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schenme for suc communi cati Qn st ens, transn1tted
10 i nf or mat BoRigNG &hss899rP&pdﬂﬁlﬁéﬂﬂytpﬁéu&ﬁﬁed sgnais in a
Code Division Multiple Access (CDMA) mobile radio

telephone system, and more particularly to a RAKE
receiver scheme for such signals.
In CDMA communication systems, transmitted

10 information signals overlap in both time and
frequency as described in, e.g., N. Tzannes,
Communication and Radar Systems, pp. 237-239,
Prentice-Hall, Inc. (1985). An informational data
stream to be transmitted is impressed upon a much-~

15 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) process that appears random, but can be

20 replicated by 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 two bit streams are represented by +1

25 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. Each informational data stream, or channel,
is allocated a unique signature sequence, or

30 "spreading code".

A plurality of coded information signals

modulate a radio-frequency (RF) carrier by, for
example, quadrature phase shift keying (QPSK), and
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carrier by, f@Qhch pit of the code sequence) indicates whether the
information bit is a '-A" or "+1". The signature
15 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.
The receiver correlates the received signal with the
known signature sequence of its own signature
20 sequence generator to produce a normalized value
ranging from —1 to +1. When a large positive
correlation results, a "—1" is detected; when a large
negative correlation results, a "+1" is detected.
Various aspects of PN codeword detection with
25 correlators are described in F. Stremler,
Introduction to Communication Systems, 2d ed., pp.
412-418, Addison-Wesley Publishing Co. (1982).
Another CDMA technique, called "enhanced CDMA
with direct spreading” allows each transmitted
30 sequence to represent more than one bit of
information. A set of codewords, typically
orthogonal codewords or bi-orthogonal codewords, is
used to encode a group of information bits into a
much longer code sequence or code symbol. A
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i sol ated and The codeword having the largest correlation value
indicates which codeword was most likély sent,
indicating which information bits were most likely
sent. One éommon orthogonal code is the Walsh-
10 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
convolutional code. One or more information bits can

15 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 is added to the code sequence.

There are a number of advantages associated with

20 CDMA communication techniques. The capacity limits
of CDMA-based cellular telephone systems are
projected to be up to twenty times that of existing
analog technology due to wideband CDMA's improved
coding gain/modulation density, voice activity

25 gating, sectorization, and 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

30 offered. The 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.
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Anot her CDVA tagbRbgUBroeakkéflg. enhanced COMA  with direct spreadi ng”
allows each transn&ttmgblle communication systems, signals
transmitted between base and mobile stations
15 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
20 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
25 have propagated along different paths (referred to as
"rays"), some of which may have relative time delays
of less than one symbol period. '
Each distinguishable "ray" has a certaln
relative time of arrival k T, seconds and spans N of
30 the I and Q chip samples, since each signal image is
an N-chip sequence in a traditional CDMA system. 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
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si gnature ssqu@t@@t @pﬁmnrvolmérmiahsmatwwymbbls (Adides) t ke binary
code sequence be eserecelved must be combined in an appropriate
way.
Typically, this can be done by a RAKE receiver,
which is so named because it "rakes" all the )

10 multipath contributions together. Various aspects of
RAKE receivers are described in R. Price et al., "A
Communication Technique for Multipath Channels",
Proc. IRE, vol. 46, pp. 555~570 (March 1958);

G. Turin, "Introduction to Spread-Spectrum

15 Antimultipath Techniques and Their Application to
Urban Digital Radio", Proc. IEEE, vol. 68, pp. 328-
353 (March 1980); and J. Proakis, Digital
Communications, 24 ed., pp. 729-739, McGraw-Hill,
Inc. (1989).

20 A RAKE receiver uses a form of diversity
combining to collect the signal energy from the
various received'signal paths, i.e., the various
signal rays. Diversity provides redundant
communication channels so that when some channels

25 fade, communication is still possible over non-fading
channels. A CDMA RAKE receiver combats fading by
detecting the ‘echo signals individually using a
correlation method and adding them algebraically
(with the same sign). Further, to avoid'intersymbol

30 interference, appropriate time delays are inserted
between the respective detected echoes so that they
fall into step again.

An example of a multipath profile of a received
composite signal is illustrated in FIG. 1. The ray
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density, voicgeaglirtal¥nt time delays are passed through a delay
line that is tapped at the expected time delay (dt),
15 i.e., the expected tiﬁe between receiving echoes.
The outputs at the RAKE taps are then combined with
appropriate weights. Such a receiver searches for
the earliest ray by placing a tap at T,, and for a ray
delayed by dt by placing a tap at Ty+dt, and so forth.
20 The RAKE tap outputs having significant energy are
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
25 be searched. 1In one useful CDMA system, up to 128
microseconds (usec) can be searched, corresponding to
thirty-two chips, and the total time delay of the
taps that can be combined is thirty-two usec,
corresponding to an eight-chip window movable within
30 the thirty-two-chip total delay.
FIGS. 2A and 2B illustrate how manipulating the
RAKE taps adapts the RAKE receiver to signals that
have different delays. In FIG. 2A, eight taps, which
are identified by the arrival times T, - T,, are

!



provided, of whlch only the outputs of t<aps 1, - 1,
25 gating, sefte@rgirsdn Qion-sderd eusigis twie -supp ISepsﬁpléd:thelyl n exery cell.

el it e vorte: Py Y Sanhitailte or bpd o T 0 4l S0 "

al | owi ng nanyxdm-fzfacerﬂe@gm:bswoof- Vo asas:pmti‘gelx)- beWigén other ed. The

scranbl ed s§ gpad s-tal k and
makes it very %ﬁ% é’ult %1 Cost i@ 10 ea es"gié rgégé’é'?ér% 1li)ié:al |'s,
i nsuring greMeighfis Wacy Wor the vgceiver gk%eﬁ@!’ted FRIkRe $amen air-tinme

fraud. signal, but for a time of arrival T, rather than T,.
In a "digital" RAKE, or DRAKE, receiver, the weights
are either 0 or 1, as described in the paper by Turin

10 cited above.

A diagram of a conventional RAKE receiver using
post-correlator, coherent combining of different réys
is shown in FIG. 3. A received radio signal is-
demodulated by, for example, mixing it with cosine

15 and sine waveforms and filtering the signal in an RF
receiver 1, yielding I and Q chip samples. These
chip samples are collected in a buffer memory that is
composed of two buffers 2a, 2b for the I, Q samples,
respectively. As illustrated in FIG. 3, the bottom

20 of each buffer 2a, 2b contains the most recently
received chip samples.

A multiplexer 3 receives the buffered chip
samples and sends complex correlators 4a, 4b a range
of I chip samples and the corresponding range of Q

25 chip samples. The range selected includes N samples
corresponding to the N~chip sequence arriving at a
certain time. For example, if the buffers 2a, 2b
each contain 159 chip samples (numbered 0-158) and N
is 128, then the multiplexer 3 would send chip

30 samples numbered i through (i+127) from the I buffer
2a, and chip samples numbered i through (i+127) from
the Q buffer 2b to the correlator 4a, where i is the
discrete time index of the signal rays from when the
buffers were first filled. Two different sets of
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value. If the signature sequence is not complex,
each complex correlator can be implemented as two
scalar correlators in parallel, which may be defined

15 as a "half-complex" correlator. If the signature
sequence is complex, the complex correlators
correlate a complex input to a complex sequence,
giving rise to "full~complex" correlators. It is to
be understood that the term "complex correlator" will

20 be used hereinafter to refer to both of the
aforementioned scenarios.

Following correlation, the complex correlation
values are transmitted to complex multipliers 5 that
multiply the correlation values by the complex

25 weights that each consist of a real part and an
imaginary part. Typically, only the real parts of
the products of the complex correlation values and
weights are sent to an accumulator 6, which sums the
weighted correlations for all the signai=rays

30 processed. The accumulated result is sent to a
threshold device 7, which detects a binary non if the
input is greater than a threshold, or a binary "1" if
the input is less than the threshold.
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10 multiplexer output for ray k, giving N samples
(n =0, ... N1), then M(k,n) = X(n+k) and.
M(X,n) = I(n+k) and Mg(k,n) = Q(n+k).
The complex correlator 4a correlates the range
of data samples from the multiplexer 3 to the known
15 spreading code sequence. Consider data samples X(k),
X(k+1), ... X(k+N—1), which are discrete timé samples
of the received data. If the receiver is trying to
detect a code sequence C(0), C(1), ... C(N-1), which
consists of N values (usually *1 values), the
20 correlator 4a correlates some set of N data wvalues
with the N code sequence values as follows:

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=Q

where the index k indicates where to start in the
data sequence. This cbrresponds to a relative time
of arrival of the signal, and as describe& above

25 different arrival times correspond to different
signal rays. Thus, ray k corresponds to a range of
data values needed: {X(k), X(k+1), ... X(ktN-1)}. 1If
N is large, rays k, k+l1 correspond to ranges that

substantially overlap.
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| biReflen" 53 Psbores EEénseocutive, tipe S8adples, X(n), of
the received signal, and a multiplexer 54 selects a
range of N data values, {X(k), X(k+1), ... ,
X(k+N—1)}, which are sent to a correlator 55. A
group of multipliers 56, which corresponds to the
inputs to the correlator 55, multiplies the data
values by corresponding spreading code sequence
values C(0), C(1), ... C(N-1). The products are
summed by an adder 57 to form the correlation value
R(k) . '

FIG. 5 illustrates serially accessing the input
range to compute R(k). An input buffer 58 stores the
received data samples. The buffer 58 may be only one
sample long because only one sample will be
correlated at a time. If the buffer 58 is more than
one sample long, a multiplexer 59 would be provided
to select a particular sample, X(k+i), where i is
determined by a suitable control processor 60. The
sample stored or selected is sent to a correlator 61,
which computes the product of the sample X(k+i) with
one element, C(i), of the code sequence.using a
multiplier 62. This product is combined by an adder
63 with the contents of an accumulator 64 that stores
accumulated past products. The contents of the
accumulator 64 is originally set to zero, and i is
stepped from 0 to N—1, allowing the accumulation of N

ducti on to
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and where:

N-1
Ry (k) =Y I(n+k) C(n)

10 and where:

N

R,(k) =Y 0(n+k) C(n)

The correlation values are multiplied by the
complex weights W(k) = Wi(X) + jWe(k), and the results
are accumulated into the decision statistic, Z, which
is given by:

Z= Y, RelW(k)R*(k)}= Y W, (k)R (k) +Wpy(k) Ry (k)

k
Mik) e0+J0 Nik)eorjo

15 The quantity Z is then thresholded in the threshold
device 7 to determine whether a "—1" or a "+1" was
sent.
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obviates the need to align them in phase before
10 summing. Accordingly, the weights can be applied
either before or after the square magnitudes are
determined. The main difference from the coherent -
receiver shown in FIG. 3 is that the set of complex
multipliers 5 that apply the complex weights to
15 respective complex correlation values is replaced by
a squared-magnitude processor 15a followed by
weighting with 0 or 1 in a weight processor 15b.
In FIG. 6, a suitable receiver/digitizer 11
amplifies, filters, demodulates, analog~to-digital
20 converts, and finally buffers the in-phase and
quadrature components of the received composite radio
signal into streams of complex digital samples I, Q.
The sample streams I, Q are processed by a set 14 of
correlators that compute the values of correlations
25 of the sequence of signal samples with shifts of the
receiver's spreading code sequence that are generated
by respective ones of a set of local code generators.
Of course, one code generator and suitable components
for shifting the generator's code sequence can be
30 used instead. For a multipath profile such as that
shown in FIG. 1, the set 14 could comprise four
correiators, one for each of four shifts of the
spreading code, and the shifts of each code sequence
would ideally correspond to the arrival times T, - T,.
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si gnal -t 0- noi ggepRtlei Bhether ¢)ce sahples or hHir-Ebfipiekal tine delay of
the delay |ine eterm nes the apount o arrlva tLﬂE del ay that can 25
c

be sear ched. Fﬂrﬁﬁgaﬁgﬁ?uFaﬁDﬁﬁpg LapRPUG LY Gompyte r oseconds
([err]sec) casobeelatiohsdofctheelpoQdsamples withi thg- todechi ps, _and the

otal ti ey gel ayugholhent eelaPSehighasedohe ERIDLOEH ! 3k LX1LUS

[err]sec, spon 0 an‘'elg Nd6 n-30 the
thirty-two- cthYtbeaﬁvegaggd over a nmpber QA tnanseittedssyabolsow

mani pul ati ng éaedeteémﬁﬁetaﬂsaaéﬁagé £p nEngﬁféﬁStﬁefoiotﬁbgna|5 t hat

have different delays. In FIG 2A “ei t aps are identified by
the arrival t9eeQd e?%?nalT[eTPf sqp red magnltudes of the four

complex correlation values for the four shifts of the

15 spreading code are then computed from the in-phase
(real part) and quadrature (imaginary part) component
samples by the sguared-magnitude processor 15a.

The DRAKE multiplicative weighting coefficients

are applied by the weight processor 15b to the

20 squared magnitudes of the correlation values.
Because in a DRAKE receiver the weights are only 0 or
1, processor 15b can also be regarded as a tap
selection device. The four weighted magnitudes for
the shifts of the spreading code are then combined by

25 an adder 16. It will be appreciated that more or

| fewer than four shifts of each spreading code may be
processed to handle other multipath profiles.
Setting selected ones of the weights to zero as in a
DRAKE receiver eliminates the contribution of the

30 respective correlation magnitudes from the output of
the adder 16, and thus can be used to ignore rays
that may have been deemed rarely to contain
significant signal energy.
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"digital" recel ver
number of correlators to process simultaneously all

code sequences and their shifts, which would be
produced by the local code generators. A set of a

10 squared-magnitude processor, a weight processor, and
an adder would be provided for each different
spreading code sequence. The outputs of the adders
for the set of spreading codes would be provided to
the comparator device 17.

15 For a system using block codes, the output of
the comparator device 17 is an index value
representing the spreading code that produced the
largest adder output. In a system using 128 Walsh-
Hadamard orthogonal spreading codes, the

20 comparator device 17 examines 128 adder outputs,
yielding seven bits of information. Walsh-Hadamard
codes are advantageous because a Fast Walsh Transform
(FWT) processor, such as that described in commonly
assigned U.S. Patent Application No. 07/735,805, can

25 produce the 128 correlations for each shift of the
spreading codes very rapidly. The comparator device
17 can advantageously be implemented by the maximum
search processor described in commonly assigned U.S.
Patent No. 5,187,675. The above-cited application

30 and patent are expressly incorporated here by
reference.

In the coherent RAKE receiver, the complex
weights scale the correlation values to maximize the
overall signal-to-noise-and-interference ratio, and
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As il lustrategtatikEl @nd3pniliye vartiesmdiié ¢b addithwvef apisde. 2iSinwme ai ns t he

most recentlyat 1e§§%’¥ﬁg gﬁhgesggpggéh cor elatéoHU|E'Qlexig(ﬁAEECEives

the buffered chip and Sends conp Fex correlatoré a range
of | chip sanwaeseandueh§0cveﬂe&p&ndmngipangetuseQ thec megedxes es. The

range sel esbednunekuﬁeﬁlwtaermheaevicsogﬁeapaadanshhget-&%cbteah 1Roppauence
arriving at a certain time. For exanple, if ffers 2a, each

contain 159 cHFpu§&ﬁ§F¥s“§ﬁGnﬁerGHaGk158fr&ﬁBtN°n VP§1$§8°“Fhéﬂ the
mul tipl exer 3owaekdtéendiftain3@heaepreectuweeghd angheoughn(i +127) from

the | buffer addition, the magnitudes of the complex weights
should also track correlation value variations due to
15 varying signal-reflection characteristics of the
objects causing the echoes. '

In a CDMA system using 128 Walsh-Hadamard
orthogonal spreading codes, a non-cocherent RAKE
receiver expecting a four-signal multipath profile

20 requires 1024 sguaring computations to develop the
squared magnitudes from the real and imaginary parts
of the correlation values and 512 multiplications to
apply the weights. For such a system and profile, a
coherent RAKE receiver requires at least 2048

25 multiplications to apply the complex weights to the
correlation values. From a processor hardware point
of view, multiplication is generally more difficult '
than squaring because multiplication involves two
input arguments rather than one. Therefofe, a

' 30 coherent RAKE receiver is typically more complicated
than a non-coherent RAKE receiver.
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powers of two. Applicant’s invention provides a
simpler implementation of a coherent RAKE receiver

that has higher performance, but is 1less

complex,
than a non-coherent RAKE receiver.

In one aspect, Applicant’s invention
encompasses a method £or decoding a CDMA signal
comprising the steps of correlating at least two
time shifts of a received signai against a

spreading code and weighting the results according
to coefficients selected from a coefficient store.
The time shifts correspond to a transmitted data
symbol, the spreading code and its complement
correspond to different transmitted data symbols,
and each coefficient has a sign and a <value that
is an integer power of two and corresponds to a
respective time shift. The method further includes
the steps of summing the results of the weighting
step for each time shift in respective
accumulator, and determining a sign of the
accumilator sums to decode the transmitted data
symbol.

In another aspect of 2applicant’s invention,
an apparatus for decoding CDMA &signals comprises
means for correlating at least two time shifts of
a received signal with a spreading code, the spreading
code and its complement corresponding to different
transmitted data symbols and the at least two time
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general "2 cOml SOId UMM SUEL 26huap ARG HIVEngtE A (140

sanples) to a‘conple nown sequerice, produci ig a conpl ex torrel ation
value. |If ti®e an;hamdea mlmd@ﬁ% xﬁ)tan:olnﬁes@r paweh ebnpwexardrrel at or

can be inpl eneiy s dso 54 afes&%éﬁ@é & $ine fblﬂ?f@' | 6fne Whi ch may be
defined 15 as a " half Con}e)ﬁ%\ correl ator. f t he signature sequence i s
t

conpl ex, the<§ﬁﬁﬁ§9@¥§) Qﬁ@PrlSQ§nﬂ%§Qﬁ for NI itBRit to a conpl ex
sequence, éd Correldtidns @Y @ack Aimd am.m: dnd ifeds  be

understood th erm conple corr tor" w,l| ed hereinafter
to refer to bg%cﬂeeeﬂ‘@n ning & otﬁé'g‘esc,se 12 sg e i Fol | owi ng
correlatiomotﬂnanamqﬁtad(ﬂataﬂsﬁmhni values are transnmitted to conpl ex
mul tipliers 5 that ¢ Wérplééfé&ﬁcqf qtﬁ ﬁ@léjeﬁ,mg{@n cappl ex 25

wei ght's t hat each con5|st of real par q:nar part.
Typi cal |y, onmethed and apparatys further includes a step of or

means for subtracting a waveform correspondlng to the
decoded transmitted data symbol from the received

15 signal. In a further aspect of Applicant'’s
invention,.the method includes correlating at least
two time shifts against at least two spreading codes,
the spreading codes corresponding to different
transmitted signals, and summing the results of the

20 weighting step for each time shift in a respective
accumulator for each spreading code. In another
aspect of Applicant's invention, the weighting
coefficients used for succeeding transmitted data
symbols are based on previous correlation results and

25 decoded transmitted data symbols. Yet other aspects
of Applicant's invention are described below.

The performance of a quantized coherent RAKE
receiver in accordance with the invention is better
than that of a non-coherent RAKE receiver, and is

30 almost as good as that of a conventional coherent
RAKE receiver using non-quantized complex weights.
In addition, the quantized coherent RAKE receiver is
less complex than either conventional receiver
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t he products dbtbheguamingx angt myliipddcafiions operations.ghts are sent to

an accunul ator 6, mhlcrlgn&gytﬂggchpygéﬁudgif§§r5§5ﬁ1ﬁ§§ for all the
signal rays 30 processed. The accunul ated result &i sent tg,a threshold

device 7, which deflb@ featyres gndyadvantgges of,the dnyentign (han a
threshol d, er wa1hi Beicymel apparenth@riomp teadinge thet MIUiﬁrid‘IFEShmd-

9 detailed description in conjunction with the drawings
in which:

FIG. 1 illustrates a received signal having
main-path and echo components;

10 FIGS. 2A and 2B illustrate weights that might be
applied to a signal arr1v1ng at different times;

FIG. 3 is a block diagram of a conventional RAKE
receiver using post-correlator, coherent combining of
different rays;

15 FIG. 4 illustrates a parallel approach to the
computation of the correlation R(k);

FIG. 5 illustrates a serial approach to the
computation of the correlation R(k);

FIG. 6 is a block diagram of a conventional non-

20 coherent DRAKE receiver;

FIG. 7 is a block diagram of a quantized
coherent RAKE receiver in accordance with Applicant's
invention;

FIG. 8 shows a series of graphs illustrating how

25 CDMA signals are generated;

FIGS. 9 and 10 show a series of graphs for
illustrating how CDMA signals are decoded;

FIG. 11 shows a series of graphs illustrating a
subtractive CDMA demodulation technique; and

30 FIG. 12 is a partial block diagram of a RAKE
receiver for signals employing scrambling masks.
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DEIALLED LDESCRIPILION
In mat hemati cal terTiss mnpipnﬂm@((dqsan;(tzi)om is gifen ixr e tdwntodntp sanpl es

recei ved by t e €l npl es, Q'n)
are the. Q }ca(?npo%‘eﬂn sarrp es, éJn |s&'[ eu%?' gsanpi e ﬁmﬁé
cor r espondi ng (OQPSK)e sindulatd an @é‘!detlést Wad sh-Hadamard osrthqqen# e stored

in buffer 2% @ﬁe@dﬂn@r&ﬁsﬂmﬁt it Reiyf Y apprebiatad tiHd© e 3 sel ects
a range of . QB;FS and a ranF Qf Q | es corres anding to the

sanme ray. If ﬁPWﬁﬁ ™M | %%g% FoTm Thul ti pl exer

out put for ragchemgsyi ngid\lxthg ez;.nary( PSX @sing. dﬁel)s,prtémﬁdq k,n) =
X(n+k) and F%h%rr](k n) = 1(n+k) and Merr](k,n) Q n+k) . The
conpl ex corfrelator 4a correl ates the range of data sanples fromthe

mul ti pl exer 3 to t ke esk dingemeafi g ROIEizedusoheredhRAE dat a
sanpl es X(l), recé(lwr) 110 -inEeEirBanceh wﬁhame,ptili%%w-% tifRertag s of

the recei ved dat a, t.he recelver s try g detect a code sequence

c(0), C(1), .1is ePR-VI‘) inyg 'coﬁsF?F?lé' N1dd APPrORTiAtSiY val ues),

the 20 correl a1 ifdeaqr Wm,sahdofnmté&baavmvemth the N code

sequence values %%s&%e 9”%10 signal, and analog-to-digital
converts the result. Digital I, Q samples of the in-

15 phase and quadrature signal components are collected
in a sample buffer memory 112. The timing of A/D
conversion and sample transfer into the buffer are
coordinated with other receiver processes, such as
carrier frequency synchronization, by means of a

20 suitable timing generator 120. After 128 complex
samples are collected in the buffer 112, the timing
generator 120 enables an FWT processor 114 to compute
128 correlations with the contents of the sample
buffer.

25 Using the exemplary OQPSK modulation, alternate
chips of the spreading code appear shifted 90 degrees
compared with those in between, e.g., even chips may
appear in the I channel and odd chips in the Q
channel. Accordingly, a systematic 9o-dégree pre-

30 rotation of the phase may be applied to align the
phase of odd chips with those of even chips. A known
method is to apply a systematically increasing
rotation of 0, 90, 180, 270, 360 (= 0), 90, 180,

. . . degrees to sequentially received complex



sampies spaced one Ciiip apartc, equivalent to a
[err] wifeegueney Shef tk dfdi/dattke whdpe ratest aConsiddrdng dat a
et o) BRI SRE N, b e WSolTe, ¥ gl o L 5 onel
signal rays. #ppreciatred thatedhen@yeno chipsnyaver suffered @ ues needed:
{X(k), X(k+%) gystemdtit\rbthtion ofNalterhatly @Ys 160 ,kbl, a®g,espond to
ranges that .S9b?t%25&222¥ %’%%&?%éans every alternate even chip
has been inverted, as has every alternate odd chip.
This, however, is compensated at the transmitter by
the process known as "precoding," which essentially
10 inverts every alternate even and odd bit upon
modulation such that, after the receiver's systematic
pre-rotation, the chip polarities will once more be
those of the intended chip sequence.
Despite the above described measures used to
15 align even and odd chips into the same phase plane,
the unknown phase due to radio propagation across a
distance of millions of wavelengths means that this
phase plane may be the real plane, the imaginary
plane, or anywhere in between. Accordingly, the FWT
20 processor 114 must correlate both the real and
imaginary parts of the signal to guarantee that all
received signal energy is encompassed.
The FWT processor 114 advantageously employs
serial arithmetic internally as disclosed in U.S.
25 Patent Application No. 07/735,805 that was
incorporated above by reference. Such a FWT
processor efficiently processes M binary input values
presented serially, least significant bit ("LsSB")
first, on M respective conductors or inﬁufs. It will
30 be appreciated that two 128-point FWT processors may
" be provided for computing in parallel the complex
correlations' real parts (from the in-phase samples)
and imaginary parts (from the quadrature samples).
On, the other hand, one 128-point FWT processor may be



provided for computing the real and imaglnary parts

10 Tbeqaemnuhauyoafobrabbbsa@g hﬂmﬁeaﬁabwed by accessing the
| nput data range i Wiet.h r th% carrelation is
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paral | el approac stores consecutive tine sanples,
X(n), of 10 twWeigh&evaduesi gtg quangigedutei pn¥gesespowerscef &WoO, range of

N dat a Va|UeSthéXEB¥re¥ﬁ%i$h values canXSE+Hcilhd whinpliyakbg sent to a

correl ator nul tiplier onds to the

c
i nputs to thesEbFFgﬂgtgPR3§1nﬁuPFFpPFe EeHéFé E3€V§ Esgmby correspondi ng
spreadi ng codpredgoedchby thel FUT Prores€bot) 114.. DelayingThhepuseycts are

10 of the FWT processor's output bit stream by one bit
has the effect of multiplying the correlation values
by one-half; delaying use of the output by two bits
"multiplies" by one-quarter; and so on. Thus, for
example, to divide by 2, the first bit to emerge (the

15 least significant bit) is not used. The next bit to
emerge is then used as the least significant, and so
forth until the last bit has emerged. The last bit
to emerge is then held and re-used as a sign
extension bit until the required number of output

20 bits has been used. These delays can be easily
effected by the timing unit 120's issuing clock
pulses to the FWT processor 114 and buffer memory 112
at appropriately different times.

In addition, it will be appreciated that the

25 timing unit can selectively delay the clock pulses by
a first amount to implement the appropriate weight
values for the correlations' real parts and then
selectively delay the clock pulses by a second amount
to implement different weight values for fhe

30 correlations' imaginary parts.

It will be noted that correlation values on taps
having smaller coefficients may be determined first,
and the parts of the FWD hardware for real and
imaginary parts can be switched to determine



correlation values on dlfferent buffer shifts. For
sumed by an aiti@ipli? e fthWdHiEtCQI halsaideal \Gdfticifme) .1 and FIG 5
buf fer 55 ot ondaetimery FRRE G /A LRt KRR SR only one
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to a correl at gina 1nary\MﬂO'1‘hd@th1%‘ést F&apprmduqtn Qhatth@a%mﬁlﬁe X(k#i) with
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determinations must be added into the accumulators
with double the significance of the former ‘
determinations, delaying the serial bit streams  (or
advancing recirculating accumulator contents to
15 discard the least significanf bit) is appropriate.
This modification of the currently preferred.
implementation can be practically advantageous.
Scaling profiles, i.e., the weights, for each
correlation's real and imaginary parts may be imposed
20 by using parameters stored in a coefficient memory
115a to control + sign changes imposed by a sign
chahger 115b. The sign changer 115b may, for
example, be a combination of an inverting gate and a
selection switch that selects either.the gate's
25 output stream or its input stream according to
whether or not a sign change is desired. Such a
combination may also simply be implemented by an
exclusive~OR gate.
The scaled and sign-changed'correléfion values
30 are bitwise summed in 128 accumulators 116, each
accumulator being dedicated to a respective FWT
output point and advantageously comprising a bit-
serial adder 116a and a recirculating bit-serial
memory 116b. Thus, scaling occurs before the



correiatlons are fully d4aevelopea, l1.e., as the
11 pr oduct S:onéh‘émti\brpr\mmms dre esereisll e quradutetl, t he contents of
Referring again to AL He Mol endd"his Whlhsienl? of he sdon ooy
t he correlato@hQQQQﬁ 1k§b dﬁ@QR#bQﬂeﬁhQ?QPQQQRHQQRNR§QQHQRHQRH Mk, n)
agai nst tlye %ﬁﬁ@ g\ eﬁﬁgﬂ:ld‘]g \aam:gg)l &4inceorrel ation
value R(k) karg IgmﬂFﬁfrr 2 atlon 'is actually performed gyrr]
complementing the bits and then adding 1 to the
complemented value. However, since the "add 1"
operation is performed at an LSB, it can often be .
10 neglected if the word length (precision) is adequate
without it. Alternative ways of dealing with
rounding such as this, and such as in the case of
discarding of the LSB in the “delay" procedure above,
are to preset the carry flip-flop of the bit-serial
15 adder 116a to 1 when negating, or presetting to 1
' when dividing if the discarded LSB is a 1.
The cohtents of the sample buffer 112 are then
time-shifted one or more samples according to the
delay of the next ray, and the FWT processor 114
20 computes correlations as described above using the
shifted samples. These correlations are scaled and
sign-changed according to their own corresponding
coefficients retrieved from the coefficient memory
115a. In this way, sets of 128 complex correlations
25 are computed for a plurality of shifts of the
received samples, i.e., for a plurality of rays.
In accordance with Applicant's invention, the
real and imaginary parts of the correlation values
from each RAKE tap are weighted by valueé selected
30 from the series *1, +1/2, *1/4, . . . according to
their relative importance and sign, as determined by
observing their mean values over a period longer than
one information symbol. The currently preferred
implementation, although only exemplary, is one in
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the samples are fed sequentially to a buffer store
containing at least 128-chip's worth of samples.

The FWT processor processes 128 samples from the
buffer taken one chip apart to produce 128
correlation values corresponding to the 128 possible
transmitted codewords. These 128 values are the
correlations from one RAKE tap corresponding to the
particular shift of the received data samples plucked
from the buffer. The 128 real values are subject to
weighting by the quantized coefficient determined for
the real part of that tap and weighted values
accumulated in 128 accumulators 116 respectively.
Likewise the 128 imaginary values are weighted by the
quantized coefficient determined for the imaginary
part of that tap and accumulated in the 128
accumulators. Upon receipt of another signal sample,
it is then shifted into the buffer and the oldest
sample in the buffer falls outside the FWT 128-chip
window. The buffer memory should thus be large
enough to contain the number of signal samples
corresponding to 128+L chips, where L is the number
of RAKE taps. The FWT then produces 128 further
correlations using the new shift of samples in the
buffer corresponding to a different RAKE tap, and the
real and imaginary parts of those are weighted with
the quantized coefficients determined for that tap
before accumulation.

After all desired RAKE taps have been processed
in the above way, the 128 accumulators contain the
sum of the weighted correlations from each tap.
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[err] 15 The ijediyt iqadewarsl thransmitdmdy @ikldindsaevenditsl of devi ce 7
to determne Wgﬁkwﬂﬁﬁi il 1He afﬁbsﬁMﬁi aciiulators 116 is
12 , Fl ustrates t enera arrangenent of
determined by magnltu e comparator device 117, which
5 may operate according to the invention disclosed in
U.S. Patent No. 5,187,675 that was incorporated above
by reference.
Having determined the transmitted codeword in
this way, the correlation with that codeword from
10 each RAKE tap is selected, either by remembering the
original correlations in a memory and then accessing
it, or by reprocessing each buffer shift again but:
this time with the need to calculate only one
correlation value per shift corresponding to the
15 decided codeword. The real and imaginary parts of
each correlation are then separately averaged by a
coefficient computer and quantizer 130, which
provides an averager for each candidate RAKE tap, and
the average values are used in determining the
20 quantized weighting coefficients for each tap that
are to be used for accumulating correlation values to
decode the next transmitted symbol.
For example, assume that the averagers for a set
of RAKE'taps produce the values in the table below.
25 The appropriate quantized weighting coefficients
determined by the computer and quantizer 130 for the
next transmitted symbol might then be as shown in the
rightmost column.

TAP TAP AVERAGE QUANTIZED COEFFICIENT

30 REAL IMAG REAL  IMAGINARY
1 0.9 -0.1 1 0
2 -0.71 0.69 -1 1/2
3 0.28 -0.6 1/4 -1/2
4 0.13 -0.22 0 -1/4
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correlatlon value with the decoded codeword is
available. The preferred Kalman filter may also

15 advantageously compute an estimate of the time-
derivative of tap phase, that is a frequency error,
in order to better predict the complex value of the
next correlation by applying the phase rotation
anticipated over a symbol period to the previous,

20 corrected prediction in order to obtain the next
prediction. This may be done in addition to using
real and imaginary time-derivatives to anticipate the
new real and imaginary values one symbol period
later. A weighted average over all taps of their

25 corresponding phase derivatives is also a good
indication of signal frequency error due to
transmitter and receiver oscillator errors, and can
be used to apply a compensating anti-rotation to
received signal samples as a form of Automatic

30 Frequency Control (AFC), and/or to correct the
receiver's reference frequency oscillator.

It will be appreciated that averaging the
correlation values over a number of transmitted
symbols determines the average signal strength
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times Tlerr] Blgzﬁr£e'block, irrespective of the underlying seven
information bits, and varies only relatively slowly -
10 in phase and amplitude at the channel fading rate.
For example, if the channel results in a received
signal amplitude of 0.32 with a phase of 45 degrees
and code C4 is transmitted, then
0.32(cos(45)+j-sin(45)) -C4 is received and that
15 complex value pops up in bin 4 of the FWT. If code
C97 is next transmitted and the channel has changed
slightly so that the received signal has an amplitude
of 0.29 with a phase of 53 degrees, then the complex
value 0.29-(cos(53)+j+sin(53))+-C97 pops up in bin 97
20 of the FWT. Averaging the values from the largest
FWT bins yields the following:
X .= (0.32:cos(45) + 0.29-cos(53))/2
Y= (0.32:sin(45) + 0.29-.sin(53))/2
which are the proper mean values.
25 . It will be recognized that when binary
signalling is used, it is necessary to remove the

inversion or modulation caused by the information
before averaging. For example, in a system using
binary PSK modulation, the information is carried by
30 sign reversals of a single spreading code sequence
according to the values of the data bits; the
spreading code and its complement correspoﬁd to
different respective transmitted data symbols. The
sign of the one correlation value yields the decoded
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The DRAKE mud tquantizercli®i thtuse thefdutputtct thgekﬁmplcedbbyerhe wei ght
processor jfﬂ)éé)4$5¥t“ bit values in an error correction decoding
process. The computer and quantizer 130, which would
thus be equivalent to a convolutional decoder, would
then use the corrected bits, which are much more
15 likely to be right, to undo the phase and/or
amplitude changes caused by the data modulation
before averaging the RAKE tap values. This implies a
delay for a data bit to propagate sufficiently far
through the error correction decoder to become more
20 or less "firm," so the RAKE tap values have to be
saved in a buffer of length equal to this delay for
averaging after the data bits are determined. As
long as this delay is small compared with the rate at
which the channel changes due to fading, no problenm
25 arises.

The functions of the coefficient computer and
quantizer 130 are described in additional detail
below.

The quantized coherent RAKE receiver 110

30 advantageously operates with subtractive CDMA demod-
ulation as described in commonly assigned U.S. Patent
No. 5,151,919 and U.S. Patent No. 5,218,619. In the
systems described in these applications, which are
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decoding processes involved in trad1t10na1 CDMA

10 systems. Using the waveform examples from FIGS. 8-
10, the improved performance of a subtractive CDMA
demodulation technique is illustrated in FIG. 11.

Two different datastreams, shown in FIG. 8 as
signal graphs (a) and (d), represent digitized

15 information to be communicated over two separate
communication channels. Information signal 1 is
modulated using a high-bit-rate, digital code that is
unique to signal 1 and that is shown in signal graph
(b). The result of this modulation, which is

20 essentially the product of the two signal waveforms,
is shown in the signal graph (c). In Boolean
notation, the modulation of two binary waveforms is
essentially an exclusive-OR operation. A similar
series of operations is carried out for information

25 signal 2 as shown in signal graphs (d)-(f). In
practice, of course, many more than two coded
information signals are spread across the frequency
spectrum available for cellular telephone
communications.

30 Each coded signal is used to modulate a radio
frequency (RF) carrier using any one of a number of
modulation techniques, such as QPSK. In a cellular
telephone system, each modulated carrier is
transmitted over an air interface. At a radio



LEeCRLVEL , ouUllil dao a LELlUiGlL Vaet ovatvlull, 4alili Vi uilG

14 ~ Thesigmabs that.evenlap inrthe 2allecabedi fregaencyor the
spr eadi ng_ codepdapiath Igfle Pedeivednbaydiis Iovie fralelandenyl (ving i he

transmtted For_a conmupjcation system enpl oyin 5.codes as
spr eadi ng codécé%ﬂ%eﬁ%%%a 13 precad éggbfas E%b?%ﬁ%ﬁégé #ﬁ &Heaﬁﬁﬁﬂ?%geously
include a suf farapiié (ay=(EEropfFIG! re) atorform Hroompossteusignadusly al |
code sequence t I ch woul d be produced by the | oca
code generatoﬁggaggégﬁ Q?éégé. shﬂgred nmagni t ude processor, a wei ght
processor, and anAéUQErdemm#@ﬂ¢tnqnom¢ckhhf!ﬂcexﬂﬂdcﬁiQQantO ther eadi ng
code sequence. a iy %%ﬁeﬁmmncﬁorm@eﬂé&dﬁgw%ng codes

. or

woul d be provi e conparator devi ce’ a system using
bl ock codes, t?RﬂRﬁﬁkﬁﬁ gignal jeakes Rlager JRfEnation signadtiek val ue

10 may be decoded or despread by multiplying the
received composite signal shown in FIG. 9(c) with the
unique code used originally to modulate signal 1 that
is shown in signal graph (d). The resulting signal
is analyzed to decide the polarity (high or low, +1

15 or -1, "1" or "0") of each information bit period of
the signal. The details of how the receiver's code
generator becomes time synchronized to the
transmitted code are known in the art.

These decisions may be made by taking an average

20 or majority vote of the chip polarities during each
bit period. Such "hard" decision making processes
‘are acceptable as long as there is no signal
ambiguity. For example, during the first bit period
in the signal graph (f), the average chip value is

25 +1.00 which readily indicates a bit polarity +1.
Similarly, during the third bit period, the average
chip value is +0.75, and the bit polarity is also
most likely a +1. However, in the second bit period,
the average chip value is zero, and the majority vote

30 or average test fails to provide an acceptable
polarity value.

In such ambiguous situations, a "soft" decision
making process must be used to determine the bit
polarity. For example, an analog voltage
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aspect of the subtractive CDMA demodulation technique

is the recognition that the suppression of friendly
CDMA signals is not limited by the processing gain of
the spread spectrum demodulator as is the case with

15 the suppression of military type jamming signals. A
large percentage of the other signals included in a
received, composite signal are not unknown jamming
signals or environmental noise that cannot be
correlated. Instead, most of the noise, as defined

20 above, is known and is used to facilitate decoding
the signal of interest. The fact that the
characteristics of most of these noise signals are
known, including their corresponding spreading codes,
is used in the subtractive CDMA demodulation

25 technique to improve system capacity and the accurécy
of the signal decoding process. Rather than simply
decode each information signal from the composite
signal, the subtractive CDMA demodulation_technique
also removes each information signal from.the

30 composite signal after it has been decoded. Those
signals that remain are decoded only from the
residual of the composite signal. Consequently, the
already decoded signals do not interfere with the
decoding of the remaining signals.
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composite signal in the signal graph (d) (again with-

10 the first chip of the reconstructed coded signal 2
aligned with the fourth chip of the received
composite signal) to leave coded signal 1 in the
signal graph (e). This is easily verified by
comparing signal graph (e) in FIG. 11 with signal

15 graph (c) in FIG. 8 (truncated by removing the first
three and the very last chip). Signal 1 is
recaptured easily by multiplying the coded signal 1
with code 1 to reconstruct signal 1. Note that
because the bit periods of datastreams for signals 1

20 and 2 are shifted relative to one another by 2 chips
there are only six +1 chips in the first bit period
of the recaptured signal 1 shown in FIG. 11 signal
graph (f). It is significant that while the
conventional CDMA decoding method was unable to

25 determine whether the polarity of the information bit
in the second bit period of signal 1 was a +1 or a —1
in signal graph (f) of FIG. 9, the decoding method of
the subtractive CDMA demodulation technique
effectively resolves that ambiguity simply by

30 removing signal 2 from the composite signal.

As described above, the re-calculation of
correlations by the FWT processor 114 on different
shifts of the sample buffer and the successive
subtraction of the correlations of the detected



signals are preferably done in order of correlation
Shoulld al fslo t%@ﬁ&n@%&rﬁ@ﬁima&%miﬁmmmmmﬂg vhigi ng
signal -reflection chargcter.i st t.he |.ect g,ihe echoes.
In a CDVA sys?’é‘?ﬁ%%?hggl é a%%?%ﬁnt%o%%%%és%reiégl ng codes, a
non- coherent &Mk inrEIGi v2rrecomputes thé ccerselpkions|efptlkea profile 20
requires 1 0 d ni t udes
eaures 1MCGUNLAC. SOIMLA LY e SfedEuBt SPaid the FabdIedigTON [

i magi nar e correlatlon val ues and 512

nul tiplicati mn#etr%pfmmh%hmwgam deyire X121k ERe profile, a

coher ent RAK%@E%défﬂ@Mﬁeéoﬁuéden& woizel 10 cwhiensiso apply
the conplex weights to relgt ues. From a processor hardware

poi nt  of \MQ&FCF&P?4p+Pé%?¥% ¢ta ?Yy nore difficult than squaring
because nul ti pli catt owilDhvicé veppteeiatedpthatirthersquantbzedr t han-one.

Ther ef or e, s 0, SOEE SR KL S0 VBl | Gark YR AM g B85S OBR) hGBeT  than

a non-coh

in communication systems in which Walsh-Hadamard
spreading codes are modified by the bit-wise modulo-2
addition of predetermined scrambling bit patterns.
Such systems are described in commonly assigned PCT
15 Patent No. W093/21709, for "Multiple Access Coding
for Mobile Radio Communications®, which is expressly
incorporated here by reference. '
FIG. 12 shows a portion of the RAKE receiver
shown in FIG. 7 with the additional components needed
20 for operation with scrambling bit patterns, or
scrambling masks, having the properties described in
the above-cited patent application. These scrambling
masks are advantageously stored as a look-up table in
a RAM or ROM memory, for example, from which a
25 particular mask is retrieved by supplying its
associated address. While described in terms of a
memory locok-up table, it will be appreciated that a
suitable code generator, such as a digital logic
circuit or microcomputer, that produces on-line the
30 scrambling masks indicated by selection control input
signals may also be used.
The composite signal received by an antenna is
provided to a receiver demodulator 1llla that



aeloquiales leCelved Sellal SAalipleEs VUl e GUlllipuolve

16 signal. A seriaktid#parallel convertexr cbithncenverts
Applicant’s | ’E’t?é“éé’z“xa% @a%% &9%@& aﬁmél L!§f6hl&é‘ éfes fent RAKE

receiver. are coarse anti zed I eir r eal

and i magi nary WRE%r%W#jr‘Fﬁ {TRAY %&P‘!ﬂl’ﬂa‘i’% cmeﬁm%ﬁw P BA  be
i mpl ement ed s lphaswmmprqﬁ&atuﬁh idnabhedipditents) FOrThei cwder data

povrs of 1 whiAgh sk AFSrRE A LSRR A decaded °Ly the o
i mpl enent at i onredeizverhis aldtdvined duy tdve Mfece i sdmb]:nlgmemask
per f or mance, Mecﬂ:?on lﬁcﬁ:‘e@@' %)i" b,, apé\pf?datcgo& QQPQﬁBTEn

recei ver. nvent
enconpasses a mask ey d!etQ)-dl r@\%l mleﬁlgrﬁmples butfered in |

10 the serial-to-parallel converter 111b are bitwise
exclusive-ORed or modulo-2 added to the scrambling
mask retrieved from the memory 140 by an N-bit adder
150. If the received samples are complex, different
scrambling masks could be used for the in-phase and

15 quadrature components. The descrambled signals are
then decoded by the remainder of the RAKE receiver,
including the FWT circuit 114, as described above.

In such a system, source information, e.gq.,
speech, is converted to blocks of M (or M+l) binary

20 bits, and these bit blocks are encoded with error
correcting orthogonal (or bi-orthogonal) block codes.
The orthogonal 2M-bit block codewords are scrambled
by modulo-2 N-bit addition of a scrambling mask that
may be retrieved from a look-up table in a memory.

25 In the case of ideal scrambling masks, there may be
either n,=N'? or ng=N/2 scrambling masks, depending on
which method was used to generate the scrambling mask
set. Thus, the number of bits needed to address each
mask from the memory is either bA-log,(nA) or

30 by=log,(ng), and by transmitting the b,~bit or bg-bit
scrambling mask selection address associated with a
particular scrambling mask to the memory, that mask
is retrieved from storage and modulo-2 added to the
block coded signal.
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information signal would be selected for decoding.
After that signal is removed, the scrambling mask
15 corresponding to the next strongest information
signal is selected and so forth until the weakest
signal is decoded.
The RAKE coefficient computer and quantizer 130
determines, from the sequence of selected complex
20 correlation values presehted to it by the comparator
117, the mean value and trend of the real and
imaginary transform components. These are used by
the computer 130 to predict the values that will
occur in the next analysis period, and thereby the
25 weights that should be retrieved from the coefficient
memory 115a. Thus, the receiver 110 can adapt to
changing multipath conditions. The computations
carried out by the computer 130 generally, require a
digital signal prbcessor such as a model TMS320CS0
30 available from Texas Instruments.
The predicted values are preferably normalized
to the magnitude of the largest, which is assigned
the value %1; the remainder are quantized as follows:
if magnitude > 0.7, then quantize to #1;
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quantized to preferably four levels.
The computer 130's prediction of the correlation
values for the next analysis interval from previous
10 values can, in the simplest case, just involve
predicting that the next values will be the same as
the previous values.
In cases where the correlations are changing
slowly, a better prediction is that the future
15 correlations will be a running average of
corresponding previous values; the running average
can be developed from previous values in a moving
window of predetermined width, either with equal
weights or with exponentially decreasing weights for
20 older results (the latter is sometimes called
"exponential forgetting®). Letting Z(i) stand for a
complex correlation at time instant i and Z(i) stand
for the running average at time instant i of previous
complex correlations, a suitable prediction for the
25 next running average is given by the following
expression:
Z(i+1) = Z(i) + (2(1) — 2(1))/4
This expression has exponential forgetting over a
running window of four correlation intervals. For a
30 4x128-chip interval, exponential forgetting is
appropriate so long as signal amplitude and phase
changes due to fading are not excessive over this
interval. Fading rates are related to Doppler shifts
and these lie in the spectral range of about 0-100 Hz



LOL J1CUald VEIILLLIC opllus alllh Lquiv licyuciivico alJyuld

for deterniningGizsi gEasfsagquentliy ¢ ¢heedotieatehim interval ekt a synbol .
In ot her aspeggﬁéffl/ﬁpraf PRy d WERHP highest T HdpMl 1 SHAHRAT uis furt her

i ncludes. a ste or means for subtracti'ng a waveform corresponding to

the decoded WAgASmS & & PSoyniFis Sjgaarts dbatyane 328ghdp 1 n a
further aspgcpedfiotFhHcidd e shorveanitham d.[6295Ris)oddrrddptadian rel ating

at | east t ti Shifts against .at | east .t eadi cqdes, t he

spr eadi ng codgé @oﬁ‘é’?p(fﬁa:ieh Fre¥Es L}ﬁx[an zotv&r)@rrﬁ'tté‘grcl’si% s, and

summi ng t he r eatlet snofa pref2irred dmplepentat ifo isa@70.i888FBKEAS, i n a

respective ﬁ%%‘é%batt‘i’i%fa‘yov%ag}i%‘éﬁ%‘ﬁ.”g code. In another aspect of
: [ E3 . .

Applicant's inventl e wei ghting coefficients used for, succeeding
transmitted data I3y @ages shengadhe eerFedatdense arecichanginesults and 25

decodte_d tr aasmg&be%_agagqgﬁ?/@@.a- whgh jﬁt\x@b t3on foatfpmdf c?_nt' 3
| nventi on are escri pe el OW. e er r nce o a quan | Zze
Coherent  RAKETaPALY, VATYinds, theySHEUTS COTERIAbION, VaJHas: %8 t or ¢ han

t hat of a nonbethketepredicEede usingr thantrend3oraltimet dexriyaddvas t hat of a
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developed by using the measured correlation Z(i) to

15 correct the previous prediction Z(i) and its
derivative Z'(i) according to the following
expressions:

Z.(i) = 2(i) + a(2(i) — Z(i))
Zo' (1) = 27(i) + b(Z(i) — 2(1))

20 where a and b are suitable coefficients. The
corrected values 2. (i) and.L,'(i) are then used to
develop the prediction 2(i+l1l) according to the
following expression:

Z(i+1) = Zo (i) + Zo’ (i) 4T

25 where dT is the time difference between predictions.
By suitable choice of the coefficient b, 4T can be
taken as unity or an inverse power of two, thereby
advantageously avoiding a relatively time-consuming
multiplication.

30 The coefficients a and b are found by applying
known Kalman filter theory. General aspects of
Kalman-type estimators are described in the
literature, e.g., H. VanLandingham, Introduction to

Digital Control Systems, ch. 8 "Observability and



State Estimator Design", Macmillan Publishing Co.,
Rﬁgﬁt rgggl VeLNHﬁi ?aﬁﬁﬁgﬁusw ZQﬁ_eCQBEiEQXcMhﬁBta, b hpeaddictived, the
coheren receiv i '
?eceiver from the Kalman f?&té% for%ﬁia%ggglgélggiiogéégﬁgechYE?fhgnal

operations are |ess conplicat&d t hgn both squaring and nultiplication

oper at i ons. BRI EF ZBESGRI PT1 ON, PR%@'S@: The
z{ (i) nt?gnggh%}%ﬁggcone ppar‘é’ﬁ%uﬂ‘om

features and advanP§§esA6f th
readi ng the follow ng
5 vector of the quantity Z that is to be estimated, and
its time derivative Z’. The index i refers to
current best estimates. The next values of A(i+1),
Z(i+1) and 2’ (i+l1) can be anticipated from the
previous estimates before any new information is
10 received by means of:
Z{i+1) = Z(i) + 2’ (i)-aT
2! (i+1) = Z7(1)
which states that Z(i) is predicted 4T forward using
the derivative estimate, but the derivative estimate
15 remains the same as we have no second derivative
estimate with which to make a better prediction.
These equations can be written as follows:

A(i+1) F'dT

' 14T
. L] . T [} *
0 1] A(1) he matrix [0 1] will be

designated by the symbol W, which then represents the
20 systematic expected change of A even if no further
information were to be received.

According to Kalman filter theory, an inverse
covariance matrix P, in this case a 2x2 matrix of
complex coefficients, is also predicted from its

25 previous value, the process having been initiated
with P large and diagonal. P(i+l1l) is predicted from
P(i) according to the following matrix expression:

P(i+1) =W P(i) W +Q
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FIG 1 illusthdwsast aife Rtbced dan Brdttk chidedat MBEs, eehe

ts; 10 E . 2A d, 2B il lustrat ' t h ight b
oo od (o a Saee of She AR ohfeRYANASH [Shbd BE VPR T 00 oo
di agram of & o(dmee.r\,t i thes | ndtK e orreskadi hom walug tmdie cxommitedy ,isoherent
o g, of  prUd I adffind S, ds dIfindbidr 1 [HERAOA Y |

e I on elation

approach to t conput a e corr ), FIG 5
i |l ustrates avadues dheh fiol kawing @presaiant of the correlation R(k);

FIG 6 is a block g m=Ofp ¢ qax] ntional non- 20 coherent DRAKE
receiver; Flggrl? S a@b oc\lgq [

i agram of. a_quanti zed coherent RAKE
receiver in adfotdeh&RsK 30 Rﬂ)‘lqtcaﬁg‘esq’ﬂi“ﬁ/é’rﬂi observed }§G -8 shows a
series of @oaghst 12 {stl)atsor¢HeoviutictGlavA Fsiignaimpdiye gener at ed,;
FIGS. 9 and 10 showa_'_s‘ﬁr i;a.oj(ig'_rﬁpq_s of.q, (i+1i)| | ustrating how CDVA signal s

are decoded;
= (1,0) -A(i+1)
The vector (1,0) in its column vector form is
assigned the symbol X and is the gradient vector of U
15 with respect to the vector A.

The indexing notation using i can be dropped for
brevity as it is implicit that new values on the left
hand side are calculated using previous values on the
right hand side, yielding the following expressions:

20 Predict: P = W:P:W + Q

A=W-a

U = Xf-A _

The prediction of U is now compared with the next
observation (i.e., the next correlation value, that

25 is, the actual Z(i+1)), and a prediction error E
computed from the following expression:

E=U=~- Z.. '

The predictions are now corrected using the
following: '
30 A=A- PXE (1)

P =P - PXX¥p
(1+x*PX]



The foregoling equation (1) may be comparea with the

FIG 11 shows eqastieasofograpdatihgustandi 2 asingscbeffiitientSDhA

denodul ati on te que a 0 F p. | Bl di agram of a
RAKE recelvﬁﬁ i sFﬁngggéénp %??néég%%§%%$lﬁﬁ éé}té of! ehé

19 vector A ZEg s EEODESORE PTI ON The foll ow ng
description is given in a context of a CDMA communi cation system using

of f set SK SK) nodul ati o d 128 \Wal sh- Hadama rt hogona
P S (OPSK) A= A-—T 1 *E, showing that d equé{es to

P-X.
The elements of P diminish on each iteration,
corresponding to each correlation having a reduced
effect on the average prediction as more correlation
10 values are taken into account. The addition of the Q
matrix, however, prevents P from going to zero énd so
determines how large an effect the most recently
received values ultimately have, i.e., the rate at
which changes will be tracked. '
15 Noting that the sequence of P value
calculations does not involve any unknown or noisy
received quantities, but only the constant matrices Q
and X, the sequence of P values and the value to
which P finally converges can be calculated once and
20 for all during design. The final value of P+X gives
a 2-element vector that contains the desired
coefficients a and b. The calculation of P values
may then be dispensed with and the entire calculation
reduces to the previously given formulae using the
25 now determined values of a and b. This is known as
the "Final Kalman" solution. L
Thus, the coefficients are obtained from
the final values of the Kalman gain matrix after
running the Kalman algorithm long enough for the gain
30 matrix to converge to constant values. These final
values may also usually be coarsely quantized, for
example to an inverse power of two, to permit easy
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recelved signal comprlslng success1ve transmitted
data symbols, the at least two time shifts
corresponding to a transmitted data symbol, and the
spreading code and a complement of the spreading code
corresponding to different respective transmitted
data symbols;

weighting the results of the correlating’
step according to coefficients selected from a -
coefficient store, each coefficient having a sign and
a value that is an inverse integer power of two and
corresponding to a respective time shift;

summing the results of the weighting step
for each time shift in a respective accumulator; and

determining a sign of the sums in the
accumulators to decode the transmitted data symbol.

2. The method of claim 1, wherein the
correlating step produces numerical binary-coded

values in bit-serial form.

3. The method of claim 2, wherein the

summing step comprises the step of summing the

weighted correlations bit-serially in a plurality of
recirculating bit-serial memories.

4. The method of claim 3, wherein the

weighting step comprises the step of delaying use of
the bit-serial sums by an amount corresponding to the

TN O L
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sanpl es spacettecedveld sigpalt compriseiseat pluralityr efusHeFessiMe of 1/4 the
chip rate. Egbgghknqutgglwa gsevgﬁecQb9§e15Q&ngxgEBbecdﬂpﬂ&éés be

appreciated t e even chi ps have suffered a stenmatic rotatjon of
al ternatel y Othegstep, ofgproducing °°HB&P§e§°r\Fx'R|1€ﬁ RPa ¥ vy 8% ernat e

even chip 5 Rae beefrieientadaras coaplexcimlalesernate odd chip. Thi s,
homever I s conpensated at the transmtter by t he process known as

precedlng," whi ch essentially 10 inverts every alternate even and odd bit
upon  nodul ati on such ®hat, Thiet methiod ofceladm 3,syberedn the at

pre-rotation. ;Lagt kiR R %%ir shli3talable RREELTAERGPSgaihBesatOhdalt | Nt ended

chi p sequence: above describ asures used to 15 align
even and odd &prspr#ﬁdlngeCQd#E:pﬁ&Geaﬁl&ﬁés twRe SpERAGIRG IS ue to

radi o propagahb??e@ﬁbﬂa&na todu-'itf%@ienftf t&‘hhhhﬁlt&eﬁf squeu@)gtahm neans t hat
this phase plane rmay he t e real ne, the imaqinar ne, or
anywher e i AOpEhRe¥gig %ﬁmfrfoSBFUEBE%BFyffgaiEHdcorrelate
bot h the real spagt 1n|aagbepewtﬂ&etacahmnhatsrgﬁar EaCQUﬁpawmdanmhat al
received Slgnaldgqer%& tﬁeeQ%%E@%SESQQ step identifies the largest

sums produced by the summing means to decode the
transmitted data symbols.

15 - 7. The method of claim 6, wherein the
spreading codes are mutually orthogonal.

8. The method of claim 7, wherein the
spreading codes are Walsh-Hadamard codes.

9. The method of claim 8, wherein the
20 correlating step comprises carrying out a Fast Walsh
Transform.

10. The method of claim 7, wherein the
spreading codes are Walsh-Hadamard codes modified by
bitwise modulo-2 addition of a predetermihgd

25 scrambling bit pattern.

11. The method of claim 10, further
comprising the step of varying the scrambling bit

(O



pattern from one code block to another in response to

The FWI procesgogj élaéfaﬁtagsey&mmlQaauencéegéﬁéraebfhrretIc
internally as disclTosed in U S. 25 Patent Application No. 07/735,805 that

was i ncor por ated above by reference. Such a FWI processor efficiently
processes M bi nary inputizal uss apparaiestfor sdecading aeasdesi gnificant

glptpr((ac:_g?ed th {#{%03%%£§f3%%$%g%2@§i ¢ y&ié%géup?ov: Ije\c,ivI HJrSO °e
conputing-irBparal | el tHeeanspfer corxelating iatisleast| twartime¢from t he
o Phe"S.Rarm i, S5 SRV, B800Es L MprURSLAS esadi T o)
the received signal comprising succéssive transmitted
data symbols, the at least two time shifts
corresponding to a transmitted data symbol, and the
10 spreading code and a complement of the spreading code
corresponding to different respective transmitted
data symbols;
means for weightihg correlations produced
by the correlating means according to respective ones
15 of at least two coefficients, each coefficient having
a sign and a value that is an inverse integer power
of two and corresponding to a respective time shift;
means for summing the weighted correlations
produced by the weighting means for each time shift;
20 and
means for determining a sign of the sum
produced by the summing means to decode the

transmitted data symbol.

13. The apparatus of claim 12, wherein the
25 correlating means produces binary-coded values in
bit-serial form.

14. The apparatus of claim 13, wherein the
summing means comprises a plurality of bit-serial
adders and associated recirculating bit-serial

30 memories. '
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10. 1€ appalallus 0Ol clallh 14, wuereln uLne
21 provi dedvwdigghttimgp means td¢mmprisesimeansforrdelaying usemenial ly if
processing ti | pradcia By GRS Vorrd it {Hig Siddnd py! thnetic
facilitates t@‘gép | ca]f i‘()anh%ﬁ x;)ﬁr;}p"*:ex R,&E wei g%ts . Sﬂ};% accord)g*lce W th
Appl i cant's i AremaQmt |qorpasponding te, Fhe FeFReqRifR i zed to i nverse
powers of twp,coefifitidt el ation values can be scal ed sinply by sui tably
del ayi ng use of the serial bit stream produced by the FW processor 114.
Del ayi ng the use. 10 of the FWI processor's output bit stream by one bit
has the effect of nulti e nFHd apparatiud iofh claiwesl2, whereimdtie

del ayi ng use qf ' | : IR 1.eS" - rter; and
so on. Thus, ggéelg%ékﬁj-léé%é g%#iﬁgyeszﬁ%% ilfes%sﬁi)‘i‘ﬂ?gt%&rf%rge (the 15
| east signifi cifls Againsfoat dapastitvnsprasding codamr gdhe A% hen used
as the |east 3gieqitf 'tfio%ﬁtspx@%ﬁ@ cddild ledtitlddpdnd o e farerirer ged.
The |l ast bit to errergee is then held anddr%-used as, a sign
10 transmitted data symbols, an he summing means sums

weighted correlations for each time shift for each’

spreading code, and the determining means identifies

the largest sums produced by the summing means to

decode the transmitted data symbols.

15 17. The apparatus of claim 16, wherein the
spreading codes are mutually orthogonal.

18. The apparatus of claim 17, wherein the
spreading codes are Walsh-Hadamard codes.

19. The apparatus of claim 18, wherein the
20 correlating means comprises means for carrying out a
Fast Walsh Transform.

20. The apparatus of claim 19, wherein the
spreading codes are Walsh-Hadamard codes modified by
bitwise modulo-2 addition of a predeterﬁl.{ned

25 scrambling bit pattern. '

21. The apparatus of claim 20, further
comprising a scrambling sequence generator and means
for varying the scrambling bit pattern from one code

I



block to another in response to a signal from the

extension bit getdmbiiRg’ Se4héRce "YeheFatbr puUt put 20 bits has been used.

These del ays can be easily effected by the timng unit 120's i ssuing
cl ock pul ses to the FWI processor 114 and buffer nmenory 112 at
appropriately different 22esThe apparatus aofli¢laim 12, viwhéréinapheeci at ed

that the 25 ting.unkt ' | ogk first
angunt Soiané§é§h+€%esg pr%S#?@é%gﬁggdﬁfﬁfdﬁéyﬁgg ?%rs?%%égg%?élat?on;rs
real parts dnccomplex ¥ettorvalyesie|the t¢errelating meansyproduecesd anount

to inplenment diddS]&Rtcerelde Voh UpS14&%, tAka 3bh& kot £ & PoREs | ARG nary
parts. It wll be noted that correlation values on taps havi ng
smal | er coef f iSRPEX WRLWRS det er ni ned first, and the parts of the FWI
hardware for real and i magi nary parts can be switched to determ he

23. The apparatus of claim 22, further
comprising means for determining coefficients from
10 complex correlation values produced by the
correlating means, the determined coefficients for
use in decoding a succeeding transmitted data symbol.

24. The apparatus of claim 23, wherein the

coefficient determining means comprises means for

15 averaging the real and imaginary parts of the complex
correlation values and means for quantizing the
éveraged parts to respective values that are each an
inverse integer power of two, the quantized values
being for use as coefficients in decoding the

20 succeeding transmitted data symbol.

25. The apparatus of claim 24, wherein the
averaging means includes a Kalman filter.

26. An épparatus for decoding a Code
Division Multiple Access signal comprising:

25 means for correlating at least two time
shifts of a received signal with at least two
spreading codes, the received signal comprising
successive transmitted data symbols and the spreading

* [ L M N *
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22 corr el a8YBRO¥SF ues on different buffer shifts. For exanple, if
tap/shift 1 has real coegpéafsepbr lwébghtingnegtrPelationsf peoaited/ 4 and
tap/shift 3 has rgal ' ' '

coifélC|ent -1/ 4 and Lnaghnar¥ ggeftic'ent -1/2, it
5 may be practP¥ath§ GOTERIAHERENEAPE ACGORALRI HR SPREFLEMNESt er i ne tap
3 at the san® sebectedtfrom aicoeffibcient\stiere; nthescoefficieéntshat way,
t he taps w f&i b gat Péﬁ Lr : added into
t he accunulatdé%?£§§d$%%%§§t%%iééﬁgafgr gt%%eﬁ%?%§2§§§?€§§lg?e'géternined.
Since the |att®k/2, gkt &4 ni nati orAnG@: 0d eRel Foebligtentcunul ators
Wi th doubl e theostaspbhdingctdfatPéspecttve tilfécsniretana@sa del aying the
serial bit streans éor advaqgjn rﬁglrculatlng accunul ator contents to
respective sprea 1n§ code; -
10 means for summing the weighted correlations
produced by the weighting means for the time shifts

for each spreading code;
means for determining the largest sum-
produced by the summing means to decode a transmitted

15 data symbol; and
means for subtracting a waveform
corresponding to the decoded transmitted data symbol
from the received signal.

27. The apparatus of claim 26, wherein the
20 spreading codes are mutually orthogonal.

28. The apparatus of claim 27, wherein the
spreading codes are Walsh-Hadamard codes.

29, The apparatus of claim 28, wherein the
correlating means comprises a Fast Walsh Transforn
25 processor.

30. The apparatus of claim 28, further
comprising means for modifying the Walsh-Hadamard
codes by bitwise modulo-2 addition of a scrambling
bit pattern.

L
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15 discard t heompxdsigigym fsczambliing) sequenceogengrator amds nodification
01; th? gur r engmérieief %Hef%craum}iﬁl@lﬂi%? b%%t%?-ﬁx %rﬂbﬁftﬁr‘b?i lohe "

advant ageous. cal l ng prorii_es l.e., e Wgl gnts, or eac

correl ati on' sWPé‘élh“é?;% ﬁ’%ﬂ? Bock e apethes,doy reshonsesitey 2
paraneters st gignaln fromwehie sctambldimg sequehtea genetatioral sign changes
| nposed by a sign changer 115b. The sign changer 115b may, for

exanpl e, be a conbination of an inverting gate and a sel ection switch
that sel ects either the3@ateThe28pparptusspofesiadm 265 wWhereint tbem

according to sumﬁggegﬁ% e sEbERatlaNghel FadePbbalpaSuaNoft the

conbi nation may a | npl enmented by an excl usi ve- OR gate.

The scal ed an8°¥Fgratd®M§ad correl ation values 30 are bitw se sumred in 128
accunul ators 116, each accunul ator being dedicated to a respective FW

out put poi nt and advant ggeou risi.ng DLt~ erial adder 116a and a
recircul ating bit-seria?g' n@hér§8§§682u§hﬂg,cé3épiﬁg'o gﬁrglﬂeﬁore t he
10 waveform is subtracted for each time shift and the
subtracted waveforms are based on the correlations
with the corresponding time shifts.

34. The apparatus of claim 33, wherein the
subtracting means subtracts the waveforms for
15 different time shifts in order of the correlation
magnitudes from strongest to weakest.

35. The apparatus of claim 34, wherein the
correlating means correlates at least two time shifts
of the received signal after subtraction of the

20 waveform from a time shift having a stronger
correlation.

U



- - S -

23 correl atq%‘ﬁ%d%f?% 3 u?‘?‘§/e G%J\'/Ve*%lp%rb,mll]?te}gl%smf%eess scjbgrr‘ae+ ation val ues
are serial | y qompiticstng successivey transmitfied| daka symbeh®odi ment of the
sign chamyg°#é§¥g cribed above does not produce an 5 exact two's
conpl enent negation o '

actual |y pé&forned by X%f@é#?@?%ﬁ?%ﬁ%ﬁ%ﬂ?%%g t he
conpl ement ed ﬂé’éé@vin%m% , i Neded hiedmsifdr’ germmmatdngn is perforned at
an LS8, 1t cap, Gfgeny B Junptal o bl R diek | ShlbdndRELEE o) 1
the signal and means for digitizing the samples;
means for storing a plurality of the
10 digitized samples of a transmitted data symbol;
means for determining Fast Walsh Transforms
of the stored digitized samples, wherein the
determining means correlates at least two time-.
shifted groups of the stored digitized samples with
15 each of a plurality of orthogonal codes, each
orthogonal code corresponding to a respective
transmitted data symbol, and generates correlation
results, each correlation result having a real part
and an imaginary part;
20 means for determining respective weighting
coefficients for the real part and the imaginary part
of the correlation result for each code and for each
time-shifted group and for applying the weighting
coefficients to the real parts and the imaginary
25 parts;
means for summing the weighted parts over
all time-shifted groups, the summing means comprising
a respective accumulator for each code; and
means for determining the accumulator
30 containing the largest sum and thereby decoding the
transmitted data symbol,
wherein the weighting coefficient
determining means determines the weighting
coefficients for a succeeding transmitted data symbol



from the correlation results and the decoded

w thout it. Aemnatjitedatdls i.hg with rounding such as this, and
such as in the case of di scarding of the LSB in the "del ay" procedure

above, are to preset the carry flip-flop of the bit-serial 15 adder 116a
to 1 when negating, or @Rsetihen@pparhtuswvodn cliadmlize) iwhereinitdosar ded LSB

![;sn: i-hl fted gﬁg@faﬁb’;ﬁ,e%g%ﬁf gﬁ:ccyggmﬁﬂgf ?{?a}ﬂszﬁr thlfeé][%e Shext ray,

and the Fwspmme-ﬂﬁmd:mm@h@tlwow%m%d above using

the  shiftedam s’g:v%nd-g. WP & Uilel ldtidoded HransmitedPidhta S ﬁh&lhangecj
according to their correspondi ng coefficients retrieved fromthe

coefficient nmenory 115a. In this way, sets of 128 conplex correlations 25
are conputed for a plurag.ty e &Iiip‘atxﬁmfs ofe claliec g7y edrargirethd . e., for

a plurality of acc wnth Appl i cant ntion, the

real and inagﬁﬁﬁgi%B&FPETEPqﬁ% %F%F A NP PFaLs qﬁwﬁ%ﬁﬁé%? Etap are
wei ght ed by v&heetimel-ashiftesD gnoupst wd thethes orthbgonall/ 450de . . accordi ng
to their 10elBlilapdHiigt e it deicbRed® trifsaiteedd dita SARRYYI NG thei T

mean values over a perio
in descending or er of correlatlon result magnitude.

39. The apparatus of claim 38, further
comprising means for subtracting a set of values
representing a waveform corresponding to the

15 orthogonal code corresponding of the decoded
transmitted data symbol from a time-shifted group
after that group has beén re~correlated with the
orthogonal code corresponding to the decoded
transmitted data symbol.

20 40. The apparatus of claim 39, wherein the
set of values is based on the correlation result.

41. The apparatus of claim 40, wherein the
subtracting means includes means for setting to zero
the correlation result corresponding to the decoded

25 transmitted data symbol produced by the Fast Walsh
Transform determining means and the Fast Walsh
Transform determining means includes means for
determining an inverse fast Walsh transform of the
correlation results and for replac1ng the stored



plurality of digitized samples with new samples

one informati in NfAversef fisteWalshmtramefatmon, al t hough
only exenpl ar@&zlsésl%mf%&et&%g ° 24

whi ch i nformation synbols consist of groups of seven bits used to sel ect
one of 128 orthogonal 128-chip codewords for transm ssion. The signal
recei ved at the receiver is sanpled at | east once per chip and 5 the
sanples are fed sequentially to a buffer store containing at | east
128-chip's worth of sanpl es.
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The FWI processor process®8 i3plemspFatien affghergt LVeLRitYone chip
apart to produceodB8ningoinchaRAKE reteiverothatpusesngneépgihdnl?28 possi bl e
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that tap and wel ght ed val ues cunul ated I1n 128 accunulators 116
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t he' buf fer fi0|cuorentdémain-path)gigrn) samplesioand withuther -nenFry
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conditioning, the received signal is digitized and

15 the signal samples are stored. Groups of samples are
Fast Walsh Transformed, and the real and imaginary
transforms are scaled according to a table of
coefficients; the scaled results are stored.
Weighted, scaled transforms of groups shifted by 1,

20 2, 4, ... samples are accumulated, and the index of
the largest-magnitude accumulation is used to select
real and imaginary transform values. The selected
values are transferred to a RAKE coefficient computer
and quantizer that determines from the sequence of

25 values presented the mean value and trend of the real
and imaginary components. A Kalman filter may use
these values to estimate the values that will occur
during the next group analysis period.
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Code Division Multiple Access (CDMA) mobile radio
telephone system, and more particularly to a RAKE
receiver scheme for such signals.
.In CDMA communication systems, transmitted
10 information signals overlap in both time and
frequency as described in, e.g., N. Tzannes,
communication and Radar Systems, pp. 237-239,
Prentice-Hall, Inc. (1985). An informational data
stream to be transmitted is impressed upon a much-
15 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) process that appears random, but can be
20 replicated by 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 two bit. streams are represented by +1
25 or —1. This combination of the higher-bit-rate
signal'with the lower-bit-rate data stream is called
ncoding" or "spreading” the informational data
stream. Each informational data stream, or channel,
is allocated a unique signature sequence, or
30 "spreading. code".
A plurality of coded information signals
modulate a radio-frequency (RF) carrier by, for
exapple, quadrature phase shift keying (QPSK), and
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information bit is a "—1" or "+1". The signature
15 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.
The receiver correlates the received signal with the
known signature sequence of its own signature
20 sequence generator to produce a normalized value
ranging from —1 to +1. When a large positive
correlation results, a "—1" is detected; when a large
negative correlation results, a "+1" is detected.
Various aspects of PN codeword detection with
25 correlators are described in f. Stremler,
Introduction to Communication Systems, 24 ed., pp.
412-418, Addison-Wesley Publishing Co. (1982).
Another CDMA technique, called “enhanced CDMA
with direct spreading" allows each transmitted
30 sequence to represent more than one bit of
information. A set of codewords, typically
orthogonal codewords or bi-orthogonal codewords, is
used to encode a group of information bits into a

much longer code sequence or code symbol. A
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indicating which information bits were most likely
sent. One common orthogonal code is the Walsh-

10 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 _ _
convolutional code. One or more information bits can

15 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 is added to the code sequence.

There are a number of advantages associated with

20 CDMA communication techniques. The capacity limits
of CDMA-based cellular telephone systems are
projected to be up to twenty times that of existing
analog technology due to wideband CDMA's improved
coding gain/modulatioh density, voice activity

25 gating, sectorization, and 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

30 offered. The 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.
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In mobile communication systems, signals
transmitted between base and mobile stations
15 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
20 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
25 have pfopagated along different paths (referred to as
"rays"), some of which may have 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
30 the I and Q chip samples, since each signal image is
an N-chip sequence in a traditional CDMA system. 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
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RAKE receivers are described in R. Price et al., "A
communication Technique for Multipath Channels",
Proc. IRE, vol. 46, pp. 555-570 (March 1958);
G. Turin, "Introduction to Spread-Spectrum

15 Antimultipath Techniques and Their Application to°

- Urban Digital Radio", Proc. IEEE, vol. 68, pp. 328-

353 (March 1980); and J. Proakis, Digital
Communicatio s, 2d ed., pp. 729-739, McGraw-Hill,
Inc. (1989).

20 A RAKE receiver uses a form of diversity
combining to collect the signal energy from the
various received'signal paths, i.e., the various
signal rays. Diveisity provides redundant
communication channels so that when some channels

25 fade, communication is still possible over non-fading
channels. A CDMA RAKE receiver combats fading by
detecting the echo signals individually using a
correlation method and adding them algebraically
(with the same sign). Further, to avoid intersymbol

30 interference, appropriate time delays are inserted
between the respective detected echoes so that they
fall into step again.

An example of a multipath profile of a received
composite signal is illustrated in FIG. 1. The ray



time T, with an amplitude 4,, and rays propagating
27d 3ecaus%1tdi'ﬁ;|nfaﬁééﬁt p&this agdiiviecdth)t diniees oryt,hagpny) withal sh bl ock
coderor s ot AL ileA XS 561 2021 FenpedBiFRlirY O SRy, .
| argest 5 @it aypicakt RARENedcelivery dasmds ttieat atlyestime correl ation
rror. st he dSAYS esfwadn  The BATS ake & WAL, OB aCR 0C B O g
seven  inforlaEi Bp bidE, Bpc VB ite@ddhl }ﬂmbl'lbt 1=v§'by+s$@'w goxothe phase
2,12 o S, i S e g !
degr ees andxs;mblmﬂitlmatﬁdmfno@d thﬂﬁé-’rﬁ<331\@¢,2°?m-'€15?+] sin(45)) C4
is received andi i 1s history.

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 the expected time delay (dt),

15 i.e., the expected time between receiving echoes.

The outputs at the RAKE taps are then combined with
appropriate weights. Such a receiver searches for
the earliest ray by placing a tap at T,, and for a ray
delayed by dt by placing a tap at T,+dt, and so forth.

20 The RAKE tap outputs having significant energy are
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

25 be searched. In one useful CDMA system, up to 128
microseconds (usec) can be searched, corresponding to
thirty-two chips, and the total time delay of the
taps that can be combined is thirty-two usec,
corresponding to an eight-chip window movable within

30 the thirty-two-chip total delay.

FIGS. 2A and 2B illustrate how manipulating the
RAKE taps adapts the RAKE receiver to signals that
have different delays. In FIG. 2A, eight taps, which
are identified by the arrival times T, - T,, are
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is shown in FIG. 3. A received radio signal is-
demodulated by, for example, mixing it with cosine
15 and sine waveforms and filtering the signal in an RF
receiver 1, yielding I and Q chip samples. These
chip samples are collected in a buffer memory that is
composed of two buffers 2a, 2b for the I, Q samples,
respectively. As illustrated in FIG. 3, the bottom
20 of each buffer 2a, 2b contains the most recently
received chip samples.
A multiplexer 3 receives the buffered chip
samples and sends complex correlators 4a, 4b a range
of I chip samples and the corresponding range of Q
25 chip samples. The range selected includes N samples
corresponding to the N-chip sequence arriving at a
certain time. For example, if the buffers 2a, 2b
each contain 159 chip samples (numbered 0-158) and N
is 128, then the multiplexer 3 would send chip
30 samples numbered i through (i+127) from the I buffer
2a, and chip samples numbered i through (i+127) from
the Q buffer 2b to the correlator 4a, where i is the
discrete time index of the signal rays from when the
buffers were first filled. Two different sets of
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In general, a complex correlator correlates a
10 complex input stream (I+jQ samples) to a complex
known sequence, producing a complex correlation
value. If the signature sequence is not complex,
each complex correlator can be implemented as two
scalar correlators in parallel, which may be defined
15 as a "half-complex" correlator. If the signature
sequence is complex, the complex correlators
correlate a complex input to a complex sequence,
giving rise to "full-complex® correlators. It is to
be understood that the term “complex correlator" will
20 be used hereinafter to refer to both of the
aforementioned scenarios.

Following correlation, the complex correlation
values are transmitted to complex multipliers 5 that
multiply the correlation values by the complex

25 weights that each consist of a real part and an
imaginary part. Typically, only the real parts of
the products of the complex correlation values and
weights are sent to an accumulator 6, which sums the
weighted correlations for all the signal rays

30 processed. The accumulated result is sent to a
threshold device 7, which detects a binary "o" if the
input is greater than a threshold, or a binary "1" if
the input is less than the threshold.
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of data samples from the multiplexer 3 to the known
15 spreading code sequence. Consider data samples X(k),

" X(k+1), ... X(k+N-1), which are discrete timé samples -
of the received data. If the receiver is trying to
detect a code sequence C(0), C(1), ... C(N-1), which
consists of N values (usually %1 values), the

20 correlator 4a correlates some set of N data values
with the N code sequence values as'follows:

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

N-1
=E X(n+k) C(n)

=0

where the index k indicates where to start in the
data sequenée. This corresponds to a relative time
of arrival of the signal, and as described above

25 different arrival times corréspond to different
signal rays. Thus, ray k corresponds to a range of
data values needed: {X(k), X(k+1), ... X(k+N—-1)}. If
N is large, rays k, k+l correspond to ranges that
substantially overlap.
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FIG. 4 illustrates a parallel approach. A data
buffer 53 stores consecutive time samples, X(n), of
10 the received signal, and a multiplexer 54 selects a
range of N data values, {X(k), X(k+1), ... ,
X(k+N—1)}, which are sent to a correlator 55. A
group of multipliers 56, which corresponds to the
inputs to the correlator 55, multiplies the data
15 values by corresponding spreading code sequence
values C(0), C(1), ... C(N—1). The products are
summed by an adder 57 to form the correlation value
R(k) . ' '
FIG. 5 illustrates serially accessing the input
20 range to compute R(k). An input buffer 58 stores the
received data samples. The buffer 58 may be only one
sample long because only one sample will be
correlated at a time. If the buffer 58 is more than
one sample long, a multiplexer 59 would be provided
25 to select a particular sample, X(k+i), where i is
determined. by a suitable control processor 60. The
sample stored or selected is sent to a correlator 61,
which computes the product of the sample X(k+i) with
one element, C(i), of the code sequence.using a
. 30 multiplier 62. This product is combined by an adder
63 with the contents of an accumulator 64 that stores
accumulated past products. The contents of the
accumulator 64 is originally set to zero, and i is
stepped from 0 to N—1, allowing the accumulation of N
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Ry (k) =Y I(n+k)C(n)

10 and where:

N-1

R,(k) =) o(n+k)C(n)

The correlation values are multiplied by the
complex weights W(k) = W (k) + jWe(k), and the results
are accumulated into the decision statistic, 2, which
is given by:

z= Y ReW(KR*(K)}= T W (k) Ry(K) +W,(k) Ry (K)

k
wik) s0+50 Nikie0eg0

15 The quantity 2 is then thresholded in the threshold -
device 7 to determine whether a "—1" or a "+1" was
sent.
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also, in non-coherent D E, the square magnitudes of
the selected correlation values are summed, which
obviates the need to align them in phase before
10 summing. Accordingly, the weights can be applied
either before or after the square magnitudes are
determined. The main difference from the coherent *
receiver shown in FIG. 3 is that the set of complex
multipliers 5§ that apply the complex weights to
15 respective complex correlation values is replaced by

a squared-magnitude processor 15a followed by

weighting with 0 or 1 in a weight processor 15b.
In FIG. 6, a suitable receiver/digitizer 11

amplifies, filters, demodulates, analog-to-digital

20 converts, and finally buffers the in-phase and
quadrature components of the received composite radio
signal into streams of complex digital samples I, Q.
The sample streams I, Q are processed by a set 14 of
correlators that compute the values of correlations

25 of the sequence of signal samples with shifts of the
receiver's spreading code sequence that are generated
by respective ones of a set of local code generators.
Of course, one code generator and suitable components
for shifting the generator's code sequence can be

30 used instead. For a multipath profile such as that
shown in FIG. 1, the set 14 could comprise four
correlators, one for each of four shifts of the
spreading code, and the shifts of each code sequence
would ideally correspond to the arrival times T, - T,.
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complex correlation values for the four shifts of the

15 spreading code are then computed from the in-phase
(real part) and quadrature (imaginary part) compohent
samples by the squared-magnitude processor 15a.

The DRAKE multiplicative weighting coefficients

are applied by the weight processor 15b to the

20 squared magnitudes of the correlation values.
Because in a DRAKE receiver the weights are only 0 or
1, processor 15b can also be regarded as a tap
selection device. The four weighted magnitudes for
the shifts of the spreading code are then combined by

25 an adder 16. It will be appreciated that more or

" fewer than four shifts of each spreading code may be
processed to handle other multipath profiles.
Setting selected ones of the weights to zero as in a
_ DRAKE receiver eliminates the contribution of the

30 respective correlation magnitudes from the output of
the adder 16, and thus can be used to ignore rays
that may have been deemed rarely to contain
significant signal energy.
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code sequences and their shifts, which would be

| produced by the local code generators. A set of a

10 squared-magnitude processor, a weight processor, and
an adder would be provided for each different
spreading code sequence. The outputs of the adders
for the set of spreading codes would be provided to
the comparator device 17.

15 For a system using block codes, the output of
the comparator device 17 is an index value
representing the spreading code that produced the
largest adder output. In a system using 128 Walsh-
Hadamard orthogonal spreading codes, the

20 comparator device 17 examines 128 adder outputs,
yielding seven bits of information. Walsh-Hadamard
codes are advantageous because a'Fast,Walsh Transform
(FWT) processor, such as that described in commonly
assigned U.S. Patent Application No. 07/735,805, can

25 produce the 128 correlations for each shift of the
spreading codes very rapidly. The comparator device
17 can advantageously be implemented by the maximum
search processor described in commonly assigned U.S.
Patent No. 5,187,675. The above-cited application

30 and patent are expressly incorporated here by
reference.

In the coherent RAKE receiver, the complex
weights scale the correlation values to maximize the
overall signal-to-noise-and-interference ratio, and
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objects causing the echoes.
In a CDMA system using 128 Walsh-Hadamard
orthogonal spreading codes, a non-coherent RAKE
receiver expecting a four-signal multipath profile
20 requires 1024 squaring computations to develop the
squared magnitudes from the real and imaginary parts
of the correlation values and 512 multiplications to
apply the weights. For such a system and profile, a
coherent RAKE receiver requires at least 2048
25 multiplications to apply the comﬁlex weights to the
correlation values. From a processor hardware point
of view, multiplication is Qenerally more difficult
than squaring because multiplication involves two
input arguments rather than one. Therefore, a
30 coherent RAKE receiver is typically more complicated
than a non-coherent RAKE receiver.
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10 that has higher performance, but is less complex,
than a non-coherent RAKE receiver.

In one aspect, Applicant’s invention
encompasses a method for decoding a CDMA signal
comprising the steps of correlating at least two

15 time  shifts of a received signal against a
spreading code and weighting the results according
to coefficients selected from a coefficient store.
The time shifts correspond to a transmitted data
symbol, the spreading code and its complement

20 correspond to different transmitted data symbols,
and each coefficient has a sign and a wvalue that
ig an integer power of two and corresponds to a
respective time ghift. The method further includes
the steps of summing the results of the weighting

25 step for each time shift in respective
accumulator, and determining a -sign of the
accumulator sums to decode the transmitted data
aymbol.

In another aspect of Applicant’s invention,

30 an apparatus for decodihg CDMA signals comprises
means for correlating at least two time shifts of
a received signal with a spreéding code, the spreading
code and its complement corresponding to different
transmitted data symbols and the at least two time
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In other aspects of Applicant's invention, a
method and apparatus further includes a step of or°
means for subtracting a waveform corresponding to the
decoded transmitted data symbol from the received
15 signal. In a further aspect of Applicant's
invention, the method includes correlating at least
two time shifts against at least two spreading codes,
the spreading codes corresponding to different
transmitted signals, and summing the results of the
20 weighting step for each time shift in a respective
accumulator for each spreading code. In another
aspect of Applicant's invention, the weighting
coefficients used for succeeding transmitted data
symbols are based on previous correlation results and
25 decoded transmitted data symbols. Yet 6ther aspects
of Applicant's invention are described below.
The performance of a quantized coherent RAKE
receiver in accordance with the invention is better
than that of a non~-coherent RAKE receiver, and is
30 almost as good as that of a conventional coherent
RAKE receiver using non-quantized complex weights.
In addition, the quantized coherent RAKE receiver is
less complex than either conventional receiver
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FIG. 3 is a block diagram of a conventional RAKE

receiver using post-correlator, coherent combining of

different rays;

FIG. 4 illustrates a parallel approach to the

computation of the correlation R(k);

FIG. 5 illustrates a serial approach to the

computation of the correlation R(k);

FIG. 6 is a block diagram of a conventional non-

coherent DRAKE receiver;

FIG. 7 is a block diagram of a quantized

coherent RAKE receiver in accordance with Applicant's

invention;

25

30

FIG. 8 shows a series of graphs illustrating how

CDMA signals are generated;

FIGS. 9 and 10 show a series of graphs for

illustrating how CDMA signals are decoded;

FIG. 11 shows a series of graphs illustrating a

subtractive CDMA demodulation technique; and

FIG. 12 is a partial block diagram of a RAKE

receiver for signals employing scrambling masks.
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modi fied by the m‘i*%fgéﬂmgféaigm of a quantized coherent RAKE

10 receiver 110 in accordance with Applicant's invention
is shown in FIG. 7. A receiver 111 appropriately
amplifies, downconverts, and filters a received
composite radio signal, and analog-to-digital
converts the result. Digital I, Q samples of the in-

15 phase and quadrature signal components are collected
in a sample buffer memory 112. The timing of A/D
conversion and sample transfer into the buffer are
coordinated with other receiver processes, such as
carrier frequency synchronization, by means of a

20 suitable timing generator 120. After 128 complex
samples are collected in the buffer 112, the timing
generator 120 enables an FWT processor 114 to compute

. 128 correlations with the contents of the sample
buffer.

25 Using the exemplary OQPSK modulation, alternate
chips of the spreading code appear shifted 90 degrees
compared with those in between, e.g., even chips may
appear in the I channel and odd chips in the Q
channel. Accordingly, a systematic 90-degree pre-

30 rotation of the phase may be applied to align the
phase of odd chips with those of even chips. A known
method is to apply a systematically increasing
rotation of 0, 90, 180, 270, 360 (= 0), 90, 180,

. « . degrees to sequentially received complex
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Despite the above described measures used to

15 align even and odd chips into the same phase plane,
the unknown phase due to radio propagation across a
distance of millions of wavelengths means that this
phase plane may be the real plane, the imaginary
plane, or anywhere in between. Accordingly, the FWT

20 processor 114 must correlate both the real and
imaginary parts of the signal to guarantee that all
received signal energy is encompassed. '

The FWT processor 114 advantageously employs
serial arithmetic internally as disclosed in U.S.

25 Patent Application No. 07/735,805 that was
incorporated above by reference. Such a FWT
processor efficiently processes M binary input values
presented serially, least significant bit ("LSB")
first, on M respective conductors or inputs. It will

30 be appreciated that two 128-point FWT processors may
be provided for computing in parallel the complex
correlations' real parts (from the in-phase samples)
and imaginary parts (from the quadrature samples).

On the other hand, one 128-point FWT processor may be
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suitably delaying use of the sérial bit stream

produced by the FWT processor 114. Delaying the use.

10 of the FWT processor's output bit stream by one bit
has the effect of multiplying the correlation values
by one-half; delaying use of the output by two bitsg
"multiplies™ by one-quarter; and so on. Thus, for
example, to divide by 2, the first bit to emerge (the

15 least significant bit) is not used. The next bit to
emerge is then used as the least significant, and so
forth until the last bit has emerged. The last bit
to emerge is then held and re-used as a sign
extension bit until the required number of output

20 bits has been used. These delays can be easily
effected by the timing unit 120's issuing clock
pulses to the FWT processor 114 and buffer memory 112
at appropriately different times.

In addition, it will be appreciated that the

25 timing unit can selectively delay the clock pulses by
a first amount to implement the appropriate weight
values for the correlations' real parts and then
selectively delay the clock pulses by a second amount
to implement different weight values for the

30 correlations' imaginary parts. :

It will be noted that correlation values on taps
having smaller coefficients may be determined first,
and the parts of the FWT hardware for real and
imaginary parts can be switched to determine



example, if tap/shift 1 has real coefficient 1 and
10 the seri al juQgidiaty Q&oé@f\yeiéﬂt inbaaaetlapt ISEt 3 &S Uupexe- ORed or
nodul o- 2 added to the scranb ge retrléggifrpn1the zfnn 140 by
an N-bit addefcoet ﬁﬁfeQ?'T4éﬁr §|6B69§9ﬁﬁWé§ It ffi¥e
scranbl i ng lsﬁ@ wlpi'dtﬁtiawmfoadvhntaerhssh €irut Jfommbb athee
conponents. e _de ed signa, ae e ec t renai nder of
t he RAKE recef'"\? W% t%‘ipFé\Tagi F&ﬁﬁ %3%43%3% a%%cﬁ?%ed above.
In such a sysumaxgmnyceﬂi’hfchherilbnesetgp 1. dpedhiat ivaypntheted to
bl ocks of NI( EFMH S If§§s C d with
error correcting or %%fn C% % iz g%o‘r:?a dtﬁl co?iﬂ?esg 9#&
or t hogonal Z[GﬂQPdeDQQ dU@@“DﬂHétaréosénﬁﬂ&hﬁﬁ he) FWBgufer2 N bit
addi tion of od coerFiRliditdB6/2 (4P detaﬂlhedr et Igifel €H@M actepk-up table

i ther N[ e 1] SRESFRITGE IR ust 208 AGARM dotdle ARGPILAROEA i ch
met hod was usQdtho diRiYétthé r@l@ﬁmﬂbhnae ﬂS!fSlthe fortmerd hus, the nunber of
bl er 1] <1 ot or ARREESt im0 SFLRY1ho0Eher BeEIRY 13 SHFED=: (@hsni 11 ng
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aSSOCiatedlwihgs%ard the least significant bit) is appropriate.
This modification of the currently preferred
implementation can be practically advantageous.
Scaling profiles, i.e., the weights, for each
correlation's real and imaginary parts may be imposed
20 by using parameters stored in a coefficient memory
115a to control * sign changes imposed by a sign
changer 115b. The sign changer 115b may, for
example, be a combination of an inverting gate and a
selection switch'thét selects either the gate's
25 output stream or its input stream according to
whether or not a sign change is desired. Such a
combination may also simply be implemented by an
exclusive-OR gate.
The scaled and sign-changed correlation values
30 are bitwise summed in 128 accumulators 116, each
accumulator being dedicated to a respective FWT
output point and advantageously comprising a bit-
serial adder 116a and a recirculating bit-serial
memory 116b. Thus, scaling occurs before the
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complementing the bits and then adding 1 to the
complemented value. However, since the "add 1"
operation is performed at an LSB, it can often be .
10 neglected if the word length (precision) is adequate
without it. Alternative ways of dealing with
rounding such as this, and such as in the case of
discarding of the LSB in the "delay" procedure above,
are to preset the carry flip-flop of the bit-serial
15 adder 116a to 1 when negating, or presetting to 1
when dividing if the discarded LSB is a 1.

The contents of the sample buffer 112 are then
time~shifted one or more samples according to the
delay of the next ray, and the FWT processor 114

20 computes correlations as described above uéing the
shifted samples. These correlations are scaled and
sign-changed according to their own corresponding
coefficients retrieved from the coefficient memory
115a. In this way, sets of 128 complex correlations

25 are computed for a plurality of shifts of the
received samples, i.e., for a plurality of rays.

In accordance with Applicant's invention, the
real and imaginary parts of the correlation values
from each RAKE tap are weighted by values selected

30 from the series +1, #1/2, *1/4, . . . according to
their relative importance and sign, as determined by

- observing their mean values over a period longer than
one information symbol. The currently preferred
implementation, although only exemplary, is one in
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weighting by the quantized coefficient determined for

15 the real part of that tap and weighted values
accumulated in 128 accumulators 116 respectively.
Likewise the 128 imaginary values are weighted by the
quantized coefficient determined for the imaginary
part of that tap and accumulated in the 128

20 accumulators. Upon receipt of another signal sample,
it is then shifted into the buffer and the oldest
sample in the buffer falls outside the FWT 128~-chip
window. The buffer memory should thus be large
enough to contain the number of signal samples

25 corresbonding to 128+L chips, where L is the number
of RAKE taps. The FWT then produces 128 further
correlations using the new shift of samples in the
buffer corresponding to a different RAKE tap,'and the
real and imaginary parts of those are weighted with

30 the quantized coefficients determined for that tap
before accumulation.

After all desired RAKE taps have been processed
in the above way, the 128 accumulators contain the
sum of the weighted correlations from each tap.
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Having determined the transmitted codeword in

this way, the correlation with that codeword from

10 each RAKE tap is selected, either by remembering the
original correlations in a memory and then accessing
it, or by reprocessing each buffer shift again but-
‘this time with the need to calculate only one
correlation value per shift corresponding to the

15 decided codeword. The real and imaginary parts of
each correlation are then separately averaged by a
coefficient computer and quantizer 130, which
provides an averager for each candidate RAKE tap, and
the average values are used in determining the

20 quantized weighting coefficients for each tap that
are to be used for accumulating correlation values to
decode the next transmitted symbol.

For example, assume that the averagers for a set

of RAKE taps produce the values in the table below.

25 The appropriate quantized weighting coefficients
determined by the computer and quantizer 130 for the
next transmitted symbol might then be as shown in the
rightmost column.

TAP TAP AVERAGE QUANTIZED COEFFICIENT

30 REAL TIMAG REAL IMAGINARY
1 0.9 -0.1 1 .0
2 -0.71 0.69 -1 1/2
3 0.28 -0.6 1/4 -1/2
4 0.13 -0.22 0 -1/4
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- correlation value with the decoded codeword is
available. The preferred Kalman filter may also

15 advantageously compute an estimate of the time-
derivative of tap phase, that is a frequency error,
in order to better predict the complex value of the
next correlation by applying the phase rotation
anticipated over a symbol period to the previous,

20 corrected prediction in order to obtain the next
prediction. This may be done in addition to using
real and imaginary time-derivatives to anticipate the
new real and imaginary values one symbol period
later. A weighted average over all taps of their

25 corresponding phase derivatives is also a good
indication of signal frequency error due to
transmitter and receiver oscillator errors, and can
be used to apply a compensating anti-rotation to
received signal samples as a form of Automatic

30 Frequency Control (AFC), and/or to correct the
receiver's reference frequency oscillator.

It will be appreciated that averaging the

correlation values over a number of transmitted
symbols determines the average signal strength
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information bits, and varies only relatively slowly -

10 in phase'and amplitude at the channel fading rate.
For example, if the channel results in a received
signal amplitude of 0.32 with a phase of 45 degrees
and code C4 is transmitted, then :
0.32+(cos(45)+j+*sin(45)) +*C4 is received and that

15 complex value pops up.in bin 4 of the FWT. If code
C97 is next transmitted and the channel has changed
slightly so that the received signal has an amplitude
of 0.29 with a phase of 53 degrees, then the complex
value 0.29¢(cos(53)+j+sin(53)) +C97 pops up in bin 97

20 of the FWT. Averaging the values from the largest

- FWT bins yields the following:
Xpew= (0.32°cos(45) + 0.29+cos(53))/2
Yo= (0.32:sin(45) + 0.29:sin(53))/2
which are the proper mean values.

25 It will be recognized that when binary
signalling is'used, it is necessary to remove the
inversion or modulation caused by the information
before averaging. For example, in a system using
binary PSK modulation, the information is carried by

30 sign reversals of a single spreading code sequence

- according to the values of the data bits; the
spreading code and its complement correspond to
different respective transmitted data symbols. The
sign of the one correlation value yields the decoded
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process. The computer and quantizer 130, which would
thus be equivalent to a convolutional decoder, would
then use the corrected bits, which are much more
likely to be right, to undo the phase and/or
amplitude changes caused by the data modulation
before averaging the RAKE tap values. This implies a
delay for a data bit to propagate sufficiently far
through the error correction decoder to become more
or less "firm," so the RAKE tap values have to be
saved in a buffer of length equal to this delay for
averaging after the data bits are determined. As
long as this delay is small compared with the rate at
which the channel changes due to fading, no problem
arises.

The functions of the coefficient computer and
quantizer 130 are described in additional detail
below. '

- The quantized coherent RAKE receiver 110
advantageously operates with subtractive CDMA demod-
ulation as described in commonly assigned U.S. Patent
No. 5,151,919 and U.S. Patent No. 5,218,619. In the
systems described in these applications, which are

of the correl ation.

In
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10 systems. Using the waveform examples from FIGS. 8-
10, the improved performance of a subtractive CDMA
demodulation technique is illustrated in FIG. 11.

T™wo different datastreams, shown in FIG. 8-as
signal graphs (a) and (d), represent digitized

15 information to be communicated over two separate
communication channels. Information'signal,l is
modulated using a high-bit-rate, digital code that is
unique to signal 1 and that is shown in signal graph
(b). The result of this modulation, which is

20 essentially the product of the two signal waveforms,
is shown in the signal graph (c). In Boolean
notation, the modulation of two binary waveforms is
essentially an exclusive-OR operation. A similar
series of operations is carried out for information

25 signal 2 as shown in signal graphs (d)-(f). 1In
practice, of course, many more than two coded
information signals are spread across the frequency
spectrum available for cellular telephone
communications.

30 Each coded signal is used to modulate a radio
frequency (RF) carrier using any one of a number of
modulation techniques, such as QPSK. In a cellular
telephone system, each modulated carrier is
transmitted over an air interface. At a radio
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: appropriate baseband frequency, the decoding of the
composite signal takes place. Information signal 1.
10 may be decoded or despread by multiplying the
received composite signal shown in FIG. 9(c) with the
unique code used originally to modulate signal 1 that
is shown in signal graph (d). The resulting signal
is analyzed to decide the polarity (high or low, +1
15 or —1, "1" or "0") of each information bit period of
the signal. The details of how the receiver's code
generator becomes time synchronized to the
transmitted code are known in the art.
These decisions may be made by taking an average
20 or majority vote of the chip polarities during each
bit period. Such "hard" decision making processes
‘are acceptable as long as there is no signal
ambiguity. For example, during the first bit period
in the signal graph (f), the average chip value is
25 +1.00 which readily indicates a bit polarity +1.
Similarly, during the third bit period, the average
chip value is +0.75, and the bit polarity is also
most likely a +1. However, in the second bit period,
the average chip value is zero, and the majority vote
30 or average test fails to provide an acbeptable
polarity value.
In such ambiguous situations, a "soft" decision
making process must be used to determine the bit
polarity. For example, an analog voltage
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aspect of the subtracthe CDMA demodulation technique
is the recognition that the suppression of frié%dly
CDMA signals is not limited by the processing gain of
the spread spectrum demodulator as is the case with

15 the suppression of military type jamming signals. A
large percentage of the other signals included in a
received, composite signal are not unknown jamming
signals or environmental noise that cannot be
correlated. Instead, most of the noise, as defined

20 above, is known and is used to facilitate decoding
the signal of interest. The fact that the
characteristics of most of these noise signals are
known, including their corresponding spreading codes,
is used in the subtractive CDMA demodulation

25 technique to improve system capacity and the accuracy
of the signal decoding process. Rather than simply
decode each information signal from the composite
signal, the subtractive CDMA demodulation technique
also removes each information signal from the

30 composite signal after it has been decoded. Those
signals that remain are decoded only from the
residual of the composite signal. Consequently, the
already decoded signals do not interfere with the
decoding of the remaining signals.



been decoded as shown in the signal graph (a), the
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chip of the code for signal 2 as shown in FIG. 8
signal graphs (d) and (e)), and subtracfed from the
composite signal in the signal graph (4) (again with.

. 10 the first chip of the reconstructed coded signal 2
aligned with the fourth chip of the received
composite signal) to leave coded signal 1 in the
signal graph (e). This is easily verified by
comparing signal graph (e) in FIG. 11 with signal

15 graph (c) in FIG. 8 (truncated by removing the first
three and the very last chip). Signal 1 is
recaptured easily by multiplying the coded signal 1
with code 1 to reconstruct signal 1. Note that
because the bit periods of datastreams for signals 1

20 and 2 are shifted relative to one another by 2 chips
there are only six +1 chips in the first bit period
of the recaptured signal 1 shown in FIG. 11 signal
graph (f). It is significant that while the
conventional CDMA decoding method was unable to

25 determine whether the polarity of the information bit
in the second bit period of signal 1 was a +1 or a —1
in signal graph (f) of FIG. 9, the decoding method of
the subtractive CDMA demodulation technique
effectively resolves that ambiguity simply by

30 removing signal 2 from the composite signal.

As described above, the re-calculation of
correlations by the FWT processor 114 on different
shifts of the samplé buffer and the successive
subtraction of the correlations of the detected
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spreading codes are modified by the bit-wise modulo-2
addition of predetermined scrambling bit patterns.
Such systems are described in commonly assigned PCT

15 Patent No. W093/21709, for "Multiple Access Coding
for Mobile Radio Communications", which is expressly
incorporated here by reference.

FIG. 12 shows a portion of the RAKE receiver

shown in FIG. 7 with the additional components needed

20 for operation with scrambling bit patterns, or
scrambling masks, having the properties described in
the above-cited patent application. These scrambling -
masks are advantageously stored as a look-up table in
a RAM or ROM memory, for exaﬁple, from which a

25 particular mask is retrieved by supplying its
associated address. While described in terms of a
memory look-up table, it will be appreciated that a
suitable code generator, such as a digital logic
circuit or microcomputer, that produces on-line the

30 scrambling' masks indicated by selection control input
signals may also be used.

The composite signal received by an antenna is

provided to a receiver demodulator 11lla that



signal. A serial-to-parallel converter 1llb converts

30 A A
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'in which each information signal is decoded in the
receiver is determined by the receive scrambling mask
selection address b, or by applied to a scrambling
mask memory 140. The parallel samples buffered in

10 the serial-to-parallel converter 111b are bitwise
exclusive-ORed or modulo-2 added to the scrambling
mask retrieved from the memory 140 by an N-bit adder
150. If the received samples are complex, different
scrambling masks could be used for the in-phase and

15 quadrature components. The descrambled signals are
then decoded by the remainder of the RAKE receiver,
including the FWT circuit 114, as described above.

In such a system, source information, e.gq.,
speech, is converted to blocks of M (or M+l) binary

20 bits, and these bit blocks are encoded with error
correcting orthogonal (or bi-orthogonal) block codes.
The orthogonal 2M-bit block codewofds are scrambled
by modulo-2 N-bit addition of a scrambiing mask that
may be retrieved from a look=-up table in a memory.

25 In the case of ideal scrambling masks, there may be
either n,=N? or n;=N/2 scrambling masks, depending on
which method was used to generate the scrambling mask
set. Thus, the number of bits needed to address each
mask from the memory is either b,=log,(n,) or

30 by=log,(n;), and by transmitting the b,-bit or by-bit
scrambling mask selection address associated with a
particular scrambling mask to the memory, that mask
is retrieved from storage and modulo~2 added to the
block coded signal.
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application incorporated by reference above, the

scrambling mask corresponding to the strongest
informatiion signal would be selected for decoding.
After that signal is removed, the scrambling mask

15 corresponding to the next strongest information
signal is selected and so forth until the wedkest
signal is decoded.

The RAKE coefficient computer and quantizer 130
determines, from the sequence of selected complex

20 correlation values presented to it by the comparator
117, the mean value and trend of the real and
imaginary transform components. These are used by
the computer 130 to predict the values that will
occur in the next analysis period, and thereby the

25 weights that should be retrieved from the coefficient
memory 115a. Thus, the receiver 110 can adapt to
changing multipath conditions. The computations
carried out by the computer 130 generally require a
digital signal processor such as a model TMS320C50

30 available from Texas Instruments.

The predicted values are preferably normalized
to the magnitude of the largest, which is assigned
the value $1; the remainder are quantized as follows:

if magnitude > 0.7, then quantize to t1;
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e
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exanpl e to an i nverpRepeomputiert W30 ' meedi¢tionyof the correlation
values for the next analysis interval from previous _
10 values can, in the simplest case, just involve
predicting that the next values will be the same as
the previous values.
In cases where the correlations are changing
slowly, a better prediction is that the future
15 correlations will be a running average of
corresponding previous values; the running avérége
can be developed from previous values in a moving
window of predetermined width, either with equal
weights or with exponentially decreasing weights for
20 older results (the latter is sometimes called
"exponential forgetting"). Letting Z(i) stand for a
complex correlation at time instant i and Z(i) stand
for the running average at time instant i of previous
complex correlations, a suitable prediction for the
25 next running average is given by the following
expression:
Z(i+1) = z(i) + (2(i) — 2(1))/4
This expression has exponential forgetting over a
running window of four correlation intervals. For a
30 4x128-chip interval, exponential forgetting is
appropriate so long as signal amplitude and phase
changes due to fading are not excessive over this
interval. Fading rates are related to Doppler shifts
and these lie in the spectral range of about 0~100 Hz
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10 more rapidly, e.g., when the propagation path is
rapidly varying, the future correlation values are
better predicted using the trend or time derivative
of the correlation. The trend can be advantageously
developed by using the measured correlation Z(i) to

15 correct the previous prediction Z(i) and its
derivative 2'(i) according to the following
expressions: |

2. (1) = 2(i) + a(2(i) — Z(1))
Zo' (1) = Z27(i) + b(2(i) — 2(1))

20 wvhere a and b are suitable coefficients. The
corrected values 2.(i) and 2.’ (i) are then used to
develop the prediction 2Z(i+1) according to the
following expression:

2(i+1) = Z.,(i) + Z.,°(1i) 4T

25 where dT is the time difference between predictions.
By suitable choice of the coefficient b, AT can be
taken as unity or an inverse power of two, thereby
advantageously avoiding a relatively time-consuming
multiplication.

30 The coefficients a and b are found by applying
known Kalman filter theory. General aspects of
Kalman-type estimators are described in the
literature, e.g., H. VanlLandingham, Introduction to

Digital Control Systems, ch. 8 "Observability and
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current best estimates. The next values of A(i+1),
Z(i+l1l) and 2z’ (i+1) can be anticipated from the
previous estimates before any new information is
10 received by means of:
Z(i+l) = 2(i) + 27(i)ar
Z7(i+1) = Z7(1)
which states that Z(i) is predicted 4T forward using
the derivative estimate, but the derivative estimate
15 remains the same as we have no second derivative
estimate with which to make a better prediction.
These equations can be written as follows:
1dT

A(i+1) = [o 1] .A(i). The matrix [: le] will be

désignated by the symbol W, which then represents the
20 systematic expected change of A even if no further
information were to be received.

According to Kalman filter theory,'an inverse
covariance matrix P, in this case a 2x2 matrix of
complex coefficients, is also predicted from its

25 previous value, the process having been initiated
with P large and diagonal. P(i+1) is predicted from
P(i) according to the following matrix expression:

P(i+1) =W P(i) W +Q



constant macrix, uUSual.iy Qidyllilad, Lilat UsLELdliliCo
corr espondi ng How £astspehe i process canf track changes. Alsoagtheée results
of the weighti CAnLi Lt aian ' ccunul at or ;
ViYW tnd %eﬁésﬁtd%éﬁatéggias&% K R Y IPLE

and termnrng a 20" accunul ators to
decode the ®r dise it cthelnextyperrelation value to be comPWERRbdlsf claim

1, wherein thereq é&”é%éﬂﬂiﬁéePtpiQdHC!ﬁnE%H@H(Bi e aiex€oned
values in bit-serla orm T met hod of claim 2,

wherei n the 293&Hﬁﬁrﬁf%ﬂéﬁh%oﬁﬁ11§¥§n9h8x§?8553%n§unning the weighted
ﬁg;;f!ggions bit-sqyt@#iyi%nr$%pi¥1? L;y ?f I recircul ating biht-serialh
step conprisedh tﬁ‘%tﬁﬁ%fiﬁepﬁgpﬁz 8 §P1§3a|§:rﬁpe%[ﬁ H—%ﬁ%‘gﬁ’é sgﬁs \g;l gnt o
amount cor nesgjuyt E(i€l) heo thel fuhetioneff isi simply _ '

U(i+1l) = 1+Z(i+1) + 0Z’(i+1)

. = (1,0)«A(i+1)
The vector (1,0) in its column vector form is-
assigned the symbol X and is the gradient vector of U
15 with respect to the vector A.

The indexing notation using i can be dropped for
brevity as it is implicit that new values on the left
hand side are calculated using previous values on the
right hand side, yielding the following expressions:

20 Predict: P = WePW + Q '

A =W-aA

U = X'.aA
The prediction of U is now compared with the next
observation (i.e., the next correlation value, that

25 is, the actual Z(i+1)), and a prediction error E
computed from the following expression:

E=U-= 2., '

The predictions are now corrected using the
following: '
30 A=A - P'X*E (1)

P =P - PXX#p
[1+x*PX]



equations for updating Z and Z’ using coefficients a
43 andSbh. The FRROI €Hesé cedudtivhsr ¢nntelts deagieed signal
conprises a plurality _of succersé;]\slf conpl ex vector values, the
correl ating st¥BCEORpA axe ag B bf produci ng conpl ex correl ation
val ues, and 5 the coefficients are gonpl ex val ues. 6. The
met hod of clgi m1, V\/nereiAn___t the _at[ a]

b E, showing that [:] equates to

- PX.
The elements of P diminish on each iteration,
corresponding to each correlation having a reduced
effect on the average prediction as more correlation

10 values are taken into account. The addition of the Q
matrix, however, prevents P from going to zero and so
determines how large an effect the most recently
received values ultimately have, i.e., the rate at
which changes will be tracked.

15 Noting that the sequence of P value
calculations does not involve any unknown or noisy
received quantities, but only the constant matrices Q
and X, the sequence of P values and the value to
which P finally converges can be calculated once and

20 for all during design. The final value of P+X gives
a 2-element vector that contains the desired
coefficients a and b. The calculation of P values
may then be dispensed with and the entire calculation
reduces to the previously given formulae using the

25 now determined values of a and b. This is known as
the "Final Kalman" solution.

Thus, the coefficients are obtained from
the final values of the Kalman gain matrix after
running the Kalman algorithm long enough for the gain

30 matrix to converge to constant values. These final
values may also usually be coarsely quantizéd, for
example to an inverse power of two, to permit easy
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transmitted si ng step results are skfm’red for each

time shifts |desprﬂs%c§bvﬁeat’éﬁh9ﬂ§t ing £rop Lhe ribdef and the
det erm ning Saﬂfét | Jardntion. th@nha&muime?was d:&witmu babbhe aﬁm ng

means to deco The

t r ansni th at.a
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10 preceding description, and all variations and
equivalents which fall within the range of the claims

are intended to be embraced therein.



1. A method for decoding a Code Division

10. The nethodu§§€y4¥%néécgg§1éﬁébéf:gapégaga ' Qﬂgng% qoymlsh-kbdanard

codes nodi fied W Se no on of a predeterm ned 25
scranbling bit pattern. correlating atj)leasge twe Hdmerishifisn 96 af urt her

ZZ”"” sing tBeraceiveld \WNgHdW ddeinstadbkppealiing code, the
received signal comprising successive transmitted
data symbols, the at least two time shifts
corresponding to a transmitted data symbol, and the
spreading code and a complement of the spreading code

10 corresponding to different respective transmitted
data symbols;
weighting the results of the correlating’
step according to coefficients selected from a -
coefficient store, each coefficient having a sign and
15 a value that is an inverse¢ integer power of two and
corresponding to a respective time shift;
' summing the results of the weighting step
for each time shift in a respective accumulator; and
determining a sign of the sums in the
20 accumulators to decode the transmitted data symbol.

2. The method of claim 1, wherein the
correlating step produces numerical binary-coded
values in bit-serial form.

_ 3. The method of claim 2, wherein the

25 summing step comprises the step of summing the
weighted correlations bit-serially in a plurality of
recirculating bit-serial memories.

4. The method of claim 3, wherein the
weighting step comprises the step of delaying use of
30 the bit-serial sums by an amount corresponding to the
selected coefficients.

* [+ L M S *



received signal comprises a plurality of successive

pattern from Oesmgiﬂi %%'66 VAU 'thE é@ﬁ?@l]&éihé steps 'diﬁﬁiriféégn a

scranbl i ng sequence generator. aratus for codi ng
a Code Divisthe ®bPPi Gfe PROAuGing WP%%‘F?EFﬁgatigg values, arﬁ‘;‘ins for
correl ati ng gtthaagbefticieits v feompierr vataeesed signal with a :
spreadi ng code, the received signal conprising successive transmtted

data synbols, the at least two time shifts corresponding to a transmtted
data synbol, and the 10 spr eadirm;) metleod naf actaipl enewhem'lewtld:r@raaadi ng

code corresp ' &t I
means for wei gﬁ?gﬁgg‘é%’?’rg &i t Sns fpé;sg dégfﬁéi?ﬁé % stt?%t@nl‘iééa{r%@ >
according to rtwpespreadimgs criles, aﬁh¢ e@ttlemtcﬁﬁpf BEI@#@H%MGS
e ha&bﬁgesaanal Tyl di#hlient Nekahdnifrea 1 ghaly Seia POVe!

of two and correspon a respective tinme shif ,neans for
summi ng t helQethat weigbtiamsten re%ﬂb’éﬁ:c%aebﬁmedmspg’hﬁ% f or

each time shifghift in a respective accumulator for each spreading
code, and the determining step identifies the largest
sums produced by the summing means to decode the
transmitted data symbols.

15 7. The method of claim 6, wherein the
spreading codes are mutually orthogonal.

8. The method of claim 7, wherein the
spreading codes are Walsh-Hadamard codes.

9. The method of claim 8, wherein the
20 correlating step comprises carrying out a Fast Walsh
Transform.

10. The method of claim 7, wherein the
spreading codes are Walsh-Hadamard codes modified by
bitwise modulo-2 addition of a predetermined

25 scrambling bit pattern.

11.  The method of claim 10, fprther
comprising the step of varying the scrambling bit

* c L M s * '



a signal from a scrambling sequence generator.
20 and means for determning a sign of the sum produced by
the sunming nmeans to decode the transnitted data symbol .
13. The apparatus of clal?» 12An\apparatuse for Q89eding g Fe48s produces

bi nary-coded wﬁd%ﬁiéﬁ'Huléibléehbébshpﬁﬂgnal comprlslng:14 The appar at us
of claim 13

bit-serial 9 agtrjglrg ;Egmﬁsgggg?g orEs %&?rﬁei?? ge legl kgé Crenori g
shifts of a received signal with a spreading code,
the received signal comprising successive transmitted
data symbols, the at least two time shifts
corresponding to a transmitted data symbol, and the

10 spreading code and a complement of the spreading code
corresponding to different respective transmitted
data symbols;

means for weightihg correlations produced
by the correlating means according to respective ones

15 of at least two coefficients, each coefficient having
a sign and a value that is an inverse integer power
of two and corresponding to a respective time shift;

means for summing the weighted correlations
produced by the weighting means for each time shift;

20 and

means for determining a sign of the sum
produced by the summing means to decode the
transmitted data symbol.

13. The apparatus of claim 12, wherein the
25 correlating means produces binary-coded values in
bit-serial form.

14. The apparatus of claim 13, wherein the
summing means comprises a plurality of bit-serial
adders and associated recirculating bit-serial

30 memories.

s



. welgntlng means comprises liealls Lo Gelayllng use 0oL a
45 bittseria agluetpsodicedabyn the worrelatting meamws gbyi ng
nmeans coﬁpriseg mgyghd¥) éygégél 95 fhe r %bh g@' val ue produced by

the correl ati ng nean correspon 8 to e respective 5
coefficient.$S coeff101ent- 16. The appar at us of cIa|n112, wherein the

correlating neans correlates the at least tw tine shifts agai nst at
| east two spreadi ng codes, the at | east two spreadi ng codes
corresponding to di fferer6-10 TH@APPAFAEUELPE ﬂgé‘l 32,5 whexain Bhaeng

neans’ sums  VebgHeQ@tddig Qde?dn@nsof@éwaeb theeathileastorewnatime spr eadi ng
code, and the d rn1n|n ans | enté { t he .l.ar gest sungﬂproduced by
the sunming nef pg agalins east two spreadinggcodes

least two spreading codes corresponding to different

10 transmitted data symbols, and the summing means sums

weighted correlations for each time shift for each"

spreading code, and the determining means identifies

the largest sums produced by the summing means to

~decode the transmitted data symbols.

15 17. The apparatus of claim 16, wherein the
spreading codes are mutually orthogonal.

18. The apparatus of claim 17, wherein the
spreading codes are Walsh-Hadamard codes.

19. The apparatus of claim 18, wherein the
20 correlating means comprises means for carrying out a
Fast Walsh Transform.

20. The apparatus of claim 19, wherein the
spreading codes are Walsh-Hadamard codes modified by
bitwise modulo-2 addition of a predetermined

25 scrambling bit pattern.

21. The apparatus of claim 20, further

comprising a scrambling sequence generator and means
for varying the scrambling bit pattern from one code

* c L M S *



scrambling sequence-generator.

~decode the transmtted data synbol s. The appar at us of
claim 16; wherein the pre y rt@gg@gy

18. The apparatus of cl alfr %%p%ﬂ f‘;%?égﬁ 19 codes arne the

Wl sh- Hadanar dreceived signal comprises aTeﬂ%pp&iﬁYUQ oPuUGCESHINR wherein
the 20 Correéaééﬂﬂlg'iagacgg@?ai‘?ﬁﬁaﬁfef& é‘iéﬂ.ﬂ ﬁ%fan% proddcell sh

Transform hé appar at us claim réin the

spr eadi ng codesompbemapgnrnéaﬁignjYﬁiﬂﬁﬁ¢nﬁ9¢u§ﬁeby°3fﬁu e S AR o- 2
addi tion of a phrrdekRr Fhledss> scranbling bit pattern.

23. The apparatus of claim 22, further
comprising means for determining coefficients from
10 complex correlation values produced by the
correlating means, the determined coefficients for
use in decoding a succeeding transmitted data symbol.

24. The apparatus of claim'23, wherein the

coefficient determining means comprises means for

15 averaging the real and imaginary parts of the complex

. correlation values and means for quantizing the

averaged parts to respective values that are each an
inverse integer power of two, the quantized values
being for use as coefficients in decoding the

20 succeeding transmitted data symbol.

25. The apparatus of claim 24, wherein the
averaging means includes a Kalman filter.

26. An apparatus for decoding a Code
Division Multiple Access signal comprising:

25 means for correlating at least two time
shifts of a received signal with at least two
spreading codes, the received signal comprising
successive transmitted data symbols and the spreading

e



symbols;

21. The apparatus of cl apgua0Q, ebir E:B%m: dﬂé@a@iéﬁéaﬁ%aﬁeeaequence
gener at or and neans for varying the“scra ng bit $éségrn from one code
t

46 bl ock t P¥rkheceorrelatppdspeans,; aGGard 199(ﬁﬁ 1CL&REFI ng
sequence genpigidcted from a coefficibht dtvre whefcoséffivcigntsherein

th e
having values selected from the group comprising 1,
+1/2, *1/4, . . . and 0, and each coefficient
corresponding to a respective time shift and a

respective spreading code; .
10 means for summing the weighted correlations
produced by the weighting means for the time Shlfts
for each spreading code;
means for determining the largest sum:
produced by the summing means to decode a transmitted
15 data symbol; and
means for subtracting a waveform
corresponding to the decoded transmitted data symbol
from the received signal.

27. The apparatus of claim 26, wherein the
20 spreading codes are mutually orthogonal.

28. The apparatus of claim 27, wherein the
spreading codes are Walsh-Hadamard codes.

_ 29. The apparatus of claim 28, wherein the
correlating means comprises a Fast Walsh Transform
25 processor.

30. The apparatus of claim 28, further
comprising means for modifying the Walsh-Hadamard
codes by bitwise modulo-2 addition of a scrambling
bit pattern.

|



comprising a scrambling sequence generator and
recei ved signa

val ues, the conP%F Sgﬁegﬁgm tiﬁ%ﬁ?éihngi &(?(q/\;cﬁ%gr and

the coeffici emalaheHadama}rldenodé Uxlkock to another inSreEpomq;petatals of

claim 22, fugtgféonlcgggel %@% ﬁﬁ%d&é&gghela“ eﬁ%‘?:fatﬂo? ents from 10

conpl ex correl S pro orrel &1 ng neans, the
determ ned coefficients for use in decodlng a succeeding transn1tted dat a

symbol . 280 hempngigiieedd SkabTaih 26 1CWldkddl the
coefficient detern1n|ng means conpr.i.ses means for 15 averagin the real and

i magi nary par tSubtragEingnmeans sukkraghsithe wayesoxmy Ry th
quanti zi ng t hegorralatioag.parts to respective values that are each an
i nverse integer power of two, the quantized val ues being for use as
coefficients in decoding the 20 succeeding transmtted data synbol .
33. The apparatus of claim 32, wherein a

10 wavéform is subtracted for each time shift and the
subtracted waveforms are based on the correlations
with the corresponding time shifts.

34. The apparatus of claim 33, wherein the
subtracting means subtracts the waveforms for
15 different time shifts in order of the correlation
magnitudes from strongest to weakest.

35. The apparatus of claim 34, wherein the
correlating means correlates at least two time shifts
of the received signal after subtraction of the

20 waveform from a time shift having a stronger
correlation.

* c L M S *



decodling a Code Division MNMultilplie AccCesSS signal

25. The appar atompprisihg sudéessivecitrdriamittededatangynmbeds i ncl udes a
Kal man filter. 26. An apparatus for decoding a Code

Di vi si on NUItiﬁf%pﬁéggggzsignal conprising: 25 means for
correlating St |east twomeams forsiigaeiving thecsiguali,gwherwimh the | east

o e G o9y Wiy IS Al OB | Glras oo e
successive samples of complex vector components of
the signal and means for digitizing the samples;

means for storing a plurality of the

10 digitized samples of a transmitted data symbol;

means for determining Fast Walsh Transforms
of the stored digitized samples, wherein the
determining means correlates at least two time-.
shifted groups of the stored digitized samples with

15 each of a plurality of orthogonal codes, each
orthogonal code corresponding to a respective
transmitted data symbol, and generates correlation
results, each correlation result having a real part
and an imaginary part;

20 means for determining respective weighting
coefficients for the real part and the imaginary part
of the correlation result for each code and for each
time-shifted group and for applying the weighting
coefficients to the real parts and the imaginary

25 parts;

means for summing the weighted parts over
all time-shifted groups, the summing means comprising
a respective accumulator for each code; and

means for determining the accumulator

30 containing the largest sum and thereby decoding the

transmitted data symbol,

wherein the weighting coefficient
determining means determines the weighting
coefficients for a succeeding transmitted data symbol

.
* c L M S *
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47 codes corresponding to different transmtted data synbols;
means for weighting corrgiati ohe s &df ¢haimose¢! whergireailse

according to
coefficients

P nioh) pRenereen Arvmnid pefpfibastbiterdtes | )

1/4, . . . @ckle timeeshlifted groups witivrtheponthagonalacodshective tinme

shift and a

wei ghted corr
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for each spreading code; means for determning the |argest sum

produced by the summing ggansphe GpMlatud 'GFSE1ALAT0F5 dheFeitialg and

means for subtracting a waveform “Corresponding to the decoded transmtted

data synbol

10

15

20

25

EaﬁﬁqWgéshe@§p@§§q§qu§term1nlng means re-correlates
the time-shifted groups with the orthogonal code

corresponding to the decoded transmitted data symbol
in descending order of correlation result magnitude.

39. The apparatus of claim 38, further
comprising means for subtracting a set of values
representing a waveform corresponding to the
orthogonal code corresponding of the decoded
transmitted data symbol from a time-shifted group
after that group has been re-correlated with the
orthogonal code corresponding to the decoded
transmitted data symbol.

40. The apparatus of claim 39, wherein the
set of values is based on the correlation result.

41. The apparatus of claim 40, wherein the
subtracting means includes means for setting to zero
the correlation result corresponding to the decoded
transmitted data symbol produced by the Fast Walsh
Transform determining means and the Fast Walsh
Transform determining means includes means for
determining an inverse fast Walsh transform of the
correlation results and for replacing the stored

* ¢ L M S *



27. The apparatus of claim26, wherein the 20 spreadi ng codes are nutual ly
or t hogonal . ' 28. The apparatus of claim 27, wherein the
spreadi ng codes are Wil sh- Hadamard codes. 29. The appar at us
of claim 28, wherein the correl ati ng neans conpri ses a Fast Wl sh
Transform 25 processor. 30. The apparatus of claim 28,
further conprising neans for nodifying the Wl sh- Hadamar d codes by
bitwi se nodul 0o-2 addition of a scranbling bit pattern.

* [+ L M S * .
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scranbl i ng sequengé'glngﬁgfﬁghgﬁ%i ﬁﬁ% @lﬂ urtﬁ%mq%ﬁ§§§${%ZL?grﬁ
vari es from oneombiWdngh- ihhckarmmmebebVerkthatanBHserenerg)esfpnnse toa 5
e Lo g BRI T R Y e BEL AL inornation srom dEnIc
wavef or m bas8dpatht bad bidorpax iedvdelayed signa propaqation paths
to remove echo distortion, or time dispersion, is
described. If delayed by one chip in a CDMA systenm,
such echoes appear as uncorrelated interference. The
RAKE receiver correlates a despreading code with the.
10 current (main-path) signal samples and with the
signal samples delayed by 1, 2, 4, ... bit periods,
and combines the correlation results to determine the
information content of the signal. After appropriate
conditioning, the received signal is digitized and
15 the signal samples are stored. Groups of'samples are
Fast Walsh Transformed, and the real and imaginary
transforms are scaled according to a table of
coefficients; the scaled results are stored.
Weighted, scaled transforms of groups shifted by 1,
20 2, 4, ... samples are accumulated, and the index of
the largest-magnitude accumulation is used to select
real and imaginary transform values. The selected
values are transferred to a RAKE coefficient computer
and quantizer that determines from the sequence of
25 values presented the mean value and trend of the real
and imaginary components. A Kalman filter may use
these values to estimate the values that will occur
during the next group analysis period.

FIGURE 7



time shift and tlhe subtracted wavef of ms af eApaged on the correl ations
with the corresponding time shifts. The ap ﬁhg?us of
claim 33, wherein The subtracting nq@ Zwbtr S 1 mave for 15
different tinme shifts in order of th orrelatio ni tudes from
strongest to weakest. The apparatus of claim 34, wherein
t he correl ati ng neans correlatesfayaag s{ two tine shifts of the

recei ved signal after subtraction of the 20 maveforn1fron1a time shift
havi ng a stronger correl ation.

33. The apparatys of claim 32, wherein aA@O 2fve orn1%s ubtracted for each
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49 36. An apparat u§ §)r receijing and decodi ng a Code
Di vision Multiple Access|signal §&&onprisijng successive transnitted data
synbol s conpri si ng: ans for receiving the signal, wherein

TH

t he receiving neans i & ener at i ng successi ve sanpl es
of conpl ex vector conponentS of t he signal and neans for digitizing the
sanpl es; . meanssf or g a plurality of the 10 digitized
sanples of a transmtted d@a sy ‘ means for determ ning
Fast Wal sh Transforns _ oft h itized sanples, wherein the
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R(1

determ ning neans correlates at least two time-. shifted groups of the-
stored digitized sanples with 15 each o a plurality of orthogonal codes,
each ort hogonal code corresponding tq a respective transmtted data
synbol, and generates correlation reqults, each correlation result
having a real par and an imaginary part; 20 ‘ means for
determning res -\Q Walal EWaTs cefficlentsfor thetoalpakht and the

i magi nary part of the correlation resylt for each code and fonl each
time-shifted group and for applying the|weighting coefficientg to the
real parts and the inmaginary 25 parts Q@ ~means for surpm ng the
wei ghted parts dver all tinme-shifted Ebs, t he summ ng neang conpri si ng
a respective acg¢unul ator for each cgs means fqr

det er mi ning thelaccumul ator 30 cgataifii ngXt he | argest sum and§t her eby

a a AD a

decoding the {ransmtted data”sy mhereint:yameighting
coefficient determ ni ng peE eferm nes tNie wei ghting C 3ents for
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50 fromthe correlation,results and the decoded transmtted data
synbol . 37. ‘#he apparatus of claim 36, wherein the Fast
Wal sh Transform det ermi ni nq nmeans re-correlates 5 the ‘time-shifted groups
wi th the orthogongt—cuode orTespormdrny—to-ttedecoded—tramsntthed dat a
synbol .
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38. The apparatus of claijm 37“\/\Iherei n the Fast Wal sh Transform

determ ni ng nmeans re-corriglats he time-shifted groups w t he

ort hogonal code 10 corresp®ndi ng o the decoded transmtted gsynbol

i n descendi ng order of corfel resul t nagnitude. < 39. The
apparatus of claimj38, further conpri sing means for subtra% a set of
val ues representijng a wavef t

qrm correspondl ng to fhe 15 or g:’gl code
from shifted

gr oup after that |group has been re-corfelated wifh the ort hogonal code
corresponding to adecoded transm an’ 20 40.
The appar at us of wherein tde ps<® s based on the
correl ation resulk
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.41. The appa#a us|

LR, |-

-—eéi m 40, whd

|
b.§| subt r act

|

I el ’et ng ns includes
means for settj ng Z€ro the cqrr¢iRxtfi oniresult cofresp®Rding fto the
decoded 25 tra snmi § bd data synbol| p §§ cedi by the Fagt VIS h Tr ansf orm
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