

46. The method according to claim 44 further
including the steps of: successively removing a
selected one of said code symbols corresponding to
the detected one of said code symbols from the

30 composite signal to generate a residual composite

signal; and

successively reconstructing the original
composite signal samples less the selected code

gy gy



sequence to forma stream of respective transmtted 25 scranbl ed code

synbol s._the neth conprising the steps of: receiving a
omeeshtieisitgpateTof], overl appi ng nodul ated carrier signals including at
| fe ast-~t-WoF-arys and denodul ati ng the conposite signal to recover the 30
thansmtted scranblied code synbols in each ray,

.14k 22 JAN
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symbol from the residual composite signal and
transmitting the samples to the selecting means.

47. The method according to claim 46 wherein
said step of reconstructing further includes:
5 inverse correlating the residual composite
signal; and
rescrambling the residual composite signal to
reconstruct the original composite signal without the
code symbol corresponding to the detected code symbol
10 using the scrambling bit sequence.

48. The method according to claim 47 wherein
said step of correlating includes computing a fast
Walsh transform to correlate the samples to known
Walsh-Hadamard sequences and said step of inverse

15 correlating includes computing an inverse fast Walsh
‘transform to reconstruct samples of the residual
composite signal.

49. The method according to claim 46 wherein
said étep of comparing determines which combined
20 ‘value is the largest, and said step of removing
removes the code symbol corresponding to the largest
correlation value from the composite signal to form
the residual composite signal.

50. A method according to claim 44 wherein said
25 set of known code sequences are code words from an
orthogonal block code.

51. A method according to claim 44 wherein said
set of known code sequences are code words from a bi-
orthogonal block code.
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Lo@utlng |n‘Qha5e (I') and quadrature (Q conponents for each ray;

3%rﬂg~the~1 a Q conponents to produce at | east one | sanple and at
ast _one e for each 5 transmtted scranbl ed code synbol;
s§c< §%4V§$§ t ing at | east two ways of sai d sanpl es, each wr ay
I mCl or Q sanpl es fromany one of said rays;
S CC€SSIV€|y descranbl i ng each way of sanples 10 with the scranbling bit
seguence: uccessively correlating the descranbl ed sanpl es in
the selected ways with a set of known <age - sequences and generating
correl ation val ues; successi vely conbining said correlation
values 15 to generate conbi ned val ues; and successively

conparing the conbi n®2. vaThesnetfhdd according ctheclabmdéd cdherein
transmtted screpbl gdefsode correfaffrmg ifeldadst 86hpat Shg aabELge code

synbol s corresgondlng to said stream of data synbol S
Walsh transform to correlate the samples to known

Walsh-Hadamard sequences.

5 53. In a code division multiple access system,
a method for communicating data symbols to a
receiver, wherein a transmitter maps a stream of data
symbols into a stream of code symbols and further
combines each code symbol with one scrambling bit

10 sequence to form a stream of respective transmitted
scrambled code symbols, the method comprising the
steps of:

receiving a composite signal of overlapping
modulated carrier signals including at least two rays

15 and demodulating the composite signal to recover the
transmitted scrambled code symbols in each ray,
producing in-phase (I) and quadrature (Q) components
for each ray:

sampling the I and Q components to produce at

20 least one I sample and at least one Q sample for each

transmitted scrambled code symbol;

successively selecting at least two wrays of
said samples, each wray including I samples or Q
samples from any one of said rays:;

25 successively descrambling each wray of samples
with the scrambling bit sequence:;

successively combining said descrambled wrays of
samples to generatg groups of .combined samples;
successively correlating said groups of combined

30 samples with a set of known code sequences and
generating a plurality of correlation values, one for
each sequence; and _

successively comparing the correlation values
with each other to detect each transmitted scrambled

Y O A 1



- ;ijﬁ 45, __The method according to claim44 wherein said step of
i Eg@éé%@Fvéﬁwgng'cting i ncl udes the step of successively selecting
i gai d sanples-fr dm t wo different ways, a first way including |
, .i%ag% 233?41 _ ffrdm one of said rays and a second way including Q 25
sanp f?%%1 ng of said rays. 46. The net hod according to
her I ncl udi ng the steps of: successively renoving a
sel ect ed one of jsaid code synbols corresponding to .the detected one of

sal s fromthe 30 conposi t<e 49 ghal to generate a residual
conposite signal; and successively reconstructing the
ori gi nal conposite signal sanples |ess the selected code

code symbol, said detected scrambled code symbols
corresponding to said stream of data symbols.

54. The method according to claim 53 wherein
said step of selecting includes the step of selecting
5 said samples from two different wrays, a first wray
including I samples from one of said rays and a
second wray including Q samples from one of said
rays.

55. The method according to claim 53 wherein
10 the step of correlating includes computing a fast
Walsh transform to correlate the samples to known
Walsh-Hadamard seguences.

56. The method according to claim 53 wherein
said set of known code sequences are code words in an
15 orthogonal block code.

57. The method according to claim 53 wherein
said set of known code sequences are code words in a
bi-orthogonal block code.

58. In a spread spectrum communications system,
20 a method for receiving spread spectrum information
signals and determining received data sequences, said
method comprising:
receiving a composite signal of overlapping,
transmitted signals;
25 sampling said composite signal;
selecting at least two wrays of compesite signal
samples; and
combining said composite signal samples in:.each
of said selected wrays to recover the transmitted
30 data sianal.
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el fromthe residual conposite signal and transmtting

thel sel ecting neans. 47. The nmethod according to
said step of reconstructing further includes: 5

Ng the residual conposite signal; and

‘resi dual conposite signal to reconstruct the origina

Jwi t hout the code synbol corresponding to the detected

- 50 -
RAKE RECEIVER WITH SELECTIVE RAY COMBINING

ABSTRACT

A modified RAKE receiver, referred to as a WRAKE
receiver is used in CDMA communications. It is
particularly adaptable to a subtractive CDMA system.
The receiver includes a radio receiver for receiving
and demodulating a composite signal of overlapping
transmitted signals (spread signals), a sampler to
sample the received signals, a selector for selecting
different groups of samples, a correlator for
10 correlating the samples with known despreading codes
and a comparator to determine the symbol transmitted.
The receiver also includes a combiner which combines
either different groups of samples together or
combines different correlation values together. The
sample groups selected are channel independent and
combine data received from different time shifts.
Likewise, the sample groups for each channel and the
correlation values are time-of-arrival independent.

15



10 wusing the scranbling bit sequence. - 48. The ﬁ@?ﬁ@&“a@@%ﬁﬁfﬁé
to claim47 wherein said step of correlating includes conputing a fast
Wal sh transformto correlate the sanples to known Wal sh- Hadamar d
sequences and sai'd step of inverse 15 correlating includes conputing an

i nverse fast Wl sh transformto reconstruct sanples of the residual
conposite signal. 49. The nethod according to claim46 wherein
said step of conparing determ nes which combined 20 value is the |argest,
and said step of renoving renoves. t4ie code synbol corresponding to the
| ar gest correlation value fromthe conposite signal to form t he
resi dual conposite signal. 50. A nethod according to claim44
wherei n said means for selecting at least two wrays of said

samples, each wray including I samples or Q samples
from any one of said rays:
means for correlating said samples in each of
5 said selected wrays to a known code sequence and
generating correlation values;
means for combining said correlation values to
generate a combined value; and
means for comparing said combined value with a
10 threshold to determine each data symbol corresponding
to each transmitted symbol.

3. The system according to claim 2 wherein said
selecting means selects said samples from two
different wrays, a first wray including I samples

15 from one of said rays and a second wray including Q
samples from one of said rays.

4. The system according to claim 2 wherein the
combining means includes:
means for multiplying each correlation wvalue by
20 a corresponding weight to produce a plurality of
weighted values:; and
means for summing the weighted values to
generate said combined value.

5. The system according to claim 2 wherein the
25 correlation means includes a single complex
correlator for correlating each selected wray with
said known code sequence.

6. The system according to claim 2 wherein the
correlation means includes a single scalar correlator
30  for correlating each selected wray with said known
" code sequence.

[



25 set of known code sequences are code words from an or t hogonal
bl eck ,code. 51. A nmethod according to claim44 %g}_fb Samdsd
set of known code sequences are code words froma bi- o] gonal bl ock
code, , _ - 48 -
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52. The nethod according to claim44 wherein
I ncl udes conputing a fast
known Wal sh- Hadamar d sequences. 5
nmul tiple access system
receiver,
streanlof code synbol s and further conbi n
scranbling bit 10 sequence to forma stream
scranbl ed code synbols, the ngthod conprising

recei ving a conposite signal ¢of overlapping

including at least two ragé 1 and denodul ating the conp05|te si gnal

recover the ansmi | ed co?e syho

produci ng in- e (1) _dnd quadrature g@h (0] ‘ d
Ipﬂgﬁd N

Wal sh transformto correlate th

a nmethod for comunicating data
wherein a transmtter maps &/dtlream of data

the step o

53. In a code
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