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One conventional technique used to implement such carrier shift

20 tracking in a communication system demodulator is to use a Phase Locked

Loop ("PLL"). This type of demodulator works well when the transmitted

signal is modulated using conventional modulation techniques, and can be

reasonably optimized for either a wide frequency range response or high

accuracy. Where more sophisticated modulation schemes are used,

25 however, certain properties of these modulation schemes can make
traditional techniques much less useful or responsive.

This is particularly true in digital spread spectrum type
communication systems employing M-ary orthogonal Walsh code
modulation. As part of such techniques, groups of data symbols to be

30 transferred are mapped into Walsh functions or codes that are transmitted.
The received signal is demodulated with respect to a set of such Walsh codes
to establish a likelihood as to which codes were transmitted to establish what
data symbols are being transferred. However, frequency errors in tracking
such signals, especially in the presence of noise, greatly reduces the ability to

35 distinguish which Walsh code was received, and it can quickly become
problematic for conventional tracking techniques to maintain frequency
tracking.

Therefore, what is needed is a frequency tracking loop designed to
take advantage of certain properties associated with M-ary orthogonal Walsh
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means ("resi du@S error' The correlation vector produced by the
correl ator T : means includes a plurality of correl ation
results, each corfhel rotationr meaghs receives an input signal and a frequency offset

estimate and produces a frequency shifted input signal, the frequency shift
being proportional to the frequency offset estimate. The correlation means

20 determines the correlation between a set of Walsh functions and the
frequency shifted input signal, and produees a correlation vector. The
correlator output may also be used as a data output as well The
discrimination means receives the correlation vector and produces a
frequency error signal ("current error”). The filtering means accumulates

25 the resulting frequency error signals to produce the frequency offset estimate
used by the rotator means (“residual error”).

The correlation vector produced by the correlator or correlation
means includes a plurality of correlation results, each correlation result
being the result of a correlation between the frequency shifted input signal

30 and a single Walsh function. Each correlation result has an index value,
which may be represented in binary notation, with each index value
corresponding to a particular Walsh function.

In one embodiment, the discrimination means determines the
current error of the frequency tracking loop as follows. First, the Walsh

35 index of the correlation result with the highest signal energy contained in
the correlation vector is determined. This value is selected as representing
the most likely transmitted Walsh function or code, and as containing the
largest amount of the transmitted signal component. One of the bits of the
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predicted to provide the fourth largest signal component, and so forth.
Therefore, each particular index bit is selected for reversal based on a desired
or predicted amount of signal energy, and its relative oﬁtput-offset, to use for
25 determining the current error of the frequency tracking loop. Selecting
higher order significant bits generally provides better steady state loop
performance while lower order bits provide a higher pull-in range.
In still other embodiments, the discriminator determines the current
error by averaging wvarious combinations of correlation results, each
30 determined through bit manipulation or reversal, as described above.
Where even greater accuracy is required the average of two or more results
obtained from differing types of processmg (cross products), as described
above, can be produced. o
Further features and advantages of the present invention as well as
35 the structure and operation of various embodiments of the present
invention are described in detail below with reference to the accompanying
drawings.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
L Introduction

20 The present invention comprises a system and method for

implementing a frequency tracking loop in a communication system

“employing M-ary orthogonal Walsh modulation of communication’ signals.

A preferred embodiment of the invention is discussed below, together with

a number of alternative embodiments. Where specific steps, configurations

25 and arrangements are discussed, it should be understood that this is done for

illustrative purposes only. A person skilled in the relevant art will

recognize that other steps, configurations and arrangements can be used
without departing from the teachings and scope of the invention.

' The frequency tracking loop of the present invention operates to

30 accomplish much the same function as conventional frequency tracking

loops. Furthermore, as with conventional frequency tracking loops, the

frequency tracking loop of the present invention may be implemented

alone, or as an integral part of a system demodulator. In either case, the

frequency tracking loop tracks the center of the carrier frequency of a

35 modulated communication signal to enable accurate demodulation. Thus,

as the center of the carrier frequency drifts, the frequency tracking loop

automatically shifts the received signal to permit accurate demodulation. In

addition, if the frequency of local oscillators used to track the carrier
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the the present invention operates primarily where Walsh code modulation is
20 employed, a brief overview of Walsh codes is in order.

(D

IL Walsh Code Generation

As stated above, one type of signal modulation is Walsh code
25 modulation, which is utilized by the preferred embodiment of the present
invention. The derivation of Walsh codes is more fully disclosed in U.S.
Pat. No. 5,103,459 {the ‘459 patent) entitled “System And Method For |
Generating Signal Waveforms In A CDMA Cellular Telephohne - System”.
The ‘459 patent is assigned to the assignee of the present invention, the
30 disclosure of which is incorporated herein by reference. A short description
of Walsh codes is, nonetheless, . provided below. '

It is well known in the art that for any power of 2, a set of n
orthogonal binary sequences, each of length n, can be constructed. In fact,
orthogonal binary sequence sets are known for most lengths which are

35 multiples of four and less than two hundred. -

One class of such orthogonal binary sequences that are useful for
orthogonal codes, and are also relatively easy to generate, are called Walsh
functions. Walsh functions are derived from Walsh function matrices, also
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A Walsh function, then, is simply one of the rows of a Walsh matrix
(Hadamard matrix), and a Walsh function matrix of order ‘L’ is a square
15 matrix containing L functions or sequences, each being L chips (bits) in
length. :
_ ~ A Walsh function of order n (as well as other orthogonal functions)
has the property that over an interval of L chips {e.g., an L-length code
symbol) in a string of chips, the correlation between all of the different
20 functions within a set of L-length functions is zero, provided there is
temporal alignment. This is independent of data modulation (1) or
function. This is easily understood by observing that exactly half of the chips
or bits in every function differ from those in all other functions.
For M-ary modulatlon, the Walsh function size or code sequence
25 length L is set equal to the desired number of orthogonal code sequences to
be accommodated by the communication system. An exemplary Walsh
function size useful for implementing advanced communication systems is
sixty-four (L = 64) for subscriber-to-gateway or base-station links. This creates
up to sixty-four different values or states that are detectable for data being
30 transferred from a given subscriber. The Walsh functions are typically
configured as a pre-defined set or table of binary sequences comprising 64
Walsh functions, each having a 64 chip length, such as listed in the IS-95
system spec1ficatxon referenced below.
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system specl &e&%ﬁ%ﬂ cro?;e%tgpcig l}?asp ¥adamard Transformation (FHT) device.
15 ~However, other correlators known in the art can be empioyed within the
teachings of the invention, as long as they provide structured Walsh

function index outputs or ordering.

As stated above, frequency tracking loop 101 tracks the center
frequency of the carrier used to transmit data in any communication system

20 where M-ary Walsh code modulation is used. One example of such a
communication system is the reverse link transmission system of a cellular
CDMA system such as that described in the IS-95 system specification
entitled “Mobile Station-Base Station Compatibility Standard For Dual-
Mode Wideband Spread Spectrum Cellular System,” which is incorporated

25 herein by reference.

In operation, discriminator 130 determines a current frequency error
between the carrier center frequency of a received signal and the
correlator/demodulator loop, which typically contains an FHT. This
determination (a frequency error signal 132 (¢ )) is input to a loop filter 140,

30 which accumulates current frequency error signals 132 and then generates a -
residual frequency offset estimate signal142 (f). Residual frequency offset
estimate signal 142 is input to rotator 110, which shifts subsequently received
input signals 102 by a value equal to frequency offset estimate signal 142

. before passing the shifted input signal112 (% ) to a Fast Hadamard

35  transform (FHT) type correlator 120. FHT correlator 120 acts on this input to
produce a correlation vector 122, which is used by discriminator 130 to
complete the loop. FHT correlator 120 also includes a data output 125 which
outputs received data for use in actual signal processing.
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place of the data symbols. -

By way of example, the followmg discussion will continue the
25 assumption of a communication system employing a set of 64 Walsh

functions (M=64). In such a system, each transmitted Walsh code {or
function) can be indexed as W, where n=0 to 63. Thus, a received,

modulated signal can be thought of as being comprised of a series of Walsh
functions Wy, within the predefined universe of sixty-four Walsh functions,
30 with every W, representing N symbols. It is important to note, however,
that the present invention is equally operable over any size set of Walsh
functions, or for other mappings of data symbols (N= 6) to Walsh functions.
Therefore, to decode a received modulated signal102, FHT
correlator 120 compares the received signal 102 modulated with a particular
35 Walsh function {(e.g., Wn ) with each Walsh function in a predefined set of
Walsh functions Wy (where k=0 to 63) to determine which function was
received (k=n). The orthogonality of Walsh functions makes this
comparison directly possible because the correlation of any two different |
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-8 - - Referring again to FI G 1, a received comunication signal
102 (of offset frequency-f) is first input to rotator 1permseigssnr 110
shifts the 9?’l"'@allency of the input signal 102 to conpensate for
variations in the center frequency of "the carrier signal. The anount

by which this frequency is 5 shifted is based on the value of the
frequency of fywalshe Fhhdthins ﬁl 1 td 4éro. Thusy\/rhyodorreslatmg dherinaceived signal
dirscrim nator thé entit? FRRC 5t Walsh fbﬁmswfuhmtial
val ue of thi Mgighnaﬂgcd‘&g%e sgl ect&;ﬁ@&eran oér’?b | rical I% {?or t he
particul ar sydempgdulator; Kapgpredict 5%@?1:’#’&‘6 gn Wﬂj ey

stored in a ngRBre/Hf QiRElhtion BetvwéROLR Riteiveill fundtibmand the nﬂbpaédeﬁtﬁ:d
(f. [err])rd“S henlggut to F orrelator 120. FHT correl ator -
120 perfo é“’é:g élq“o?FrB'n frequency shifted: i nput si gnal 112

and generates a séfh@ffasuﬂindan\a'ﬂummforMnﬁFHH:mmlalordﬂo of frequenqy 122.
I'n perform ngugég,ﬁ%épag &f%ﬁg%%&ﬂ foéfe %gamﬁommltﬁ&e of

t he propertles 0

| at1on a| neﬂ%El eﬁl
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=6) . Further Bediefitied hudivesse fofnWalsh ﬁmmesmcbdmmwrmnstakes the

"chips," wt h S
use Itoo sel ect ™ gela %%ng’;%‘%l ng&@?o%mfauncﬁnsmv% a&ﬂgn m ttecfi?ﬂn
pl ace of the Hatthesyattxs. This process cam, bgg $
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20 non-zero value in the vector represents a 'hkehhoof that the associated
input vector 112 and the matrix vector are non-orthogonal (e.g. that the
associated input vector is that particular Wy). However, in the presence of
signal noise or interference, as well as when there is an error in the
frequency tracking, there are non-zero values in the correlation vector even
25 when the input and matrix vectors are orthogonal. In addition, the ideally
non-zero outputs may have less energy than some other outputs generated
because of noise. This makes the process of detecting of the correct Walsh
_function Wy, being received very difficult at best with current techniques.
FHT 120 may accomplish the correlation processing in any of several
30 ways. In addition to matrix multiplication as described above, FHT 120 may
be constructed using a series of criss-cross networks which perform a series
of summations (add/subtract). Furthermore, FHT 120 may operate on input
vector 112 serially or in parallel. The structure and operation of FHT
processors of this type are known in the art such as shown and described in
35 U.S. Patent Application No. 08/173,460 entitled "Method And Apparatus For
Performing A Fast Hadamard Transform,” or U.S. Patent Application No.
08/424,773 entitled “"Method And Apparatus For Unified Signal




that the present invention is equally operable over any size set of Walsh
functions, or for other mappings of data synbols (Nerr] 6) to Walsh

functi ons. Therefore, to decode a received nodul ated si gnal 102
FHT corr or_120 conpares the received signal 102 no

parti cul ar 3% Wé??\ function (e.g., Werr] ) with each Wl %%%n in a
predefi ned set of Wal sh functlons"m (where k=0 to 63) to determ ne
whi ch function was received (k=n). The orthogonality of Walsh

funct : ons naedulabion,” eac];lcﬁfmﬁlht:hoik dadigiedd Ycopﬂtég;agd?gnbew'fuﬂﬁ tprésent -
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Upon completion of Walsh demodulation for any received signal,-

" FHT correlator 120 outputs a correlation vector 122. This correlation vector

includes the 64-by-1 vector representing the correlation that was performed

with each of the set of Walsh functions, and has associated Walsh function

25 indices that correspond to each correlation result. FHT 120 also includes a

data output 125 which outputs correlated received signal data or Walsh

function data for further signal processing to produce transmitted data

symbols.

. As with any demodulation process, however, the Walsh correlatlon

30 process is affected by any variation or drift in the carrier frequency of the

received signal (or local oscillator). This is because any such variation affects

the orthogonality of the received Walsh functions by impacting spectral

alignment of the received chip values (+1) with the correlated sequences. In

the Walsh decoding process described above, the presence of a frequency

35 error between the carrier center frequency and the Walsh decoding

" frequency has two effects: (1) the amount of energy present in the Walsh

function that was actually transmitted (k=n) is reduced; and (2) energy also

begins to appear in Walsh functions that were not actually transmitted




f.requency tracking, there are non-zero values in the correlation vector
even 25 when the input and matrix vectors are orthogonal. In addition, the
i deal'l y non-zero out puts may have | ess energy than sonme ot her outputs

gener at ed ol;g,g_ﬁy;e of noise. This makes the process of dpé&gpsdrngs®f the
correct Wal sh unction Werr] bei ng 1iecel ved very difficult at best
with current techni ques. 20 may acconplish the correl ation
processing in any of several 30 ways. I n addition to matrix rnultiplication

as descri bed (admyerhﬂﬁtﬂei‘(hffmyxs exaoerbatedcbysﬂ-elmesehqnsmfmmae epergysbeing

Criss-cross s 0P Nempl

(add/ subt rachj|S urt her m)re %120 @ﬁ r ttfaed%agl 28% \?egﬁ)r 112
serially or id@isgeEpdnator 13Adoqvercome Mﬁ(ﬁ‘%ﬂfé&%@ﬁ on of FHT pr ocessors
of this type are KDizefimihatdid130" receiseds ahe sborselation ceectori 122d from35FHU. S,

ooy » enkiicham b bt gl obilele e dorkt o
08/ 424, 773  cloopt filter 140\eDisstiminator 139 peeomplishesothis

WO 97/ 37437  certain unique pro gerhes associated with Walsh functidas/ H§39iée%3719
- 10 - Modul at.1 0 ach of which is assigned to the assignee of the

present COMPUIcAton S¥BEMS- i ncor porated herein by reference.

In addition to the 64 by-1 vector, FHT correlator 120 al so determ nes

or assignggthe Walg I’%? ?éT%O&ﬁfaﬁgi‘ QidMae val ue of each correlation
that 5 was perforrred Generally, the rﬁ"gex val ue is known or assuned from

t he ordering of the outputs-in a predeterm ned fashion, such as the
ascendi ng or dAs stated 8BoyeaWalsh fuinciions a8 uSed\ﬂneno,msmmaﬂm syskemss

\?\gglrcei ?ﬁegg“gﬁ&t&& lftr anrslgmﬁ gﬁoﬁ%‘?}l alba S‘fieﬁg*ggF%te“g?dws

circuitry u5|FP§3 tionpship Jretuieen 1 eqqgrg &§e et‘Fﬂ"EelP 8§x
represent ¥§ i oWaish finectithl that fwascadtoally transmitted ktherﬁ:o;reuﬂ'hfuhchm) ami at ed

with the inpu %ﬁé : x&mc)# ﬁﬁgat,ﬁm,g,tggléyl ng
64 Wl sh funct'fl%%s rgiﬁ{t In e%& W}‘gh functiofs lgfoso %?éd w th each
correlation o 11‘1"‘!L i| below representing Wal sh
functions. W throu@hswédrabemavhmwalshMms a?réuseldzphcn ‘eommusidcation,

where the corg fsi&f] oo 8,1@ d r tor .
120 out puts i eg Eé‘éﬁ orowr from hroug to mﬁ%‘%ﬁtég H?{r\aélll ces
4o o SgEIplary systerh

or corresf®ndfiggal frex
employing 64 Walsh functions, thxs umverse of Walsh functions can be

represented by Wy where k=0 to 63. Thus, in binary representation, the
Walsh function index k can be represented by a 6-digit value (e.g., k=000000
to k=111111).

25 When a data signal is modulated using a particular Walsh funchon or
series of such functions Wy, the Walsh function index 'n’ associated with

each Walsh function used is known. Further, the binary representation of
this Walsh function index is also easily determined (e.g, where n=19, the
binary representation = 010011). In the present invention, the index values

30 are generated with or assumed for corresponding correlator 120 output
values, as described herein.

Importantly, where Walsh functlon modulation is employed a
unique relationship exists between the index of the Walsh function actually
used to modulate the data signal, and all other Walsh functions in the

35 predefined universe of functions. This relationship derives from the

' relationship between the energy present in each Walsh function correlation,
and the frequency error between the carrier center frequency and the
frequency tracking loop/correlator.



out put. However, correlator 120 or FHT device 201 can be constructed to

present the
and 20 odd,
Upon conpl e
correlator

i ncludes th
with each o
25 indices
i ncl udes a
data or Wal
transmtted
however ,
drift in th
oscil | at ér)
“orthogonal i
al i gnment o
the wal sh d
error betwe
frequency h
function th
al so .
transmtted
PCT/ US97/ 06
This latter
added to so
di scri m nat
130 rec %ve
gener at €5
140. D scrl
uni que prop
comruni cat i

20

30

correlation outputs in other orders or patterns, such as even
as long as the absolute index value of k is known.
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error of ferror and a phase error of ¢o, the signal component of the kth output
of the complex FHT output, denoted as Ry, is given by the relationship of
Equation 1 below. In Equation 1, Euser represents the power of input
signal 102, T is the Walsh chip duration, Wy[i] is the ith chip of the kth
Walsh function, m=k®n where @ denotes the bitwise exclusive-OR
operator, and S(Wp,) denotes the Fourier transform of the mth Walsh
function. | n
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The relationship expressed in Equation 1, in turn, relies on the
property of Walsh functions illustrated by Equation 2.

W,IiIW,[i] = W, [i],wherem =k ®n @)



As stdted above, Wal sh functions as used in comruni cati on systens

possess certain unique properties. One such property pertains to the

. rel ationship between the energy present in the correlation output for the
15 Wl sh fu%#g’n“ hat .was actually transmtted (the "corr gidrmdoogate on)
and atl utputs for correl at?€3y\al sh functions in the predefined
uni ver se of functions. This property”is described in detail bel ow.

- As stated above, when Wal sh functions are used in a comunication

system a predef i Thak, SHt Wi WﬁmmbdssthsmamnmﬂlﬂiattbeaSmh 20
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<1':1_Ihl ot hler Wapsdp ciﬂiﬁﬁhteoﬂﬁﬂ}m fidtfuedly drierd of ithe drackingeloop. 0Thisuiis tshowen
isre atlons o gy
present in eﬁ&‘ﬂ 99"#‘?’@% wg\?? F%'tmcgfﬁat@ H&Qan tﬁggrﬁgg‘ueg%&grsfor
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first case t%&?"%%@rﬁbﬂgmg“‘@dﬁ%@% there is no resi dual

frequency error. Wien theré is no residual frequency error and a signal is

Wal sh denodul ated (correl ated), si gnp,{s W&ape present onlyayn the
Wal sh function actually transnitted (e.g.. i n % hoiseless signal). In the

The

20 The complex correlator 120 output with the greatest signal energy,
therefore, represents the correlator output with the greatest likelihood of
corresponding to the Walsh function that was actually transmitted when
used to modulate the data signal. As stated above, the correlator120
correlation vector contains value components associated with certain Walsh

25 function indexes. These paired sets of values are used by discriminator 130
to determine the current frequency error, and ultimately the residual
frequency error, as described in detail below.

B. Discriminator Operation |
30 _

Discriminator 130 receives a correlation vector 122 from correlator 120
for each rotated input signal 112 that is demodulated. As described above in
detail, this vector 122 contains a collection of complex numbers paired or
associated with corresponding Walsh indexes. Generally, these complex

. 35 numbers are ordered according to the predefined Walsh indexes. In this
case, identification of the corresponding Walsh index is implicitly provided.
Discriminator 130 uses the vector 122 values and corresponding indices as
inputs to determine the current frequency error 132 between the carrier



5 present invention this is represented by the presence of signal energy in

only one of the FHT .correlator 120 correlation outputs (eg., the
one corresponding to the transmtted Wal sh synbol). Al other FHT
correl ator out uts would contain only ‘noise. Although, in an actual
comuni cat i. Of®9BM3%Gyst em the noi se energy may appear Iarg%‘?'r’ﬂ?"’m’
correl ator out puts than 10 signal enerd$- - In contrast, when
there is aresidual frequency -error, the transmtted - si gnal Wil

appear to " berter &eqhm&ﬁana%a%&taﬁsm@&&@rﬂwﬂa}&oﬁtﬁ%lv@?%o&%gm step V4l SN

fuhctions. |n the present invention, this would appear as a reductl
of energy i RT99F8%FHT correl ator 120 out put representing the Wal sh function
15, that was actﬁa‘st,)dlscrm‘matdmmn detegnrdnes whm}aeorrels:osrxaocm-m)&m;sdtn t he
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[err] For examPIerrassumleathabMppnelqsoemdmput fwitia tthe rgréatesnsigwah
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W), and the binary representation of this index would be "100011."
15 Finally, discriminator130 calculates the current error132 of the
demodulator loop by relying on a unique property of Walsh modulation.
As explained earlier, the correlation vector 122 output from correlator 120
contains complex numbers having corresponding Walsh indexes for each
_ decoded Walsh symbol. Further, the decoded correlator output with the
20 maximum signal energy corresponds generally to the output containing the
' largest signal component of the Walsh function that was actually
transmitted. Importantly, when the most significant bit (MSB) of the binary
representation of the Walsh index for this output is inverted, the resulting
Walsh index represents the correlator output which has the second largest
25 component of the decoded s1gna1
Continuing the previous example, assume that the correlator output
for the Walsh function with index k=35 has the greatest energy upon Walsh
decoding. In this case, the binary index value is "100011." Therefore, the
correlator output that represents the second largest transmitted signal
30 component occurs for k="000011," or a Walsh function mdex of 3, the MSB
having been inverted.
This relationship continues as lower order bits are inverted.
Therefore, the correlator output with the third largest transmitted signal
component corresponds with the Walsh function associated with binary
35 Walsh index value 110011 or decimal 51 (k=51). Similarly, the correlator
output with the fourth largest transmitted signal component corresponds
with the binary Walsh function index value 101011 or decimal 43 (k=43).
This unique relationship, together with the general properties of Walsh
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-13 - Thus, if Werr] is the transmtted Wal sh function, then

t he signal conponent of the kth (e.g., noiseless) conpl ex output of
correl at or 12 i& ‘P’e Fourier transform of the mh WAl sh picgnsbrmssravher e
mek[ err]n.- h 4 ﬁk I'es that the n[er{ FHT output is the Fouri er
transformof the zeroth Walsh 5 function .e., all 1's). The
correlator 120 outputs having energy from/l ow frequency error in

tracking a sifiiekionsshiowrs by Bguatier 3, permitsxdisativinatpr 33040 determing. the

- THer ef or e, v, or. |ow frequency errors, the
| magi nary par%%ﬁ%hﬁ%fg{e&agﬁwﬁ&éﬁ I er transform of the V\al §h 10

fynction with the I ghesmbodiment, gisezim Wt?h@qggﬁ r Hhs CUFTENE SITOH,¢

conpl ex conj Upfhmirg tHé”@:rMét&hoﬁ with thietHighestignal energyy assnmedlmost
roportio te theyt

gengral |y %th %2&%‘55[ ']'tﬁ;nhd?!g%t%g&{gnﬁ% M?M ?magl ary

part of toduat rheteeem dhiscoutput tand: the Sompriex joppiigate of fheseoxrslaten:

Fourier transf oNdingtof fhdex"detbfihined BeRivesang SthelMISB
conpl ex conj uggf‘lm cn?%g Iﬁu‘iﬂrﬂm}} ans m of Wl sh funct|g n 2kth

| m(3(W er r][ ePF tht %rh’ﬁﬁfgr?‘}ergy a % e’cgtﬁ"?ﬂ m the
correl ator 12gelatibmship\shbivni yeEquationdt si gnal energy, t her ef or e,

repr esentg the correlator output with the greatest 1ikelihood of
corresponding to the Wal sh function th wag actualyy transmtted when
used to nodul ate the data signal. As gilat Q@) f he correl gypr 120 _
correlation vector contains val ue conpqnen assocl pted with certain Wl sh
25 function indexes. These paired sets of values are used by discrimnator

130 to determine the current frequency error, and ultimately the
resi dual : freqﬂhﬁs,wneanmba&m;:thé)ptbperhdsshomw Bquations 1and 3 B,

Di scr: rrt[hat or a%) ltfo ? ; :D’tlﬁﬁrfo agf,péstﬁﬁgﬁr&cﬁé ¥ error
correl ati om.cor ega gragach rota

signal 11 t hé? 5?‘ J'iﬂ“&f‘@ﬂ i oé %& X\ B the co pP ‘ﬁﬁht
vector 122 corbmesporaling| tocWalsin index oy & the Walsh p‘dexefbroﬂle correlator

Hunber o are oPHERMABARE I %&@ﬁtﬁ%ﬁ% R ﬁ RGeS BF °

case, identif imdt%osn thé bitwdscexdusiye (AR mperator {egndd2 |1s5thq71;1c1e3q pbtpined

provi ded. Eftirlp HRé Xth 1&'; %?@ﬁﬁkm BRGhOthel BiAarAkeinresamdtion of i),

g(r);(r)resggg \ﬂlgaﬁi é\empg:rof {235 5n tRe WREGEMAS0F If'eegfzgrgﬁ%erf b&EWERY
. and 6 for 64-function Walsh modulation).

While Equation 4 represents one method of estimating the current
error of the demodulator loop, it is important to understand that many
other estimation techniques are possible, each based on the unique

25 properties of Walsh modulation disclosed above. Examples of these will be
considered below. First, however, the operation of loop filter 140 and
rotator 110 is discussed. |

Loop filter 140 is essentially an accumulator/integrator, included to
stabilize the response of frequency tracking loop101. In operation, the

30 current error output132 of discriminator 130 may appear quite noisy.
Therefore, loop filter 140 may employ any number of conventional
techniques to dampen the response of frequency tracking loop 101. Various
techniques that may be used will be apparent to one skilled in the art, and
will therefore not be considered further.

35 Similarly, rotator 110 is essentially a frequency shifter. Rotator 110
shifts the frequency of any input signal 102 by a value equal to the frequency
estimate 142 input to rotator 110. As with loop filter 140, rotator 110 may be
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- 14- center frequency and the -rotator. This determ nation involves a
several step process. First, discrimnator 130 determ nes
whi ch correlator 120 (FHT) out put has the greatest si ener
conponent . WOAMBai ned above, this output 5 represents gﬁ&’"ﬁ?"é‘ﬂ

li kel i hood that a particular Wil sh fund6i-on was transmtted.

Di scrimnator 130 associates a binary representation of the Wal sh -

| ndex that GOpf m@forgofg HONAIRY abhitolle Absighs IR 18 he?blBNEd in

this val ue was“determ ne estructure an peration of correlator 120
(either ger@#é‘bd or assurred) and is reflected |n t he arrangenent of 10

correl ati on vectThe h¥ethodi ased rftackmg lobpt10e to-deterinine thed ues) .

For exanple_. a ne i hat 0 ta nal
_energ§ ggrr : ggnf)%l?ﬁést%g{\%ﬁa]t%/\?e&r% l‘:’fl oﬁ mvkéf re f| n@?‘ ?Zt 3:‘964
Wal sh flfnctﬁ'eqmcy signalddR is groerated Ham step330, Wy cotgtor k19 tandy at

Werr]), B0 lpmprcbrf&.ﬁbﬁmt al t&&eﬁhohhv&tmnééﬂefm| réion GO0BAITL. " 15

Finally, d|s r 130.cal cul a nt erro

denodul at or®9% 5%"206353 cﬁ"ﬁ#ﬁ B i’?f B15tRy ﬁbﬁh#aﬂ%‘ﬁt

As expl ai netib dnsctmanatolrﬂéﬂcom explained mdeml @Dvwdpmm@ﬂrﬂlm or 120
contains c aﬁgﬁﬁ}% Hhes 1308 &ﬂ'e%?ohm X&5 th€ hi %ﬁ

decoded V\al I Fur % the 20

maxi mund rﬁ?f"&}a Sr? E;e‘ﬁgP’él%y&P%rel P B?e%édﬂmﬁﬁ ¥ t he

| ar gest SI ermrmmenmm‘e adléxtiohhlswalahdmmhonhadxmsna:smplm that

transm tted 1@%?& #;@Q frﬂ?q;%dﬁ rlhd@k rsObf BB, bi nary
representat) o t tti\7\%Is or, thi IS | t.he

resul ting £°%r§:}°¥lﬂﬂgxmr QrWsm?'ﬁg‘% 8’56‘? org,pi ?ms the
second | ar g@res’é’ﬁta@urrr@ﬂﬁ higheste energydintiex grﬁiese md1ces are uSedttonui ng

the preyd ou%]ﬁ&gph% tlﬂeaCQfebeiﬁt el ﬁ uehd et,p@, Wl sh
function w ex as t eate t “ener 0 di ng.
In this castgnakide, ar%i‘? §ﬁe ﬂﬂm%‘ g?’gé‘ﬂf é?MRfE‘en%’)
correl ator twlbepuﬁed hﬁgemapfe&ermmztéwnmedmm thegmstelatoniosyput Eeectdr)nal 30

conponent i, B otitp 848 hise 'in® fei g%&%&‘gxtdd%tsl pieX Whish, index V5B

havi ng been |nverted s. | ower order

ontipues a
bits are i nyeiggqused bYTIﬂé‘T"'éPBF‘?tmEﬁio dBi¥e @%ﬂ’g‘eﬁ Rri? 8 HEHRYTS o
| ar gest 20 r aprovesding tedhydghes, as disclosed herein.
As discussed earlier, the estimate of the frequency error from step 310

is the referred to as the "current error” for the tracking loop. The frequency
error estimate can subsequently be used in a step 312 by filter 140 to form
frequency offset estimate signal 142 (¢ ) which is known as the "residual

25 error”. Frequency offset estimate signal 142 is then used to adjust the -
shifting or rotation for input signals by rotator 110.

The filtering means accumulates the resulting frequency error signals
to produce the frequency offset estimate used by the rotator means ("residual
error”). _

30 Importantly, FIG. 3 represents only one possible arrangement of the
functional portions of the method used to determine-the current error.
Alternative arrangements will be apparent to one skilled in the art.

..(

C.  Additional Estimating Techniques

As stated above, discriminator 130 may employ various techniques to
determine the current error of frequency tracking loop 101. In addition to
the techniques employed in the embodiment described above, many other



conponent corresponds with the Wal sh function associated with binary 35
Wal sh i ndex val ue 110011 or decinmal 51 (k=51). Simlarly, the correl ator
output with the fourth largest transmtted signal conponent corresponds
with the binary WVl sh function index value 101011 or deci mal,4 ?W

Thi s uni que PALC B shi p, together W|th t;we gener al propertles 0 sh
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- 15- functi ons shown by Equation 3, permts di scri ni nator 130 to

det er m ne t hechniques' sRNpossibles Thef enmnsﬂvﬂﬁél@rtehﬁﬁl ue to employl is one

embodi nent, discrhmna 0] ciNg the
correl at or ﬁméta‘nbe‘}ﬁ'f gﬁ%‘i‘?mg%‘g’ﬁa ene ?gfsgﬁé’n%rgquemf‘y g% "lgelgy
transnitted lmpsthat m:qhs@md dlusmegmi gmmew A frequeney tracking

pf oduct bet\/\l@e it [pefy @86d i Gerary o am badt)eofofwd hhaﬁﬁtérﬁtﬁ:hor

t put d t h | sh d t t t
of the hitghe '”89 e Sanée?a??\epfo&ie%ﬁiéhﬁﬁeepgé” ik Ore
rel ati onshi plospown by Equat [ on 4. 10
[err] = '”(X(')(thé&ﬁaa -Istat Wfaﬁ dcr@lb%pisrhé?ﬁ?edas
nbodi ent t (1 ona T Ing. a1
Serlovlam;ndl sé‘ree prag’&'{ leﬁ‘%ﬁ’FoP ﬁteg 'S'F%{gm ?ggﬁu‘%’ﬁ] 3&\“5?%%5&935
shown i n Equesrrien féequencyalrifts, dhe 4steadyf-state] perforrhircec ﬁqad)raxn&ﬁ"tesuhpwt

88{ :)ﬁfp\?\}vtjlhn?ﬁe(ﬁhargé t&éyti}tg){hu%e érllgfr%ﬁgﬁgﬁﬁﬁsg\enot gs tcﬁgr%g%a% X conj ugate

of x, rqar;lgr %“%}W se excl usive CR operator (e.g.

[err]f2[err] |s th‘Ehe g of @ frequenky travking isfttefk{e‘draétheﬁaﬁge "
signi ficant r # t L.QNn L unber-
Si gni 1 cant &&m& chAls! tuua? ooh{éptﬁéqaag Ligy ﬂiéee Luuaﬁ st L cépi?ern

64-f unct i on freguengyornd after settlemon mcerrmfa@qumcx ﬂé‘p#e one

met hod df5 eswithwhi neiptimy (wide giill-in rangé rcafh adcoiriiRoditevgidatérodiff@ences t i s
| npor t ant tob%g,\ égg ? % ot her estimation techniques are
possi bl e, eac ase n he unlqu propertles of \Wal sh nodul ati on
di scl osed above. EXXapneg the m f isyased by discriminator 130 to estimate
the current error 132, the steady-state performance and/or pull-in range of
the frequency tracking loop 101 can be varied as desired. For example, when
20 discriminator 130 determines the current error132 using only the Walsh -
index obtained by inverting the most significant bit (MSB) of the estimated
correct Walsh index, the frequency tracking loop 101 generally has the best
steady-state performance. In this case, however, frequency tracking loop 101
also has the smallest pull-in range. |
25 In contrast, when discriminator 130 determines the current error
using only the Walsh index obtained by inverting the least significant bit
(LSB) of the correct Walsh index, the pull-in range of frequency tracking
loop 101 is increased. In this case, however, the steady-state petformance is
not as good.
30 Alternatively, discriminator 130 can ‘invert various mid-order bits
(eg., MSB-1, MSB-2, efc) to achieve intermediate performance
characteristics. ~ Still further, discriminator130 can employ various
averaging schemes to estimate the current error. For example,
discriminator 130 can determine the current error using an average of the
35 estimates obtained by inverting more than one bit of the correct Walsh
index. Based on the disclosure contained herein, combinations in addition
to those described above will be readily apparent to one skilled in the art.



consi dered bel ow. First, however, the operation of |oop filter 140 and
rotator 110 is discussed. Loop filter 140 is essentially an
accurul ator/integrator, included to stabilize the response of
frequency t j | oop 101. In operation, the 30 current ut 132
of discrim ﬁ@ﬁ:}%’go may appear quite nitipsy. Ther ef or g, ’Rggp’gét'!f)t er :
140 may enpl oy any nunber of conventi onh techni ques to danpen the

response of frequency tracking |oop 101. Various t echni ques that may
be used w | be pppar€shclueiswe skilled in the art, and wll therefore
not be considered further. 35 Simlarly, rotator 110 is essentially
a frequency shifter. Rotator 110 shifts the frequency of any i nput

"signal 102 by a Aflencreading the abowefdesgription, it willebetome eapprrenhtata t o
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- 16 - o otherpalterpative embodimants: Thezefope ayhile émr@lﬁeswg IREBOt 0. one
skilled in the ptésentinivention have bee"ﬂwéesm’babdbusechttshoiﬂ@dmenngietskmﬂ(l ng

| oop 101 to tg%?, EM&H lex t raIIy'
by FIG 3. aqfterr rl;igaef d)reg ?W*‘Egc?gencyps B %‘E\)glmﬁitgﬁaﬁ
gener at ed | Ahus<the Ipreseptgnvent: 01‘ ot he limited at or
120. A corr pyadnyo rmfmt aboﬁsaeﬁ@m mem OEnEIdaxments CBﬁfedmmu 380
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determ nes the signal energy in a step 306 corresponding to the hlghest 10
ener gy corr el at oWwKitiwel lclaifth &8s o axvaitdhiss out put is used to form or
generate one or nore additional Walsh function indices in a step 308, that
are related to the highest energy correl ator output index by powers of two.
I ndices are forned in step 308 by inverting one or nore bits of the binary
representation of the highest energy index. These indices are used to 15
estimate the frequency error in a step 310, to produce frequency error
signal 132 ([err]). The indices indicate the output values (vector

conponent s) to be used to generate the error estimate fromthe
correl ator output (vector). That is, the outputs to use in conputing
cross products. The WAl sh index val ues used by discrimnator 130 may

be obtai ned enpl oyi ng vari ous



20 processing techniques, as disclosed herein. | As di scussed

earlier, the estimte of the frequency error- fromstep 310 Is the
referred to as the "current error" for the tracking | oop. The frequency
error estim ubsequently be used in a step.312 by filjef fBsd® form
frequency of ﬁ%?%gfr #

| mate signal 142 ([eﬁ]) which is known as t
“"residual 25 error". Frequency offset eStimate signal 142 is then used to
adj ust the shifti ng or rotation for input signals by rotator 110.
The filtering. means accumnul at es the resuCLAIMS requency error signals

to-produce the freque e terABRA

("residual e?r%?ﬁ\d‘u cgﬁitgj ef#% %ﬁ&@%ﬁ@{%}% esentguge y one
~ possi bl e 4rr grje anhé'Valsh igm oo Wﬁ%nﬁmﬁm‘%‘ﬁéamh%nﬁ ed to
det er m ne th&l@w ~ Ater nat i ve arrangenments wi |l be apparent
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PCT/ US97/ 06379  correlation ' meand determmmg a corre a

t echni que8 a peednbenmhbé sefbé Wiish (fanctﬁomtnnch theefraquency sh)ftednhpyt signal

general |y gulg, qop}gnﬁhwg Q&E,@.ct eristics of the frequency
tracki ng at, a esire I'n this regard, ‘tqh,e perforn%racﬁ of a

~ frequenc¥®trackin xscnmmpBBB meags oF Hergving, tpg, ¥ecter Y (or
bot h) of twopedducing afrexuensy ertfor sigril prbpoﬁimﬂﬁeﬂﬂkrmfb&tman&aﬁ t he

| oop; angp (2 @I‘Bﬁ'ﬁ: The
st eady- s?at e)"p?%iw’ Al | rrg&tlje%% 5.8‘3 ?oép I's defined as
t he standard devi a.*"’“"d*‘e‘l‘% D HPS séqu Q’P‘IB@%@"P’éé’gﬂnﬂ'hﬂsd fag t he

carrier 14 eqpeodycing sélﬂsfredrl] cytoffsdy estimnate. per f or mance factor indi cates how
10 well the loop tracks these drifts (assum ng the | oop had previously

'f?EEﬁSncy (racki vty IBGpPULeRD, BECAS 1ORR oF.clgn 1, Whelkin pid SRRV or
whi ch the2l omeananceinptises i metns for producihgea cevrteletion vector having a
plurality of correlation results, each being the result of a correlation between
4 the frequency shifted input signal and one Walsh function from the
predetermined set of Walsh functions, each correlation result having an
6 index value corresponding to a particular one of said Walsh functions in the -
set which may be represented in binary notation.

3. The frequency tracking loop of claim 1, wherein said
-2 discrimination means comprises: N '
means for finding a first correlation result having a greatest energy
4 value; ' o
means for determining a binary representation of a corresponding
6 first index value for the first correlation result; and
means for inverting at least one bit of said binary representation of
8 said first index value to generate a second index value corresponding to a
second correlation result.
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frequency and still thereafter settle in on the carrier frequency. Thus, a

loop 15 wth a relatively wide pull-in range can acconmobdat e greater
di fferences between | oop and carrier frequency. By varying
the technique that is used by discrimnator -130 to estinate t he

current err VO¥HY43t he steady-state performance and/ or pul | FEHUBKMEof

the frequency tracking | oop 101 can be-28ri ed as desired. For exanple, when
20 discrimnator 130 deternmines the current error 132 using only the Wl sh
“index obtained by inverting the nost significant bit (MSB) of the estimted
cofrect Wal sh index, the frequency tracking | oop 101 generally has the best
steady-state per#or Thacefrequenciyi dracking Hoopveof €laimudhcywheraihi nspiloop

101 al ﬁ?s:?ﬁ%n% | dhrd Sideange. 25 ~In contrast, when
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correct ¥al sésulndesignited bysdid secorahirlexfvalu€quency tracki ng | oop 101
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enpl oy yarious . laveragi ng- schenes t0 “estimate the curret ror.
For exanPl e ®*OT S%8Mfscrini nator 130 can deternine the current error using

an average of the 35 estimates obtained by inverting nore than one bit of
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Comar oo 21 ot tecRhon gt BiF (M of 1 pagy eiremiion |
PCT/ US97/ 06379 - - 18 - D.
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shoul'd be. undersyoofye frequbhdt naﬂsxg%ob%ﬂwgsﬁﬁm shidl B i bEXGIP! €

onl ¥, angd noteendd Lo cast Sienificant Bit (LSB) of the binkry Repssentation. P oo

8. The frequency tracking loop of claim 3, wherein said
2 discrimination means further comprises means. for inverting at least a
second bit of said binary representation of said first index value to generate a

4 third index value corresponding to a third correlation result. '

9. The frequency tracking loop of claim 8, wherein said
2 discriminator means further comprises:
means for producing a first complex conjugate of said second
4 correlation result designated by said second index value;
means for generating a first product of said first complex conjugate of
6 said second correlation result and said first correlation result;
means for producing a second complex conjugate of said third
8 correlation result designated by said third index value;
means for generating a second product of said second complex
10  conjugate of said third correlation result and said first correlation result; and
means for selecting the imaginary part of an average of said first and
12 second products as a frequency error signal.

I

NG A



by any of the above-described exenpl ary enbodi ments, but should be 10
defined, -only in accordance with the following clainms and their

equi val ent's. What we claimas our invention is: . . WO
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-19- CLAI M5

frequency tracking loop for a commni cat%lon system that uses 2 orthogonal
M ary Wl sh nodul ati on to generate conmmuni cation signals, the | oop
conprising: 4 rotation neans for recei ving an input signal and a
frequency of fset est mate an for du0| n f.req en shi fted input
signal, with the ¥ Theu q‘H B uE‘on Tof"ﬁlﬂaﬂy

frequency2 of ﬂis'ehn‘an&tzmmt:means compnses correl ation neans for determning a

??re;'ﬁlaﬁfz;ogh:)ﬁe npu{&mgna %eﬁfgtarlﬁgrﬁﬁongfg%ﬁt ng&g%c#&gfea?l onltg\?gctor;

10 4 dV%’(Heirm nati on neans for recei VI ng said correlation vector and
for produci ngedns rfsﬂmmm ra bisgtel repreeatdtion df 4 Qofredpbhdingnce

betmeen sai d Qn signal frequencies; and
filteri ngérrefal?é ?aé’?gé(lg?j%ﬂ%gﬁ)ﬁg %9%% error signal, and for 14
produci ng said fregaeh rotmgmngsonm:emore individual bits Tof smdeqmawy

tracki ng § oofepibsentation df sameﬁ:at ﬁlcfead vhiG@t gbRératia %nermaﬂx%re YARHSARM MEans

for producin conrrel ation ct or |uraljty of correlation
results, eacﬂ‘%g valu ?sn?rfi? a@éﬁ‘g}aifp’&'ﬁhﬁﬁﬁmﬂkﬁ t he frequency
shifted 1Ghput si gm&an-‘afm' pmﬂMglammxmnmgam of each of spideciarrelationed set

of Vel sh f ungdshitddesi éﬁaaédcﬁaoﬁﬂsﬂh&xmwg an 6 index value
correspoygling to a r cuI ar one_of |d V\a sh ctlons in the set
whi ch ybe repr%‘gg’?‘ﬁ{?& BEReRUDE r‘?ﬂﬂ ulting com plex eqpjugs t§q‘h‘tency

t racki ng | oogaidfadditional torrelatian ressdtscan’d smﬂfnstlamrdammnresuﬂns conpri ses:
means foyg findi ngmadd 58+ seRictifatHeO imhgibidly pa2 of GrPatbagbesot reRAkisy 4

val ug; products as a frequency error signal.

 11. The frequency tracking loop of claim 10, wherein a MSB and a
2 less significant bit of said first binary representation are each inverted to
provide said additional index values. _

_ 12. The frequency tracking loop of claim 10, wherein said less
2  significant bit of said first binary representation is a LSB..

13. The frequency tracking loop of claim 10, wherein two or more
2 less significant bits of the binary representation are each inverted to provide
said additional index values.

14. The  frequency tracking loop of claim 1, wherein said
2 predetermined set of Walsh functions compnses 64 Walsh functions having
a length of 64 chips.

15. The frequency tracking loop of claim 1, wherein said filtering
2 means comprises a second order filter.
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means for determining a binary representation of a corresponding 6 first
I ndex val-ue for the first correlation result; and nmeans for
inverting at | east one bit of said binary representation of 8 said first
i ndex val ue to generate a second index val ue correspondi ng econd
correlation W‘égﬁ?’f‘?" WO 97/ 37:421%7 ﬁc?rlasy'lmmg
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The frequency tracking loop of claim3, wherein said 2 discrimnator neans
further conprises: means for producing a conpl ex conjugate of

said second correlation 4 - result designated by said second index val ue;
means for gener al.ngAdreguency tragkinglogp dorp| communjcationcsystemathat @segecond
carr el at2 onofiiddbhallMlasp Walsh ' flodiflatiéh afd fendrifeUtdmmitfitication signals',mans

for sel ectiﬂ%{ e magi:narg%/ part of said product as a frequency error
si‘gnal . 00p COMPRANE r equency - tracking | oop of claim3, wherein said

one bit 4eing 2 at least tone retatdre chhpectsdgio fieceive &t inpiEBpigmal tared ba nar y
repr esent at gQp : r \V: | ; Iﬁgﬂ%' 1B
wher ei n sai gﬁeen i‘t)ﬂ%?etierfg:ge' ﬁéeﬁtigg ,S aa F{gggg% gsnﬁlgega%%’ugit "said
first biar Withphe smeunt ofrfrequency ing conirole g fraquenry fsebop of
claim 3, whesgtamatesai d one bit being 2 inverted is the Least Significant

Bit (LSB of the_pi e | i :

t racki ngé | oop of aftcjréa;?{#’g,g ‘\?é{gélglﬂ%axs:g%m tgi G ﬁ%ifil y{%ﬁé’é‘ﬁﬂ%ﬁer
conpri ses minmy signal and, genegate: a| earzelation vedtex: bycosrelating said) shifted y

repr esepp at mt@ﬁgsﬁiﬁitﬁigpfedmwlmawgﬁnm@;4 third i ndex val ue

¢ '?ééﬁfﬁi‘fégg of 2C1eRft e Bl TopRBtel o aerrivn s conilalOF el "

conpris and produce anfrequencyrerpen signah proportional dorp differenes bgiweenft sai d
'second said tracking loop and communication signal frequencies; and
14 at least one filter connected to receive and accumulate said frequency

error signal, so as to produce said frequency offset estimate.

17. A discriminator for use in a frequency tracking loop for use in a
2 communication system that uses M-ary orthogonal Walsh modulation
with a predetermined set of Walsh functions, comprising:

4 input means for receiving a correlation vector having a plurality of
complex numbers and corresponding Walsh indexes;

6 amplitude detection means for determining a first complex number
having a greatest absolute value in said plurality of complex numbers;

8 inversion means for inverting at least one bit of a first binary

representation of a Walsh index corresponding to said first complex number

10  to generate at least a second binary representation corresponding to a second
complex number in said plurality of complex numbers; and

12 estimating means for calculating a frequency error based on a ’
relationship between said first complex number and said at least second

14 complex number.

18. The discriminator of claim 17, wherein said at least one bit being
2 inverted is the Most Significant Bit (MSB) of the binary representation.

19. The discriminator of claim 17, wherein at least one bit being
2 inverted is a less significant bit of said first binary representation, wherein
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4 correlation result designated by sai d second i ndex val ue;

means far generating a first product of said first conplex conjugate of 6
sai d second. correlation result and said first correlation result;

means -for produ a second conpl ex conjugate of said thirdce§ g*,qmatlon
result desi gﬁ&’géﬂgv said third index va#ge means 1[“
generating a second product of said sec® conpl ex 10 conjugate of said
third correlation result and said first correlation result; and

means f or seﬂe@bitrigdbhasld&@mwdybpahé mlatmmshu;erM@B—mfwherednf isratvalnel 12
second pr C rQr 97/ 37437

PCT/ US97 / %ﬁ\ i%oath]; il of Bits' R safd $&Y binary representztiéép

10., The frequency tracking loop of claiml1l, wherein said 2 discrimnation

means conprises: 20, The d1scrﬁ§ﬁﬁ$olf of cldifitl 170 whelréinS baifl O¢stivhAting® meenas| t

havi ng a for determning a

bi nary regregﬁ&ﬁ%?%P%EWWﬁ b?&yﬁﬁ‘?ﬂﬂg@t 1°?%*§Pr}fsfﬁ‘l}&‘%§r{?é 5for the

first correlation result; " means for inverting one or nore :

i ndi vidual bits 0f SapOdnfdiGd Yof detériRirisig ¥ redidfbl %ﬁ‘o@ il 'Slre 44 va' ue
[ i ndex val resp

to generate a one oy nore additiona

addi ti onal CWFEN& o9R m%coqgmmcahon sﬁﬁﬂs@Bﬁ’ E%Q

conj ugat e of Walsh mbdﬁhitrdnpdwniethod)nompnsmgshé SEp@iensﬂ gnat ed by sai d
addi ti onal, i ndex ach
resul ti ng4corrpl exgg%nj ug§tg cqrrelahon ”&é@:ﬁadgsx{iﬁﬁg corrgF ‘?pgﬁhr%éés% 1t?s and
said first caesudisand gorrespanding index values yepresented inhinaty nefatip®; i nagi nary
part of ag averagdetdrniifiig twhigh of safd Qsluealityadf acdrrelationCyesalisohasi gnal .

cigni 11 cant e S BARETD, ) Pepr oonrart ﬁ'r,”a?e”ffﬁcﬁ”.dnie?t ed to
provi de s&i d addi invssingiarkibef § firslindex value correspendingto said cgerelgtion
tracki ng | oojrestilt t0 génerate a pétondiifdexiveluesand
10 estimating a frequency error based on a relationship between said
- correlation result corresponding to said first index value and a correlation
12 result corresponding to said second index value.

22. A method of tracking a frequency of communication signals in a
2 communication system that uses M-ary orthogonal Walsh modulation to
generate the communication signals, using a frequency tracking loop, and
4 the steps comprising: :
receiving an input signal and a frequency offset estimate and
6 producing a frequency shifted input signal, with the amount of frequency
shift being controlled by the frequency offset estimate; -

8 determining a correlation between a predetermined set of Walsh
functions and the frequency shifted input signal and producing a correlation
10 vector;

receiving said correlation vector and producing a frequency error
12 signal proportional to a difference between said tracking loop and
communication signal frequencies; and
14 accumulating said frequency error signal and producmg said
frequency offset estimate.

23. The method of claim 22, wherein said step of producing a
2 correlation vector comprises producing an array of a plurality of correlation
results, each being the result of a correlation between the frequency shifted

[
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2- significant bit of said first binary representation is a | SB.
13. The frequency tracking | oop of claim 10, wherein two or nore 2 |ess
significant bits of the binary representation are each inverted to provide

“sai d.additional index val ues. 14. The frequency tracking | oop
of claim 1, WY said 2 predetermned set of Walsh funct¥ ’Z’Bﬁ?g?i ses
64 Wl sh funct I ons havi ng a length-2-64 chips. 15. The
frequency tracki ng loop of claiml1, wherein said filtering 2 neans
;%_rl_r}) [JISS 7‘? oa ichdlatiel ohé 'WEIsh function from tl‘(@p%dé’tz&ﬁﬁled set of Walsh

16. A fr equgmcywaeasfhgorr%ﬁompst&t having apoindsy value m?mn%ssto %
orthogongl phrticnladédreeof reaid Walshn frctipmseiratiee setnwhithcmbiy be repoesehted

t he | oop co i@!"fg - at least one rotator connected to receive an
I nput si gnaf{'pi’ g}“’té‘]ho?requency of fset estimate, and to produce a

frequency shifted input signal, 6 wth the amount of frequency shift

bei ng controll edzbymbeniétnaaeaﬁﬂaiﬁ{m whereifisshithlsfip of producing al | east
one corrglagor connected to rec a|€ frequency shifted I nput

si gnal ahd ﬂBF‘?ﬁyeeWESW‘BPﬁF?ﬁW% by correlating said shifted 10
input signal wi tﬁndmg&cﬂnrsiecorreletioneestﬂfhmm greatast energy value; at

| east ong di 50“&&@?&1 rlﬁiﬁhf‘;d esE&atbR dflalcsidts) A\ ¥ S dx 12
and produce r e rror s rtional to di ff'erence between
sai d tracki NgYe oég%ﬁ |"ﬁﬂ’1§ﬂ5ﬁ; frequenci es; and 14 at
| east on@ fil termnhngtﬂ:llast oneeblt/efaanﬂ binarynitepresentatibrt rof craidh dirst '
error signajng, rg%QﬂH&%néad nbié AHANEINAthask vaRidsBirfes onding
17. A discrim Ipr e.ln lrequencytracklng | oop for uge I n 2
communi c&t i &2 ﬁ"éf try orthogonal Wal sh nodul ation

25. The method of claim 24, wherein said step of producing a
2 frequency error further comprises the steps of:

producing a complex conjugate of each of said additional correlation
4 resuits designated by said additional index values; :

generating a product of said complex conjugate of said additional
6 correlation results and said first correlation result; and

selecting the lmagmary part of at least one of said products as a

8 frequency error signal.

26. The method of claim 25, wherein said selecting step further
2 comprises the steps of selecting and averaging the imaginary parts of more
than one of said products to provide a frequency error signal.

27. The method of claim 25, wherein said selecting step further
2 comprises the steps of selecting and accumulating the imaginary parts of
more than one of said products to provide a frequency error signal.

28. The method of claim 24, wherein the Most Significant Bit (MSB)
2  of the binary representation is inverted.

29. The method of claim 24, wherein at least one less significant bit of
2  said first binary representation is inverted.
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wWith a predetermned set of Walsh functions, conprising: 4 i nput

means fer receiving a correlation vector having a plurality of conpl ex
nunbers and corresponding Wal sh i ndexes; 6 anplitude detection
means - f or dﬁh@ jng a- first conpl ex nunber havi ng aP&&Rﬁ&ﬂﬁ&”

absol ute va

n sal d plurality of CO;EI ex numbers; 8 -~ I nversion

means for inverting at |east one bit of“a first binary representation

of a Wal sh index corresponding to said first conplex nunmber 10 to generate

at | east a secorgd. bThaan;etheqbreﬁséahatZQ)mthsp dess pignifigantebitrig the

conpl exznurmstsw &) {of thé Py @pretentation, and 12

estimating neans Tor calcu atlng a frequenty error based on a

rel ati onship between said first conplex nunber and said at | east second 14

conpl ex nurrber 31. The methodl®f dlaimdRecwherent msaidf step adfnprdducihgr @i n sai d

at | easty [ of the
S:gle{nc?%%‘} fufthel ¥6iptiled @1& é}ﬁg "ég%ﬁve'ihﬂng dt1&aPh s§b+n<i Vﬁ@;

bi nary repre nator of ¢
wher ei n at Seithbinasy sepresenjating °f2m4 fivatrindgx value t@ generap arthirdnindext of

saird fidst laecyrresporiling tola third vheehition result. WO 97/ 37437

PCT/ US97/ 06379 -23- the bit

I ndex i s designated by the rel ationshi B-n, where n is a value 4 from1
to the nunber of32%i Theimethedpfiqlaim 3bi roepfr &he steps of: 20.

The di serim nat Giro@ficingal firsk coniblex RoRjugdtel of Shid"BicoRid ¢Birélation freshilter

- conprises ans fo ave.ra Iea loiWo frequency errors. .
A net hod foesb %ﬁ%‘qﬁié‘é‘l‘ ?ﬁ & ror ina frequency 2 tracki ng | oop

used in4a com’rurgmratmg 9y@r&tnpe¢rb$c@y¢hga first compleyocahjugate \f| said
nmodul at i on, sekdigd @B%B@oﬁ%ﬁh%aﬁ@w éﬁi§e19ﬁon4‘esult, gener ating a

cortel aig 0 Voot Kbt bt of s, oSt e

det er m ng viesignaged b}alsdidpﬂ'%wdaindey\dWOHel ation resul ts has a gr eat est
signal energy; 8generahng d aeéahal ;md%cpbf s&f secohd Thoiplle ¥orjakhR of said
cort eSpond'tﬂﬂ-dt Sorzéll gor(x: Plaul 34id first correlation result; and
10 ‘selecting the imaginary part of an average of said first and second

products as a frequency error signal.

-

(Dt O
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33. The method of claim 32, wherein said one bit being inverted is
2  the MSB of the binary representation, and said second bit bemg inverted is a
less significant bit of said first binary representation.

34. The method of claim 32, wherein said one bit being inverted and
2 said second bit being inverted are both less significant bits of the binary
representation.

35. The method of claim 22, wherein said predetermined set of
2 Walsh functions comprises 64 Walsh functions each having a length of 64
chips. o

36. The method of claim 22, wherein said step of filtering comprises
2 using a second order filter.

I
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result’ to generate a second index value; and 10 estimating a
frequency error based on a relationship between said - correlati.on result
corresponding to said first index value and a correlation 12 result

cor respondi REab9sasH d second index val ue. . 22. A %f/@%?mﬂ;n
tracking a frequency of conmmunication signals in a 2 communi Ir'on~system
that uses Mary orthogonal Wal sh nodul ation to " generate the

communi cation signals, using a frequency tracking |oop, and 4 the steps
conpri sing: receiving an i ngpt signal and a frequency offset
estimate and 6 producing a frequency shifted input signal, with the
anount of frequency shift being controlled by the frequency offset
estimate; 8 de M-nilng-a-correl ati on between a predeterm ned set

of Wal sh functiong yluency shifted input signal and producing
a correlatiop-10 vggjor; receiving said correlation vector and
produci ng a equencylerror 12 signal proportional- to a difference between
said tracking=| oo § conmmupi gation signal frequencies; and 14
accunul ati ng aidjL ency err 5i gnal and produci ng said frequency
of fset esti e. 23. thg nmethod of claim 22, wherein said step
of producing 2 cp ation vectpr conprises producing an array of a
plurality of &orrel n resufts, each being the result of a
correl ati on RQetween frequency phifted - WD 97/ 37437

PCT/ US97/ 06389 -24 - 4 input signal
and one Wl sl funct romthe prgdeterm ned set of Wl sh functi ons,
each correl afi , havi ng an | ndex val ue corresponding to a 6
particul ar iAl Wal sh functfons in the set which may be represented

24.| The nethod of claim?22, wherein said

in binary ®wofation.—
frequency efror conprises the steps of:

step of prosdicing a
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finding a first correlation result having a greatest energy val ue; 4
deternmining a binary representation of a corresponding first index
value for the first correlation result, and 6 i nverting at | east
one bit of s%dw}gi,agry representation of said first i ndecTRAbEs3190
generate one or nore additional index values corresponding 8 to
additional correlation results. 25. The met hod of claim 24,
wherein said step of producing a 2 féggquency error further conprises the
steps of: produci ng a conpl eX"conj ugate of each of said
additional .correlation 4 results designated by said additional index
val ues; generating a product of said conplex conjugate of said
additional 6 correlation results and saf rst correlation result; and
selecting the imaginary part of| at | east one of said products as a 8
frequency error signal. FRE t ' } - erein
sai d sel ecting step further 2 cpripiIEESIGMAlstbps of selecting apd
averaging the imaginary parts o one of said produgts to
provide a frequency error signal. 112 27. The method of cljai m 25,
wherein said selecting step fyrther—27¢ “Co sqs the steps of sélecting

and accunul ati ng the i nmagi nar;s‘ narts ot rq t han one of saiq products
to provide a frequency error 3@ N ERATE _20The met hod off cl ai m 24,
wher elt ndt.he Most Si gnI2f9I c_?_ﬂt i pc!é,‘ 190“2461 b:l\gary_ rep{ eisent tion :s
i nverted. : e regho m 24, wherein at | easf one |ess
significant bit of 2 sai d filr 5t DI arvbfﬁepresqnt ation is invertfed.
WD 97/ 37437 — - - ' :
PCT/ US97/ 06379 - _
'30. The nethod of r(;Ia-i A28, —wher e+ n—s 'd—less-s-i—gn-i-f%;ns?jbjt isfthe 2
Least Significant IBit (LSB) of the bingry representation. |
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31. The nethod of claim 24, wherein said step of producing aéﬂ@jrequenc
error further conprises the step of inverting at |east a secorﬂ‘bg 7 — '
said binary representation of said first index'value to genergigaa~third
index 4 value corresponding to a third correlation result. ([gREaR -
32. The nethod PO ai m 31, wonb MeLECOUNLPREPERTY okdARIZEHADS Of !

wrnr

S
producing a first conpl ex conjugate SFEsplPeBcond correl ation result
desi gnat e INTERNAZIGNALe ABFIACATIONPURLISHED UNDER THE PATENE CQOPERATION TREATY ®Tict

of | sai i) infeprationil Phitd? SlaaRB4in 33t € OF g2l dl (1)) peermBaRATIbICAL 6! ON T SO D787457
sald f|rsty ation result; 6 Al produci ng a second conpl ex
conjughte of saird third correl ati on {r eSj3) InternationglPeblictiort Daté: Dy SOataer {1997 (0810.97)
i ndex patue;,—8 generatinmga Secgnd—product of —Sard_second conpl €x
CONj ugpp Innationsl Application Ndniberdd ¢ OrACHUSDEATY | (BIxDesignatadiSlatsahld AM| AT AUCAT: BA|BEL BG BR,

][:afg{t a(ﬁzg?nwmﬂ Filing Date; sel e%mlggga?éggﬁﬁi nar %ﬁ?’}ﬁ“ﬂ?" %F%wga%g
TEEA,

secon producCts as ency @'fwiv, 8] MK. MN, MW, MX, NO,

The mat(gq())d of c‘lgai m 32, wherein said onelbit tm‘i%g&rﬂbeﬁﬁ.e@ SI, SK.2T3, T™, T8, o8-
of the ﬁ‘éf;’z‘y presen i ai d .sdcond 1 i I MW, SD,

| ess sf gnif1 cf'ﬁr:t bi t 0#9 Sgﬁgwqf@r})g.?s?bi na'fr&y_ reprgg ;mﬁm%&%ﬁ%ﬂg;
The nej h())d of cl %i m 32, WnereLn sai d .on% bit m;qgm.meu.tém‘}mrmmoms%d%n
second| & ﬁ"ﬁﬁ?ﬁﬁevmwgg%l%w%ﬁ gi gni ARG B & CACN Me M5 M SY. TD. TC).

represgentation. e methqd of claim 22, wherein said
pr edet prayinveatirsS SGRAWALAvnecilifAperimeit 37) (062305 | Pablghed Ses 64 VWAl sh functi ons each

havi | Prfye, . CA 92126, UAYAN, Rajiv; - VAR inerppyianappeqrdtepiortsf ) ai-m 22,
e o1 1 s RAEPE P PRI o DR 208 | i e A RS AR L B e

amendments.
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(57) Abstract

A frequency tracking loop for a communication system using orthogonal Walsh modulation is provided. The frequency tracking
loop mc]t,des a corrolator (120) such as a fast Hadamard transformation device, and a discriminator (130). The correlator (120) produces
a correlation vector (122) Tepresenting the result of comrelating the input signal with each of a sct of Walsh functions, with comresponding
index values. The discriminator (130) produces 2 frequency error signal (8) based on the correlator (120) output with the highest energy
level and other correlator outputs whose indices are related to the index of highest energy correlator output by powers of two. ‘The
error signal (€) is generated by producing a cross product between the highest energy output and one or more of the other related comrelator
:}aganlts&)ln fusther aspects, a filter (140) can be used 10 further shape the resulting ervor signal (8) and form a frequency offset estimate
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