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COMMUNICATION METHODS AND APPARATUS BASED ON
ORTHOGONAL HADAMARD-BASED SEQUENCES HAVING SELECTED
CORRELATION PROPERTIES

"BACKGROUND

This invention relates generally to electrical telecommunication and more
particularly to synchronizing transceivers of different users and even more particularly to
methods and apparatus for synchronization based on orthogonal sequences having
optimized correlation properties.

Modermn communication systems, such as cellular and satellite radio systems,
employ various modes of operation (analog, digital, and hybrids) and access techniques
such as frequency division multiple access (FDMA), time division multiple access
(TDMA), code division multiple access (CDMA), and hybrids of these techniques.

Digital cellular communication systems have expanded functionality for
optimizing system capacity and supporting hierarchical cell structures, i.e., structures-of :
macrocells, microcells, picocells, etc. The term "macrocell” generally refersto acell
having a size comparable to the sizes of cells in a conventional cellular telephone system-
(e.g., a radius of at least about 1 kilometer), and the terms "microcell” and "picocell"
generally refer to progressively smaller cells. For example, a microcell might cover a
public indoor or outdoor area, e.g., a convention center or a busy street, and a picocell

might cover an office corridor or a floor of a high-rise building. From a radio coverage

perspective, macrocells, microcells, and picocells may be distinct from one another or

may overlap one another to handle different traffic patterns or radio environments.

FIG. 1 illustrates an exemplary hierarchical, or multi-layeréd, cellular system. An
umbrella macrocell 10 represented by a hexagonal shape makes up an overlying cellular
structure. Each umbrella cell may contain an underlying microcell structure. The
umbrella cell 10 includes microcell 20 represented by the area enclosed within the dotted
line and microcell 30 represented by the area enclosed within the dashed line
corresponding to areas along city streets, and picocells 40, 50, and 60, which cover
individual floors of a building. The intersection of the two city streets covered by the



10

15

20

25

30

WO 00/10277 PCT/SE99/01331

2-

microcells 20 and 30 may be an area of dense traffic concentration, and thus might
represent a hot spot. ) _ .

FIG. 2 is a block diagram of an exemplary cellular mobile radiotelephone system,
including an exemplary bas_e; station (BS) 110 and mobile station (MS) 120. The BS
includes a control and proéessing unit 130 which is connected to a mobile switching
center (MSC) 140 which in turn is connected to the public switched telephone network
(PSTN) (not shown). General aspects of such cellular radiotelephone systems are known
in the art. The BS 110 handles a plurality of voice channels through a voice channel
transceiver 150, which is controlled by the control and processing unit 130. Also, each -
BS includes a control channel &ansCéiver- 160, which may be capable of handling more
than one control channel. The control channel tra_iisceiver 160 is controlled by the control
and processing unit 130. The control channel transceiver 160 broadcasts control
information over the control channel of the BS or cell to MSs locked to that control
channel. It will be u_ndersﬁ)_od that the -tmmﬁvers 150 and 160 can be implemented as a
single device, like the voice and control transceiver 170, for ﬁse with control and traffic
channels that share the same radio carrier.

The MS 120 receives the information broadcast on a control channel at its voice
and control channel transg_ei;ver 170. Then, the processing umt 180 evaluates the received
control channel information, which includes the characteristics of cells that are candidates
for the MS to lock on to, and determines on which cell the MS should lock.
Advantageously, the recqivéﬂ control channel information an only includes absolute
information concerning the cell with which it is associated, bi_lt also contains relative .
information concerning othér cells proximate to the cell with which the contro] channel is
associated, as described for example in U.S. Patent No. 5,353,332 to Raith et al., entitled
"Method and Apparatus for Communication Control ina Radiotelephone System".

In North Americs, a digital cellular radiotelephone system using TDMA is called
the digital advanced mobile phone service (D-AM_PS),-some of the characteristics of
which are specified in the TIA/EIA/IS-136 standard publisheﬁ by the
Telecommunications Industry Association and Electronic Industries Association -

(TIA/EIA). Another digital communication system using direct sequence CDMA (DS-



10

15

20

25

30

e

PCT/SE99/01331

WO 00/10277

D gk
G

uig
s

-3-

CDMA) is specified by the TIA/EIA/IS-95 standard, and a frequency hopping CDMA
communication system is specified by the EIA SP 3389 standard (PCS 1900). The PCS
1900 standard is an implementation of the GSM system, which is common outside North
America, that has been introduced for personal communication services (PCS) systems.

Several proposals for the next generation of digital cellular communication
systems are currently under discussion in various standards setting organizations, which
include the International Telecommunications Union (ITU), the European
Telecommunications Standards Institute (ETSI), and Japan's Association of Radio
Industries and Businesses (ARIB). Besides transmitting voice information, the next
generation systems can be expected to carry packet data and to inter-operate with packet
data networks that are also usually designed and based on industry-wide data standards
such as the open system interface (OSI) model or the transmission control
protocol/Internet protocol (TCP/IP) stack. These standards have been developed, whether
formally or de facto, for maﬁy years, and the applications that use these protocols are
readily available. The main objective of standards-based networks is to achiesve |
interconmectivity with other networks. The Internet is today's most obvious example of
such a standards-based packet data network in pursuit of this goal.

. In most of these digital communication systems, communication channels are
implemented by frequency modulating radio carrier signals, which have frequencies near
800 megahertz (MHz), 900 MHz, 1800 MHz, and 1900 MHz. In TDMA systems and |
even to varying exterits in CDMA systems, each radio channel is divided into a series of
time slots, each of which contains a block of information from a user. The time slots are
grouped into successive frames that each have a predetermined duration, and successive
frames may be grouped into a succession of what are usually called superﬁames.' The
kind of access technique (e.g., TDMA or CDMA) used by a communication system
affects how user information is represented in the slots and frames, but current access
techniques all use a slot/frame structure.

Time slots assigned to the same user, which may not be consecutive time slots on

the radio carrier, may be considered a logical channel assigned to the user. During each

. time slot, a predetermined number of digital bits are transmitted according to the
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particular access technique (e.g., CDMA) used by the system. In addition to logical
channels for voice or data trafﬁc, cellular radio commumcatlon systems also provide
logical channels for control Imessages, | such as paging/access channels for call-setup
messages exchanged by BSs and MSs and synchromzatlon channels for broadcast -
messages used by MSs and other remote terminals for synchronizing their transceivers to
the ﬁ'ame/slot/blt structures of the BSs In general, the transmission bit rates of these
d1fferent channels need not comclde and the lengths of the slots in the different channels
need not be uniform. Moregver, third _generatlon cellular communication systems being
considered in Europe and Japan are asynchronons, meaning that the structure of one BS is
not tporaily related to'the’ structure of another I§S and that an MS does not know any
of the structures in advance. o i

In such dxgltal commumcatlon systems, a recewmg terminal must find the timing
reference of a transmitting termmal before any information transfer can take place.- For a
communication system usmg DS-CDMA, finding the timing reference corresponds to
finding the boundaries of downlink (6.g., BS-1o-MS) chips, symbols, and frames. These
are sometimes called downiink -chip— symbol-, and frame-synchronizations, respectively.
In this context, a frameis s1mply a block of data that can be mdependently detected and
decoded. Frame lengths in today s systems typrcally fall in the range of ten rmlhseconds
(ms) to twenty ms. This search of BS tlmmg may | be called a “cell search”, and it
includes identification of BS-speclﬁc downlmk scra.mbhng codes that arc features of
current DS-CDMA commumcatlon systems, = _

An MS or other remote terminal typlcally receives a si gnal thatisa superposmon :
(sum) of attenuated, faded, and drsturb_ed versions of the signal transmitted by a BS. The
slot and frame boundzries in the received signal are unknown to the MS to begin with, as
are any BS-specific scrambling codcs | The goal of the MS is thus to detect and identify
one or more BSs in the noxse-hke (for DS-CDMA) received signal and to 1dent1fy the
scrambling code used '

In order to help synchromze the remote terminal to the BS and 1dent1fy the BS-
specific scrambling code, some commum_ca_tron systems provide that each BS signal

includes an unscrambled part, which may be_ _called a synchronization channel SCH,
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which the MS can lock onto and perform a cell search. Applicant;s invention improves

such synchronization channels in terms of both performance and MS complexity.

SUMMARY

In one aspect of Applicant’s invention, a method of determining a scrambling
code group for a received signal in a digital communication system is provided. Signals
in the communication system are scrambled by respective scrambling codes; the
scrambling codes are assigned to respective scrambling code groups; and identities of the
scrambling code groups are éncode'd in the signals by respective cyclically distinct
sequences of signed code words that are S-Hadamard sequences. The method includes
the steps of: correlating the received signal to each of a plurality of the code words;
coherently combining the correlations in accordance with cyclic shifts of each of a
plurality of sequences of signs; and determining a maximal coherently combined -
correlation to identify the scrambling code group for the received signal.

In another aspect of Applicant’s invention, a method of determining a scrambling
code group for a received signal in a digital communication system, in which signals are
scrambled by respective scrambling codes, the scrambling codes are assigned to -
respective scrambling code groups, identities of the scrambling code groups are encoded
in the signals by respective cyclically distinct sequences of code words, is provided. The
method includes the steps of: correlating the received signal to cyclic shifts of each of a
plurality of sequences of code words that are S-Hadamard sequences; combining the
correlations for each of the plurality of sequences of code words; and determining a
maximal combined correlation to identify the scrambling code group for the received
signal. . _ o

In another aspect of Applicant’s invention, a digital radio transmission system
having at least one transmitter and at least one receiver includes a device in the
tran_sinitter for generating a synchronization signal that includes signed versions of S-
Hadamard sequences. The S-Hadamard sequences are obtained by position-wise
scrambling a Walsh-Hadamard sequence with a special sequence having complex

elements of constant magnitude. There is also included a device in the receiver for -
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estimating a time location and sequence identity of a received version of the
synchronization signal.

In another aspect of Applicant’s invention, a method of determining a time
location of a received signal and identifying a Walsh-Hadamard sequence encoded as a S-
Hadamard sequence included in the received signal is provided. The S-Hadamard
sequence is a product of the Walsh-Hadamard sequence and a special sequence having
complex elements of constant magnitude; and the: Wa]sh—Hadamard sequence is a
member of a first set of Walsh Hadamard sequences. ‘The method includes the steps of:
forming a product of the recelved signal and the special sequence; and correlating the
product with each of a plurahty of Walsh-Hadamard sequences for identifying the Walsh-
Hadamard sequence encoded in the received signal.

. BRIEF DESCRIPTION OF THE DRAWINGS
Applicant’s invention will be understood by reading this description in
conjunction with the drawings, in which:
FIG. 1 illustrates an éxemplary hierarchical, or multi-layered, cellular
communication system;
FIG. 2 is a block dlagram of an exemplary cellular mobile radiotelephone system;
FIG. 3 illustrates a radio frame/slot/chip structure and a synchronization channel

- having a primary synchroni;étion code and a secondary synchronization code;

FIG. 4 is a flow chart of a method in accordance with Applicant’s invention;

FIG. 5 is a flow c_ha& of a method of determining a scrambling code group in -
accordance with Applicant:’é invention; and

FIG.6isa ﬂowchatt of another method of determining a scrambling code in
accordance with Applicant’l_é ix_wentio_n;

FIG. 7 is a flow chart of a method of determining a Walsh-Hadamard sequence
that is encoded as an S-Hadamard sequence included ina recéived signal;

FIG. 8 is a block dlagram of part of a communication system transmitter in

accordance with Applicant’s invention;
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FIGS. 9A, 9B, 9C are block diagrams of parts of receivers in accordance with
Applicant’s invention; and

FIG. 10 illustrates the use of high-order S-Hadamard sequences.

DETAILED DESCRIPTION

This application describes the invention in a context of cell search in a cellular
radio DS-CDMA communication system. It will be understood that this is just an
example and that the invention can be appliéd in many other contexts,

FIG. 3 illustrates a 10-ms-long radio frame that comprises 40960 complex (in-
phase and quadrature) chips divided among sixteen slots. Each slot thus includes 2560
chips, which represent ten 256-chip symbols. Such a frame/slot/chip structure is a feature
of a third generation, wideband CDMA communication system under consideration by
ETSI. The radio signal transmitted by a BS in such a communication system is the sum
of spread and scrambled data and control bits and an unscrambled synchronization
channel SCH. Data and control bits are typically spread by either bit-wise or block-wise
replacement by an orthogonal sequence or sequences, such as Walsh-Hadamard
sequences. (This is sometimes called m-ary orthogonal keying.) The spread results are
then scrambled usnally by bit-wise modulo-2 addition of a pseudo-noise (PN) scrambling
sequence. -

The SCH comprises two parts: a primary synchronization code (PSC) and a
secondary synchronization code (SSC), both of which are transmitted once per slot. In
FIG. 3, the PSC and SSC are illustrated as transmitted simultaneously but this is not
necessary; the SSC may be transmitted in another part of the slot. In one form of
WCDMA system, all BSs use the same PSC, which has a fixed relative position in the
same slot(s) for all BSs. The example shown in FIG. 3 has the PSC located first in the
slot. The position of the SSC may also be fixed (e.g., first in the slot as shown in FIG. 3),
but the SSC value may vary from BS to BS. In fact, a different SSC value may be
transmitted in different slots by the same BS. Nevertheless, the length-16 sequence of
(possibly different) SSC values repeats periodically through the sequential frames
transmitted by each BS. | - '
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'As n_oted _above, aremote terminal such as a MS receives from a transmitter such
as a BS a signal that is a sum of attennated, faded, and disturbed versions of the signal |
actually transmitted by the BS _To.the remote terminal, the slot and frame boundaries of
the received signal, as well as the scrambling codes used by the transmitter are initially
unknown. The goal of the remote terminal s to determine the frame/slot/chip structure of
the noise-like received signal and to identify the scrambling code used. _

One way to achieve thls goal is to.establish the frame timing and then use brute .
force to identify the scta;nbling code by correlating a received frame with all scrambling
code candidates. This is a very compl_e:x and ;_power-expensive procedure if the number of
candidates is mge_, as it would likely'be in allighfcapacity (s_l'nall'cell) communication
system. _ : . I
A better ‘way to achleve the goal is to divide the set of poss1ble scramblmg codes
into groups, each of whlch ;nclud_es a smaller number of codes, and to encode the group
identity into the sequence of -SSCs Thus, by detecting the sequence of SSCs, which may
extend over some Or all of the slots in a recewed ﬁ'ame or frames, the remote terminal
ascertains the small subset of all posslble scrambhng codes to which the BS scrambling
code belongs Then, the remote tenmnal can correlate the received information w1th each -
of the more reasonable number of scrambling code candidates in the subset in order to .
ascertam the partlcular BS scramblmg code. In both of the methods described below,

SSC sequences are selected such that both the scrambhng code group identity and the
frame timing can be obtamed sxmultaneously _

In desm“bmg the two altematlve methods below, the SSCs, which may be
modulated, have length 256 and are taken from the set of 1ength-256 orthogonal Gold
codes. The PSC sequence may also be taken ﬁ'om that set of Gold codes. Itwillbe-
appreciated, of course, tllat,these ate_merely examples and that other lengths and types of
oﬂhoéonal codes may be used instead; In fact, the PSC and §SCs need not be orthogonal
in general, although orthogonahty is usually preferred.

A common first step for the two methods (see FIG. 4) is slot and chip
synchromzatlon Ina commumcatxon system having a synchronization channel like the
WCDMA proposals with an unscrambled common PSC, the remote terminal may pass
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the received signal (after removing the carrier, etc.) through a filter matched to the PSC.
Such a matched filter can be implemented in software executed by the remote terminal’s
processor 180 or in hardware by, for example, a suitably tapped delay line or shift
register. Other communication systems might employ other devices or methods of
obtaining slot and chip synchronization.

It will be appreciated that it is not necessary in general to have slot
synchronization; a receiver could scan for the SSCs having established only chip, or bit,
synchronization. One way to do this would be by using matched filters corresponding to |
candidate SSCs set at a few selected delays since the receiver would not have slot
synchronization. Nevertheless, it will be recognized that the number of possible starting
positions without slot sync is the number of chips or bits in a frame rather than the
number of slots. In the currently proposed WCDMA systems, there are 40960 chips in -
cach frame and only sixteen slots. Thus, besides facilitating detection of the presence of a
carrier signal, an unscrambled PSC transmitted in one or more slots gives a clear
advantage to a communication system in that the number of possible frame start positions
is reduced from the number of chips in a frame to the number of slots including the PSC. -

In the next common step shown in FIG. 4, the receiver determines the sequence of
SSCs and hence the frame timing and group identity. In the third step, also common to-
both methods, trial descramblings of the received data are generated using all of the
candidates in the code group identified by the preceding step.

In order for step 1 of the method shown in FIG. 4 to perform well in a WCDMA-
like communication system, the PSC sequence must have good aperiodic autocorrelation
properties. “Good” autocorrelation properties are such that the value of the correlation of
a code word or sequence with shifts of that code word or sequence is small except for the
zero shift. Aperiodic properties are important in situations in which the code word or
sequence is not continuously transmitted such as the currently proposed WCDMA
systems, in which the PSC sequence is only one of nine symbols sent in each slot. Since
a matched filter looking for the PSC is influenced only by the PSC occurring in the
particular slot passing through the filter, not by PSCs occurring in preceding or following
slots, it is the aperiodic autocorrelation properties of the PSC that are important. Good
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aperiodic autocorrelation properties can be assured by either of the two exemplary
methods described below that are illustrated by FIGS. 5 and 6.

Method 1 _ _

Assume without loss of generality that there are 512 scrambling codes divided
into thirty-two groups of sixteen codes each. To each group /, assign a code word C, for
representing that group in the SCH, e.g., by the sequence of SSCs in a frame (step 502 in
FIG. 5). The assigned code words could be communicated te the remote terminal or
stored in advance in a suitable memory in the terminal. If the code word C, were simply
transmitted as the SSC in each slot of a frame, then the receiver’s determining C, would
determine the scrambling code group (and the slot timing, if the PSC were not sentin -
each slot) but not the frame timing (frame synchronization). Therefore in accordance
with one aspect of Applicant’s invention, a signed version of C, is transmitted in each of
some or all of the slots in a frame or frames. The slot-specific signs are selected (step 504
in FIG. 5) such that the sequence of SSCs in a frame comprises a length-16 cyclically

. distinct sequence having go_ed periodic autocorrelation properties.

Accordingly, if m, is the sign of the code word C, in the i-th slot, the transmitted -

sequence of SSCs in a frame will be as follows for a frame having sixteen slots:

(m,Cp, mCp ooy m[Cpp m, CJ

By correlating the received slot information with all possible code words C, (step
506 in FIG. 5) and by coherently combining these correlation values according to sign.
sequences corresponding to all cyclic shifts of the sequence [m » My, ..., Mys, Ml (Step
508 in FIG. 5), both the code word C, and the phase of /m,, m,, ..., m,s;, m,;] that
maximizes the combined correlation value can be determined (step 510 in FIG. 5)..

It will be understood that in order to combine the slot/code-word correlation
values coherently, a channel estimate is necessary, which involves the receiver’s
determining the weight function or impulse response of the communication channel. For .

coherent digital amplitude modulation and transmission through a fading channel in a
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WCDMA-like system, such channel-response estimation can be based on the known
PSC, e.g., by correlating the received slot(s) information with the known PSC. Aspects
of channel estimation in digital radio communication systems are described in U.S. Patent
No. 5,768,307 to P. Schramm et al. for “Coherent Demodulation with Decision-Directed
Channel Estimation for Digital Communication”. '

Method 2

This method is based on forming sequences of the members of a small set of
different code words C, that are sufficient to unambiguously identify each group of
scrambling codes (step 602 in FIG. 6). It may again be assumed without loss of
generality that there are 512 scrambling codes divided into thirty-two groups of sixteen
codes each. By way of example only, let there be seventeen code words C, and frames
having sixteen slots each, An “alphabet” of seventeen “letters” or symbols can form
many length-16 letter sequences, and many of such sequences can be proved to have
reasonably good periodic autocorrelation and cross-correlation properties. Such sequence
construction methods are described in “Comma Free Codes for Fast Long Code - '
Acquisition”, Doc. No. AIF/SWG2-15-6(P), IMT-2000 Study Committee, Air Interface
Working Group, SWG2, which was a contribution by Texas Instruments Inc. '

“Good” cross-correlation properties are such that the value of the correlation of a
code word or sequence with any other code word or sequence and with any relative shifts
of the code words or sequences is small. Periodic properties are important in situations in
which the code word or sequence is continuously transmitted such as the currently
proposed WCDMA systems, in which the sixteen-symbol sequence of SSCs is repeated
from frame to frame. Although the SSC is only one of the ten symbols sent in each slot
and is in that sense not continuously transmitted, it is possible with slot synchronization
established to avoid searching for the SSCs in 9/10 of the frame and thus to treat the
SSCs as if they were continuous. Given any sixteen consecutive slots, therefore, the
receiver can know that it has captured at least an arbitrary symbdl-wisé cyclic shift of the

entire sixteen-symbol sequence.

PCT/SE$9/01331
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Of the many possible length-16 letter sequences, thirty-two would be selected
based on their correlation properties to represent respective ones of the SSC sequences.
As in Method 1, the selected_ sequences can be communicated to the remote terminal or
stored in advance in a suitable memory in the terminal. It m#y be noted, however, that
the sequences formed accbrding to Method 1 are currently believed to have slightly better
correlation properties than those formed according to Method 2.

The sequences of SSC code words C, are constructed by selecting code words
from the “alphabet” of seventeen code words such that the seq_uences are code-word-wise
cyclically distinct and so that _they have good mutual cross.-cdfrelaﬁon properties. For
example, suppose one has two “letters” A and B, which are mutually orthogonal length-
256 sequences like SSCs, and further suppose one is interested in length-8 sequences of
such “letters”. If one starts w1th the sequence AAAAABBA, then one cyclic shift of that
sequence is AAAAAABB wlnch is distinct. ﬁ'om the ongmal sequence AAAAABBA.-
One code-word-wise non-cychcally distinct sequence is ABABABAB, and another (even -
more 50) is AAAAAAAA. -_F or the latter, it will be recognized that all cyclic shifts are the -
same, and for the former it w111 be recognized that some cycli§ shifts are the same. Of
course, it will be understood that a shift by the length of a sequence (i.e., a shift by the
number of symbols) is just fhe original sequence again, which does not render the -
sequence code-word-wise cychcally non-distinct.

Another two code-word-wme cyclically distinct sequences are ABBBBBBB,
which for convenience may pe called Seql, and ABBAAABB, which for convenience
may be called Seq2. The.flgilowin_g table shows the number of sequence positions in
which the original sequen¢g and each shifted sequence agree, i.., have the same “letter”.

hif: 0 1 2 3 4 5 6 7

Seql: 8 6 6 6 6 6 6 6

Seq2:8 4 2 4 4 4 2 4
From this table, it can be seen that Seq2 has “better” aut_ocorfelation properties than Seq}l
because as noted above “gépd” autocorrelation properties are such that the value of the
con'élation of a code word or sequence with shifts of that code word or sequence is small

except for the zero shift. For sequences that are not cyclically code-word-wise distinct,



10

15

20

25

WO 00/10277 cg,}q PCT/SE99/01331

- 13- s

the number of agreements would be 8 (maximal) for at least one non-zero shift. It will be
unders;tood that the number of agreements is related to the correlation value in that the
correlation (either auto- or cross-) is usually defined as the number of agreements less the
number of disagreements.

The cross-correlation between Seql and Seq2, i.e., the number of sequence '
positions in which Seql and Seq2 have the same “letter” as Seq] is shifted position by
position through Seq2 and wrapped, is given by the following table.

relative shift: 0 1 2 3 4 5 6 7

agreements: 5 3 3 5 5 5 3 3
A good set of code words is such that it is unlikely to mistake one code word for another
and/or for a shift of the one or another code word. In a similar way, the received slot
information is cotrelated with all possible code word sequences at all shifts (step 604 in’
FIG.6). '

. It will be noted that the code words C, are not signed as in Method 1, and thus -
non-coherent combination of the correlations of the received slots with their respective
code words is possible (step 606 in FIG. 6). For example, let C,= C(SSC, R)) be the
correlation between R,, the received information in the i-th slot, and SSC,, the i-th SSC in
a hypothesized sequence of SSCs. Then, the sum of C, taken over i is the correlation -
between the hypothesized sequence and the received information, but since the several
R, are subject to unknown and different fading or other transmission disruptions, non-
coherent combining is necessary in the absence of channel estimates. In other words, the
sum of the squares of the magnitudes of C; taken over i is the measure. If channel
estimates a, are available, then the correlation values can be coherently combined by
taking the sum over i of the products of C, and the complex conjugates of a,, With
Method 1, coherent combining is necessary because the signs m; ﬁust be retained, but

with Method 2, either coherent or non-coherent combining can be used.
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. Accordingly, if C, is the SSC in the i-th slot, the transmitted SSC sequence will be
as follows for a frame having sixteen slots: '

[C,, Cp v € C, )

1’ 72

Determining the maximal correlation value obtained from correlating the received slot
information w_ith all possible SSC sequences at all shifts identifies the frame timing and
the sequence /C,, C,, ..., C;5, C,4/ that identifies the scrambling code group (step 608 in
FIG. 6).

As noted above, the synchronization codes PSC and SSC may be orthogonal Gold
codes of length 256: Such Synchronization codes are used in the WCDMA
communication systems that are under consideration by ETSI and ARIB. The PSC
sequence in currently proposed WCDMA systems is chosen; from the set of length-256
orthogonal Gold codes such that the chosen sequence has the largest merit factor (MF), -
which is defined as the square of the zero-lag aperiodic autocorrelation value divided by
the sum of squared non-zéro-lag aperiodic autocorrelat_ibn values. Alternatively, the
figure of merit could be the ;_naximal out-of-phase peak ma3ni’_cude of the antocorrelation
function. ' |

One aspect of such codes, and of various other types of codes for that matter, is
that the autocorrelation pioperties of orthogonal Gold codes are not necessarily the best.
Although the autocorrelation properties of a Gold code seqﬁence chosen based on such
criteria are not bad, it is desirable to find sequences that have better properties.

~ In addition, the use of orthogonal Gold codes increa__s_eé the complexity of the
receiver because the receiver has to perform many 256-chi§ correlations on each slof’s
information in real time to keep up with the incoming signal. The well known Walsh-
Hadamard sequences can be efficiently decorrelated with a Fast Walsh Transform (FWT),
yielding a simple receiver. Methods and apparatus for performing an FWT are described
in U.S. Patent No. 5 ,357;454 to Dent for “Fast Walsh Transform Processor”, which is
expressly incorporated here by reference. Walsh-Hadamard sequences have structural
properties that make co:félétion of a received sequence with the Walsh-Hadamard
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sequences possible to do with much less complexity than brute force correlations. The

results of an FWT operation are substantially identical to correlatinig the received
sequence with all Walsh-Hadamard sequences of a given length.

Moreover, for applications such as the WCDMA communication systems
currently proposed, it is necessary only to use a subset of family of Walsh-Hadamard
sequences, and thus only a subset of the results of the FWT are of interest. Although the
FWT is efficient, a complete FWT would perform unnecessary operations. If the subset
of Walsh-Hadamard sequences is chosen with care, decorrelations can be done with a2
FWT of smaller order than the full FWT. From a complexity point of view, therefore, the
Hadamard sequences are suitable. Nevertheless, Walsh-Hadamard sequences have very
bad autocorrelation properties and are thus unsuitable for the purpose of cell search.

- In general, one would like a set of orthogonal sequences of which at least one has
aperiodic autocorrelation properties that are as good or better than those of the Gold code -
sequence described above and could serve as PSC and SSC sequences. One would also
like to have a family of sequences that can be efficiently decoirelated at the receiver. E
These goals can be met by a set of orthogonal sequences that are based on Walsh-
Hadamard sequences but that can have better autocorrelation propetties. In this -
application, these sequences are called S-Hadamard sequences.

In accordance with one aspect of the invention, each Walsh-Hadamard sequence is
position-wise multiplied by a special complex sequence S having unit-magnitude |
components. The special sequence S is carefully selected such that the members of the
resulting set of S-Hadamard sequences have good autocorrelation and cross-correlation
properties due to the S sequence. The construction of sequences according to their
correlation properties is described in U.S. Patents No. 5,353,352 to P. Dent et al. for
“Multiple Access Coding for Radio Communications” and No. 5,550,809 to G.
Bottomley et al, for “Multiple Access Coding Using Bent Sequences for Mobile Radio
Communications”. These patents are expressly incorporated here by reference.

Let Hy, be a MxM Walsh-Hadamard matrix normalized so that the all-ones
sequence appears as the top row of the mafrix. The Walsh-Hadamard sequences are
given by the M rows of this matrix, and the entries in H,, (the components of the
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sequences) are either +1 or - 1. The matrix H,, is generated in the usual way according to

the following expression:

e Pup
", = .
Hyn ~Hyp

with H, = [+1]. These are the so-called Sylvester-type Hadamard matrices.

| Permuting rows or columns in Hy, or multiplying any row or column by -1 still
yields Hadamard matrices. The criteria for choosing sequences among the rows
described below is valid _fpxj Sylvester-type matrices and may change in a straightforward
way for other types of Hadamard matrices. Without any loss of generality, the following
descnpnon uses Sylvester-type matrices in the examples o

Let fhp Bip oor By be the i-th Hadamard sequence, and let S = [s,,, Sy ves Saga]

be the special sequence S havmg complex elements of constant magnitnde (unit
magnitude in this exaxnple). Then, the i-th S-Hadamard sequence is given by:

[cio Cipp oo S, u-td = [Solio Sihys s SM-lhi, wtd

which can be viewed as the result of a transmitter’s scrambling a Walsh-Hadamard code
word with the sequence S. o

The cross-correlauon between the i-th and the j-th S-Hadamard sequence is given
by the following expressmns.

.[cm,_c‘_l, s €y ape 1] [cjo cj ey cj'u_l] =

(hi,oh,o 00 *oe hi.M lhj,M-l M-15 -1 =
— - T T
(h.“ohj_o + . t hw -1 IM') (hmh” hw_) (hjuhjl th-_l)

which equals M if i=f and zero otherwise, since the original Walsh-Hadamard sequences
are mutually orthogonal. Hence, the S-Hadamard sequences are also orthogonal.
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It can be noted that the first row in H,, is the all-ones sequence and hence the

corresponding S-Hadamard sequence is the special sequence S itself, as follows:

[co,o’ Coy? s co,u-l] = 84 Sys wens "M—xl =S

Thus, by choosing S such that it has good aperiodic autocorrelation properties, the set of
orthogonal S-Hadamard sequences has at least one member that also has these good
autocorrelation properties.

There are several ways to design a sequence that has antocorrelation properties
that are at least as good as Gold sequences that will be used in the currently proposed
WCDMA systems. One simple way is to choose the currently proposed PSC sequence as
the special sequence S. Then, as noted above, one of the S-Hadamard sequences will be
the special sequence S, and the new PSC sequence, too, if the all-ones Walsh-Hadamard
sequence is chosen as the basis for the new PSC sequence!

Another way is to choose one of the sequences in a so-called complementary pair
of sequences, which are described in S. Z. Budiin, “New Complementary Pairs ‘of
Sequences”, Electronics Letters, vol. 26, no. 8, pp. 881-883 (June 21, 1990),and S. Z. -
BudiSin, “New Multilevel Complementary Pairs of Sequences”; Electronics Letters,
vol. 26, no. 22, pp. 1861-1863 (Oct. 25, 1990). Both of these publications are expressly
incorporated here by reference. ‘Such sequences are known to include sequences having

good autocorrelation properties. In general, a complementary pair of sequences S and S’

‘have the property that the sum of their respective aperiodic autocorrelation function is

zero for all non-zero lags. Only one member of a complementary pair is needed for this

application, however.

PCT/SE99/01331
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As explained in the Budifin publications_ cited above, real multilevel
complementary sequences a, and b, can be generated according to the following
expressions:

2,(i) = 3G) | by(D) = 8()
2ys1(0) = 2,() + W,b,(i-S,) Bua) =2,00) - W,by(G-S.)
where 8(j) is the Kronecker delta fumction; n is the number of the iteration; n € 1,2, ...,
N-1; W, are coefﬁcients_h?,ving values of either +1 or -1; S, are arbitrary positive
delays, and i is an integer répresenﬁng the time scale.
Real multilevel coxﬁplementa;y sequences can also be generated as described in
the Budiiin publications _"ac;:'ording to the following expressions:
2q(i) = (1) - - b@=0
ap()=2,0) +AbG-S) - bpa(i) = Asa() - bG-S,)
again where 6(i) is the K_roﬁecker_del_ta function; n € 1, 2, ..., N-1; A, are real parameters;
S, are arbitrary positive délays, and i is an integer representing the time scale.
Applicant has evglqated all of the complementary palrs of length-256 sequences

. of binary elements that are produced by the algorithm desm-ibed in the BudiSin

publications cited above. The following table is a comparison of the MF and maximum
peak magnitude for a PSC sequence th_at is an orthogonal Gold sequence to a
complementary sequence gptimized with respebt to the MF émd to a complementary
sequence optimized with respect to the maximum peak magnitude.

S : MF. maximum peak magnitude
orthogonal Gold 2.7 18
complem. pair (best MF) 4.5 .25
complem. pair (beg_t peak) 3.1 12

From the table, it can be séen that there are indeed sequences with better figures of merit
(either MF or maximum peak magnitude) than an orthogonal Gold code PSC.
As one particular ei:ample of complementary-pair sequences that would be

suitable fora WCDMA system as currently proposed, one can advantageously employ the
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following for the sequences S, and W, in the algorithms described in the Budigin
publications cited above: )

[Sh Ss ... S5 =11, 2, 8, 64, 4,128, 32, 16]

W, Wy ., Wel=[1,1,1,1,1,-1,1,1]
to obtain a sequence [a,(i)], wheren=8 and i € 0, 1, ..., 255, having the best MF found
for such sequences.

- As another particular example of complementary-pair sequences that would be
suitable for a WCDMA system as currently proposed, one can advantageously employ the
following for the sequences S, and W, in the algorithms described in the Budi¥in
publications cited above:

Sy S .. S5} =132, 1, 16, 2, 4, 128, 8, 64]

(W, W,, ... Wg=[1,1,-1,1,1,-1,-1,1]
to obtain a sequence [a,(i)], wheren=8 andi € 0, 1, ..., 255, having the lowest maximum
non-zero-lag correlation peak found for such sequences.

Many sequences among the complementary pairs of sequences have better merit
factors MF or better maximum peak magnitudes than Gold codes, and hence such
sequences can be used advantageously as the special sequence S. The complementary
pairs of sequences are espeéially suited to this application since their lengths match those -
of the Sylvester-type Walsh-Hadamard sequences, i.e., they are integer powers of two.

In general, many sequences having good correlation properties can be constructed,
but many of those have lengths that do not match the Waish-Hadamard sequences. Thus,
such sequences can not be used without modification (and consequently changed
correlation properties).

The position-wise multiplication of the Walsh-Hadamard sequences and the
special sequence S destroys the structural properties of the Walsh-Hadamard sequences '
that allow efficient decorrelation by an FWT. Nevertheless, representing a received

signal as a received complex sequence »’ that is given by:

r=re, vy e, Pyl
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the receiver may as a first step multiply r’ position-wise by the complex conjugate of the

special sequence S to form a sequence r that is given by:
rElry tpen vy =S, v, v 8,

which can be viewed as the result of the receiver’s descrambling a Walsh-Hadamard
sequence based on the sequence S. The sequence r can then be correlated with the
Walsh-Hadamard sequences of interest, e.g., by using an FWT, in order to find the most
likely candidate. _
The correlation of one received length-M sequence with a bank of M length-M
candidate sequences generg_lly requires on the order of M? operations. Using S-Hadamard

sequences, the correlation qf the sequence r requires only on the order of M-log,M -
operations since the FWT can be utilized. Of course, there might be circumstances in ~ -
which it is useful to determine S-Hadamard sequences received by brute force, i.e:, by
simply correlating the recei}?ed signal to candidate S-Hadamard sequences.

To summarize as illustrated in FIG. 7, one advantageous method of generally
determining a Walsh-Hadamard sequence that is encoded as an S-Hadamard sequence r
included in a received sig_né,l r’, e.g., as a PSC or SSC, comprises the following steps that
can be implemented in a reeeiver either in hardware such as an application-specific
integ_rated circuit or in software executed by the receiver’s processor:

1. descramble the ireceived sequence r’ using the special sequence S to get r (step
702); and | |

- 2. identify the received Walsh-Hadamard code word, e.g., by performing an M-
point FWT on r (step 704). If desired, of course, the received S-Hadamard sequence can
be derived by multiplication as explained above. The special sequence S can be either
communicated to the receiver, e.g., as the S-Hadamard sequence based on the all-ones
Walsh-Hadamard sequence noted above, or the candidate S sequences can be stored in the

receiver or locally generated there in another way.
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As noted above, the synchronization channel in the currently proposed WCDMA
commﬁnication systems can employ only a subset of all possible M-length Walsh-
Hadamard sequences, where M is identified with the number of slots in a frame. In
Method 1 described above, the number of members of the subset is just the number of
scrambling code groups (thirty-two, in the example). In the example illustrating Method
2, seventeen sequences are needed. Considering also the need for a sequence to be used
as the PSC, a subset that included either thirty-three (for Method 1) or eighteen (for
Method 2) length-16 sequences would be useful for the example system. The following
describes sequence subsets having a cardinality of a power of two and then the general
case of noﬂ-power of two cardinalities, such as thirty-three and eighteen.

Let M be the total number and length of the sequences and let N be the number of

sequences used of the M sequences. Also, let M and N be integer powers of two and let

.. L =M/N. Then, let the N used sequences be defined as:

[Sohima Slhzuk. b oo SM-thM. -] fori=0,1,.. N-1

foranyk=0, 1, ..., L-1, which is to say that the Walsh-Hadamard sequences chosen are
taken as every L-th row in the matrix H),, starting from row k. These chosen sequences
are then scrambled with the special sequence S in order to adjust their autocorrelation
properties. The subset of Walsh-Hadamard sequences is advantageously chosen such
than an N-point FWT can be applied by the receiver.

Closer inspection of the chosen Walsh-Hadamard sequences reveals that each of
the N length-M sequences is a concatenation of N signed copies of a subsequence S’ of
length L. The subsequence S’ is the same for all Walsh-Hadamard sequences, but the
sign patterns are different, as can be seen from the following:

[hhl.i'k. [/ hl-!.+k, Ir oo hH.-l-k, M-L] = lh’i, OS' ’ h ’i, 7 S'v seer h ,i, u-lSj

where b’; ; is the sign before the j-th copy of § in the i-th Walsh-Hadamard sequence.
Depending on k, the sequence S’ will look different.
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- Itmay be recognized that the sign matrix H’y =[h’; ;} is itself a Hadamard
matrix of order N. This sﬁggests for example the following modification of the method
illustrated by FIG. 7 that can be implemented in a receiver when the number of used
sequences N and the sequencé length M are integer powers of two:

1. descramble a recelved complex sequence r’ with the special sequence S to get
the sequence r (step 702); -

2. perform N consecutive correlations of the N length-L consecutive subsequences
of r with S* to get 2 length-N sequence 1” (step 704); and

3. perform an N-point FWT on r” to identify the N-length Walsh-Hadamard
sequence received (also step 704). It can also be noted that steps 1 and 2 can be
combined so that a simpl_e';:'modiﬁcation of the method illustrated by FIG. 7 includes the

- steps of:

1. perform N consecutive correlations of the N length-L consecutive subsequences

of the received complex Sgtjuence r’ with short sequences S’,, ..., S’y to get a length-N -

‘sequence r” (step 702); and

2. perform an N-point FWT on ¢ to identify the N-length Walsh-Hadamard
sequence received (step 704). ' '
The short sequence S’; corresponds to the position-wise multiplication of the i-th

length-L. subéegment of S with S°. Thus, descrambling and forming partial correlations

' are performed simultaneously.

If the number of used sequences is not an integer power of two as in the examples
described above, one can gerform a 32-point FWT and one ordinary correlation to handle
a subset having thmy-three members, and one can perform a 16-point FWT and two
ordinary correlations to _hah_'dle a subset having eighteen members. The length-32 and
length-16 sequences used should be chosen as described above and the additional one or
two sequences can be any sequence(s) not included in those thirty-two or sixteen
sequences. _ .

Alternatively for a number of sequences that is a non-integer-power-of-two, e.g.,
forty-eight (out of, say, 256), the receiver could perform steps 2 and 3 above twice: once
with N = 32 and once with.N =16. (The S’, L, and k will also differ.) The 32 + 16
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sequences must be carefully chosen according to the criteria above and not to coincide.
This reasoning is easily extended to any number of sequences less than M since any
number is a sum of a number of integer powers of two. One could also use a small-order
FWT that is larger than necessary, e.g., a 64-point FWT, and simply not use sixteen of the
resultant correlation values. ' ' '

As shown above, theré are many ways of dealing with the case of N not being an
in;eger factor of two.

A block diagram of part of a communication system transmitter 800 in accordance
with Applicant’s invention is shown in FIG. 8. A generator 802 produces a suitable
special sequence S that is provided to a generator 804 for producing a set of S-Hadamard
code words. The generator 804 may include a device for generating, .g., recursively, a
set or a subset of M-length Sylvester-type Walsh-Hadamard sequences and a multiplier
for forming products of the special sequence S and the members of the M-length Walsh-
Hadamard set or subset. As an alternative, the generator 804 may include a suitable
memory for storing the members of a set or subset of M-length Walsh-Hadamard
sequences and a multiplier. Particular members of the set or subset of S-Hadamard code -
words are chosen by a selector 806 on the basis of a desired scrambling code group
identity provided by a generator 808, which may be a memory that stores predetermined
group identities. The sequence of selected S-Hadamard code words, which may be a PSC
and SSCs as described above, are provided to a modulator/combiner 810 for producing
the signal eventually transmitted, e.g., the signal provided to the control channel
transceiver 160 (sce FIG. 2). The modulator/combiner 810 also may receive signals
corresponding to other communication channels or information that are combined with
the sequence of selected S-Hadamard code words. |

It will be appreciated that the functions of most of the devices illustrated in FIG. 8
can be carried out by a base station processing unit 130 (see FIG. 2). It willalsobe
appreciated that the generators 802, 804 may be replaced by a suitable memory for
storing a set or a subset of M-length S-Hadamard code words. Moreover, the generators
802, 804, 808 and the selector 806 may be replaced by a suitable memory for storing one
or more sequences of selected S-Hadamard code words.
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- FIGS.9A, 9B, 9C are block diagrams of parts of receivers in accordance with
Applicant’s invention. In the receiver 900 shown in FIG. 9A, a received complex
sequence 1’ is prov1ded to a decorrelator 902 that forms the correlation of the sequence r’
with members of a set of S—Hadamard code words that are prov1ded by a suitable
generator 904, which as noted above in connection w1th FIG. 8 may simply by a memory
for storing the code words The output of the decorrelator 902 is a value or other measure
suitable for a task like cell search, e.g., an mdlcanon of the identity or identities of the S-
Hadamard code words in the reeerved sequence. Although feasxble, decorrelating in the
manner of FIG. 9A does not take advantage of most of the efﬁcrencm possible with S-
Hadamard code words.

FIG. 9B 1llustrates part of a more efficient receiver 900' in which the received
sequencer’ is prov1ded to a multiplier 910 that forms the product of the sequencer’ and a
special sequence S provxded hy a suitable generator 912. The “descrambled” sequence r
produced by the multiplier 910 is provided to a decorrelator 914 that correlates the
sequence r with members.of a.set or subset of M-length Walsh-Hadamard sequences as -
described above The Walsh-Hadamard sequences are provided by a suitable generator
916, wlnch maybea processor for recursively generating the sequences or a memory for -
srmply retnevmg them. . It wxll be appreclated that the decorrelator 914 and the generator
916 may be advantageously replaced by a FWT processor. As in FIG. 9A, the output of
the decorrelator/FWT is a value or other measure suitable for a task like cell search, e.g.,
an indication of the 1dent1ty or identities of the S Hadamard code words in the received
sequence.

FIG. 9C lllustrates part of a receiver 900" that includes a decorrelator 920 and a
decorrelator 922. Tn one form of receiver 900", the decorrelator 920 forms consecutive
partial decorrelations of the received sequence r’ with a plurality of short sequences that
have lengths less than M and that correspond to position-wise multiplication of the
special sequence S and a subsequence of a member of the. set of M-length Walsh-
Hadamard sequences. The results of that decorrelation process are provided to the other
decorrelator 922 that correlates the consecutive partial decorrelatrons with members of a

set of Walsh-Hadamard sequences that includes the subsequence. As above, the
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decorrelator 922 can be replaced by an FWT, and the output is a value or other measure
suitable for a task like cell search, e.g., an indication of the identity or identities of the S-
Hadamard code words in the received sequence. '

In another form of the receiver 900", the decorrelator 920 forms partial
consecutive decorrelations of the “descrambled” received sequence r with a subsequence
of the M-length Walsh-Hadamard sequences. A multiplier for forming the product
(sequence r) of the received sequence r* and the special sequence S is omitted from FIG.
9C for clarity. The results produced by the decorrelator 920 are then correlated by the
déco:relator 922 with members of a set of Walsh-Hadamard sequences that includes the
subsequence. As above, the decorrelators 920, 922 can be replaced by FWTs, etc.

It will be appreciated that Applicant’s invention is nseful in a communication
system such as the WCDMA system described by ARIB, which employs masked
symbols, in addition to a communication system such as the WCDMA system described
by ETSI, which employs PSC and SSCs in a synchronization channel SCH. (A “masked
symbol” is a symbol that is not scrambled, viz., a base station’s scrambling codeis
“masked”, or blocked, for that symbol.) As noted above, the PSC and SSCs are added to
a downlink (base station to remote terminal) signal after the other components of the -
downlink signal, e.g., traffic information for various remote terminals, has been combined
and scrambled. The masked symbols in ARIB’s currently proposed WCDMA system
generally correspond to the PSC and SSCs in ETSI’s system, but the masked symbols are
time-multiplexed with the components of the downlink signal. For example, masked |
symbols may be embedded from time to time in a traffic channel.

As yet another example, let each row in a matrix Hj constitute a length M = 2%
Walsh-Hadamard sequence of +1/-1 entries. If only a subset of the M Walsh-Hadamard
sequences is to be transmitted, e.g., N sequences, an FWT receiver calculates M—-N
unnecessary correlation values as noted above. If the N sequences are chosen well,
however, the receiver can perform a smaller order FWT and reduce the complexity
significantly. In particular, assume N is an integer power of‘ Z2and let L =M/N. Then, let
the N sequences be chosen as every L-th row of H, starting from, say, row j. Close

inspection of these N sequences reveals-that each sequence comprises N signed copies of



10

15

20

25

30

WO 00/10277 PCT/SE99/01331

-26-

a length-L subsequence S, which is the same for all N chosen sequences. The signed
copie§ of S’ina _matrix form a Sylve_ster-typ_e ‘Walsh-Hadamard matrix of order N.
As a numerical exax_n_ple, assiameM=16,N=4,L = 16/_4_ =4,and j=2. Then,
the N =4 sequences chos_e# from the Walsh-Hadamard matrix H, are as follows:
row2=[1,-1,1,-1, 1, -1, 1,-1,1,~1,1,-1,1,~1,1,-1]
row6=(1,-1,1,-1,-1,1,-1,1,1,-1,1,-1,-1,1,-1,1]}
row10={1,-1,1,-1,1,-1,1,-1,-1,1,-1,1,-1, 1, -1, 1]
row 14=[1,-1,1,-1,-1,1,-1,1,-1,1,-1,1,1,-1,1,-1]
or S |
row 2= [+, +5°, 4§, +5']
row 6= [+§", -8, +§", -§"]
row 10 =[+S’, +§°, -§’, -8’]
_ row 14 =[+S’, -§’, -8°,+8’] . .
where the subsequence S’ =[1,-1,1, -1]. The corresponding sign matrix is givenby: -

11 1 1
1-11-1
1 1-1-1].
1-1-11)

It can be noied_ that the sign matrix isa Sylvester-type Walsh-Hadamard matrix of
orderd,ie. H, |

The above sn'uctm_e'sugge,sts_ that the receiver should first perform N correlations
of the subsequence S’ with the N cbnsecqtive_ length-L subsegments of the received
sequence and then perform an N-point FWT. _ '

Thus, with a complexity of only N-L+N -log,N complex additions, all the N
correlation values can bé obtained. This is to be compared with the N-M operations
needed if ordinary correlaﬁpns have to be used, which is the case for a general set of
sequences. ' o _

Unfortunately, th_e%s__q Wals_h—Hadamard sequences have poor auto- and cross-
correlation prbperties. NeYerthele_ss, these sequences can be suitably modified as
explained above, giving.a code famil_y having good auto- and cross-correlation properties

and low detector complexity.
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The new sequencés are obtained by “‘scrambling” (viz., position-wise changing .
the sigﬁ of) Walsh-Hadamard sequences with a fixed length-M special sequence S. The
resulting set of sequences keep the orthogonality property of the Walsh-Hadamard
sequences regardless of the choice of S as long as the elements all have unit magnitude.
Also, a receiver can utilize the FWT structure by first “descrambling” the received
sequences by multiplying with S and then performing an FWT (see, e.g., FIG. 9B).

Thus, the code can be constructed in a transmitter by choosing N rows of the
Walsh-Hadamard matrix as above to get the basic Walsh- Hadamard sequences; and
scrambling each chosen sequence with the special sequence S. The resulting sequences
comprise a set of orthogonal codes that can be used, for example, in the synchronization
channel SCH. '

The receiver can descramble the received sequence by multiplying by the special
sequence S; perform N correlations of length-L consecutive subsegments of the
descrambled sequence with the subsequence S’; and perform an N-point FWT to get the
final result. The number of operations required is thus about M+N-L+N-log,N complex -
additions. Furthermore, observing that the first two steps in the receiver can be
combined, only N-L+N-log,N complex additions are needed.

As a numerical example corresponding to using seventeen orthogonal Gold codes,
assume N = 32, while well aware that Applicant’s method then will deliver fifteen values
that will not be used. Choose every eighth Walsh-Hadamard sequence of the order-256
Walsh-Hadamard matrix H,. With Applicant’s method, 256+256+32-5 = 672 complex
additions are needed; for a general set of sequences without the Fast Walsh Transform
structure, 17-256 = 4352 complex additions would be needed. If the receiver’s first two
steps are combined, only 256+32-5 = 416 operations are needed — a saving of more than a
factor of ten. Thus, for a complexity less than two length-256 correlations, all seventeen
correlation values (and fifteen unused ones) are obtained.

As noted above, there is no need to explicitly generate or store the sequences with
which to correlate at the receiver (except for S and §”) since the code structure is

embedded in the FWT procedure. For a general set of sequences or for a receiver that
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does not use an FWT, the extra complexity/memory reqmrement for generating/storing
the N sequences before the actual correlatlons also has to be taken into account.

Methods 1 and 2 are described above in a context in which entire S-Hadamard
sequences are used, e.g., each PSC and/or SSC isa complete S-Hadamard sequence. It
will be understood that thls is not necessary Indeed, it may be advantageous to splita
hlgh-order S-Hadamard sequence into pleces, transmlt the pieces in the manner of the
integral sequences descnbed above, e. g w1th tlme intervals between the pieces, and then
associate the received pleces into the cornplet.e S-Hadamard sequence for processing.

For example, a commumcauonsystemhawng frames that each have sixteen SSC .
positions of _256_bits or chips could use aslxteen-element sequence of length-256 S-
Hadamard sequences (which may or tnay not 'be'rnntually distinct and/or modulated) as
above or the system could use sixteen pleces of a length—(16 256) S-Hadamard sequence.

- The hlgher-order S-Hadamard sequence m thls example has a length of 4096 (i.e., 2') -

bits or chips, and s_uch a hlgh-order segnence can be used directly for various purposes, -
e.g., to represent the 1dent1ty of e BS scramblmgcode group. .

A WCDMA u'ansrmtter, then, conld_discontinuously transmit the pieces of the -
high-order S-Hadamard seciuence as (possibly non-orthogonel) SSC symbols. This is
illustrated by FIG. 10, which shows a length 212 S-Hadamard sequence split into sixteen
length-2* pieces 1, 2, . 16 that are embedded in a transmitted signal as SSCs with
mtervenmg time mtervals (Although the t1me mtervals between SSCs are identical, it
will be appreclated that thJs isnot necessary m general ) As noted above, the transmitter
can be conﬁgured substantlally as lllustrated by FIG 8.

All that is necessa;y o obtain the benel_i__ts .pf S-Hadamard sequences described
above is for the receiver to “lmow” or't.o' be. ahle to determine in some way the locations
of the pleces in its recelved s1gnal In the proposed WCDMA communication systems,
the locations of the pieces would be “known” if the pieces were transmitted as the SSCs
or as some other known data element of a slot,_. A receiver th_a_t has established slot
synchronization but not frame synchronieeﬁon can determine the pieces of the high-order
S-Hadamard sequence but not the initial plece, which is illustrated in FIG. 10 by the

sequence of pieces 3, 4, ...,' 16,1, 2.
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The receiver collects the pieces and identifies the receivé’d S-Hadamard sequence
ina Ma as described above, e.g., by first “descrambling” the collected pieces by
multiplying them by all of the appropriate cyclic shifts of the special sequence used to
form the high-order S-Hadamard sequence (see step 702 in FIG. 7). As one example, the
special sequence can be a length-2'2 orthogonal gold code. Then, the receiver correlates,
cither by brute force or FWT, the collected pieces in the order indicated by the
descrambling against the members of the set of high-order S-Hadamard sequences to
identify the member received (see step 704 in FIG. 7). As noted above, the receiver can
be configured as any of FIGS. 9A, 9B, 9C.

Using higher-order sequences has a number of potential advantages, among which
is the greater ease of finding sequences having “good” properties. It will also be
recognized that rather than using sixteen pieces of one length-4096 S-Hadamard
sequence, the system could use eight pieces of each of two length-2048 S-Hadamard -
sequences or four pieces of each of four length-1024 S-Hadamard sequences, etc. In -
addition, it will be understood that the receiver can begin the processes of descrambling
and identifying the high-order S-Hadamard sequence as the pieces are received by using
pieces of the special sequence and pieces of the members of the set of high-order S- - -
Hadamard sequences, Since the high-order sequence may be long; it can be advantageous
for it not to be not necessary to wait until all pieces have been received.

A communication system or receiver in accordance with Applicant’s invention
enjoys many advantages. One can select the periodic or aperiodic, auto- or cross-
correlation properties of at least one sequence by snitably choosing the special sequence
S. Slot synchronization in a WCDMA-like communication system is facilitated because
a sequence can be selected that performs better than a Gold code PSC due to a sunitable
choice of the special sequence S. An efficient Fast Walsh Transform can be used by the
receiver. A smaller sized Fast Walsh Transform can be used by the receiver when the
number of used sequences is a suitably chosen subset of all .possible sequences. Such
efficient receiver implementations are suited for battery-powered devices.

It will be appreciated by those of ordinary skill in the art that this invention can be
embodied in other specific forms without departing from its essential character. The
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embod_iments described above should therefore be considered in all respects to be
illustrative and not restrictive.
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WHAT IS CLAIMED 18:

1. A method of determining a scrambling code group for a received signal in a
digital communication system, in which signals are scrambled by respective scrambling
codes, the scrambling codes are assigned to respective scrambling code groups, identities
of the scrambling code groups are encoded in the signals by respective code-word-wise
cyclically distinct sequences of signed code words, the method comprising the steps of:

correlating the received signal to each of a plurality of the code words, wherein
the code words are S-Hadamard sequences;

coherently combining the correlations in accordance with cyclic shifts of each of a
plurality of sequences of signs; and

determining a maximal coherently combihed correlation to identify the
scrambling code group for the received signal. |

2. The method of claim 1, wherein each sequence of signed code words
corresponds to a frame of the received signal, and determining the maximal coherently
combined correlation identifies a start of the frame.

3. A method of determining a scrambling code group for a received signal ina
digital communication system, in which signals are scrambled by respective scrambling
codes, the scrambling codes are assigned to respective scrambling code groups, identities
of the scrambling code groups are encoded in the signals by respective code-word-wise
cyclically distinct sequences of code words, the method comprising the steps of'

correlating the received signal to cyclic shifts of each of a plurality of sequences
of code words, wherein the code words are S-Hadamard sequences;

combining the correlations for each of the plurality of sequences of code words;
and |

determining a maximal combined correlation to identify the scrambling code
group for the received signal.

4. The method of claim 3, wherein each sequence of code words corresponds to a
frame of the received signal, and determining the maximal combined correlation

identifies a start of the frame.

5. The method of claim 3, wherein the correlations are coherently combined.
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6. The method of claim 3, wherein the correlations are nochoherently combined.

7. A digital radio transnﬁssipn system having at least one transmitter and at least.
one receiver, comprising: ' -

means in the transmitter for generatmg a synchronization signal that includes
signed versions of S Ha(__lemal_'d sequences, wheq:em the S-Hadamard sequences
correspond to members of a first set of Walsh-Hadamard sequences position-wise
scrambled w1th a special seguence having cotnplex elements of constant magnitude;

means in the receiver for estimating a titne location and sequence identity of a
received version of the synchromzanon signal. _

8. The system of claim 7, wherem the estimating means descrambles the received
version based on the speelal sequence and correlates the descrambled received version to
members of the first set of Walsh-Hadamard sequences for identifying the sequence
identity. '

9. The system of claxm 8, wherem the estlmatmg means correlates using a Fast
Walsh Transform.

10. The system of claim 7, wherem the estimating means correlates the received
version to the S_-.Hadarnargl,:s_equences_.for identifying the sequence identity.

11. The system of felaim 7, whei‘ein the estimating means descrambles the
received version based en the special sequence, forms consecutive partial decorrelations
of the descrambled recelved version Wlth a subsequenee of a member of the first set of
Walsh-Hadamard sequences, and correlates the consecutive partial decorrelations to
members of a second set of Walsh-Hadamard sequences, and the members of the second
set have lengths less than lengths of the members of the first set. _

12, The system of_ claim 11, wherem the estimating means correlates the
consecutive partial decexrelations to members of the second set using a Fast Walsh
Transform. - : . ,

13. The system of claim 7, wherein the estimating means forms consecutive
partial decorrelations of the received &gﬁon vntha plurality of short sequences and
correlates the consecutivelpartial decerrela_tions with members of a second set of Walsh-

Hadamard sequences, and the short sequenc_es' an_d the members of the second set have
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lengths less than lengths of the members of the first set, and the short sequences
correspond to position-wise muitiplication of the special sequence and a subsequence of a
member of the first set.

14. The system of claim 13, wherein the estimating means correlates the
consecutive partial decorrelations with members of the second set using a Fast Walsh
Transform.

15. The system of claim 7, wherein the special sequence is an orthogonal Gold
code sequence. '

16. The system of claim 7, wherein the special sequence is one of a pair of
complementary code word sequences.

17. A method of determining a time location of a received signal and identifying
a Walsh-Hadamard sequence encoded as a S-Hadamard sequence included in the received
signal, wherein the S-Hadamard sequence is a product of the Walsh-Hadamard sequence
and a special sequence having complex elements of constant magnitude and the Walsh- - -
Hadamard sequence is a member of a first set of Walsh-Hadamard sequences, comprising -
the steps of:

forming a position-wise product of the received signal and the special sequence;
and

correlating the product with each of a plurality of Walsh-Hadamard sequences for
identifying the Walsh-Hadamard sequence encoded in the received signal.

18. The method of claim 17, wherein the position-wise product is correlated with
members of the first set based on a Fast Walsh Transform.

19. The method of claim 17, wherein the position-wise product is correlated by
forming consecutive partial decorrelations of the position-wise product with a
subsequence of a member of the first set of Walsh-Hadamard sequences and correlating
the consecutive partial decorrelations to members of a second set of Walsh-Hadamard
sequences, and the members of the second set have lengths less than lengths of the
members of the first set.

20. The method of claim 17, wherein the consecutive partial decorrelations are

correlated to members of the second set using a Fast Walsh Transform.
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21 The method of claim 17, wherein the position-wise product is correlated by
forming consecuﬁve partial decorrelations of the position-wise product with a plurality of
short sequences and correlatmg the consecutive partlal decorrelations with members of a-
second set of Walsh-Hadamard sequences, and the short sequences and the members of
the second set have lengths _l_es than lengths of thc members pf the first set, and the short
sequences correspond to position-wise inﬁltiplication of the special sequence and a
subsequence of a member pfthe ﬁrst set. .l

22. The method of claim 21, whereln the consecutive partial decorrelations are
carrelated with members of the second set using a Fast Walsh Transform.

23. The method of clalm 17 wherem the speclal sequence is an orthogonal Gold
code sequence.

24, The method of clalm 17 wherein the spec1a1 sequence is one of a pair of -
complementary code wor;! sequences.

25. A method of .t.:pmmunicating an identity of 2 scrambling code group for a -
transmitted signal in 2 digital communication system, in which signals are scrambled by

- respective scramblinQ codes and the scrambling codes arc assigned to respective -

20

25

scrambling code groups, céinprising the Steps of:’
providing at least one S Hadamard sequence; and
encoding the ldentlty of the scramblmg code group in the transmitted signal as a
code-word-wise cychca,llyS d_lstmc’_t seqye_nce.of signed S-Hadamard sequences.
26. The method of claim 25, wherein the sequence of signed S-Hadamard
sequences corresponds to a frame of the transmitted signal. |
'27. Amethod of commuﬁicaﬁng an id_egtity of 2 scrambling code group for a
transmitted signal in a dlgltal commmﬁcatiqh system, in which signals are scrambled by
respective scrambling codgé and the sc';am_bling_podes are assigned to respective
scrambling code groups, compnsmg the stepsof
providing a plurality of S-Hadaxﬁéxd code words; and
encoding the 1dent1ty of the scrambling code group in the transmitted signal as a
code-word-wise cyclically distinct sequence of the S-Hadamard code words.
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28. The method of claam 27, wherein the sequence of S-Hadamard code words
con'esponds to a frame of the transmitted signal.

29. A signal generator in a radio transmitter, comprising:

a special sequence generator that produces a special sequence having complex
elements of constant magnitude;

an S-Hadamard sequence generamr that receives the special sequence and that
produces at least one S-Hadamard sequence based on the special sequence, wherein S-
Hadamard sequences correspond to respective members of a set of Walsh-Hadamard
sequences position-wise scrambled with the special sequence;

an identity generator that produces a scrambling code group identity;

a selector that selects an S-Hadamard sequence produced by the S-Hadamard

* sequence generator based on the scrambling code group identity;

a combiner that combines the S-Hadamard sequence selected by the selector with -
an information signal, forming a combined signal. ' R

30. The signal generator of claim 29, wherein the special sequence generator
includes a memory from which the special sequetice is retrieved.

31. The signal generator of claim 29, wherein the S-Hadamard sequence
generator includes a processor that recursively generates Walsh-Hadamard sequences and
a multiplier that forms products of the special sequence and Walsh-Hadamard sequences
generated by the processor.

32. The signal generator of claim 29, wherein the S;Hadamard sequence
generator includes a memory in which Walsh-Hadamard sequences are stored and a
multiplier that forms products of the speclal sequence and Walsh-Hadamard sequences
retrieved from the memory. '

33. The signal generator of claim 29, wherein the identity generator includes a
memory from which the scrambling code group identity is retrieved.

34. An apparatus for use in determining a scrambling code group for a received

signal in a digital communication system, in which signals are scrambled by respective

scrambling codes, the scrambling codes are assigned to respective scrambling code
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groups, identities of the scrambling code groups are encoded in the signals by respective
code words, the apparatus comprising: ' _ _

an S-Hadamard code word generator that produces at least one S-Hadamard code
word based on a special sequeix_ce, wherein S-Hadamard code words correspond to
respective members of a set of Walsh-Hadamard sequences position-wise scrambled with
the special sequence; and .

a decorrelator, wherein the decorrelator forms at least one correlation of the
received signal with at least one S-Hadamard code word produced by the S-Hadamard
code word generator. .

35. The apparatus of claim 34, wherein the S-Hadamard code word generator
includes a memory from which the at least one S-Hadamard code word is retrieved.

36. The apparatus of claim 34, wherein the decorrelator includes:

~ a primary decorrelator that formé consecutive éorrelations of the received signal
with a plurality of shorter sé_quences_ that correspond to position-wise multiplications of
the special sequence and' a subsequence of a member of the set of Walsh-Hadamard
sequences; and L

a secondary decorrelator that forms correlations of the consecutive correlations
formed by the primary decorrelator with members of a set of Walsh-Hadamard sequences ~
that includes the subsequence. , _

37. The apparatus of claim 36, wherein the secondary decorrelator is a Fast
Walsh Transform processor.

38. The apparatus of claim 36, further comprising a mulupher that forms a .
product of the received signal and the special sequence, producing a- descrambled
received signal, and wherein the primary decorrelator forms consecutive correlations of
the descrambled received signal with a subsequence of a member of the set of Walsh-
Hadamard sequences.

39. The apparatus of claim 38, wherein the primary and secondary decorrelators

are a Fast Walsh Transform processor.
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~40. An apparatus for ﬁée in determining a scrambliné code group for areceived

signal in a digital communication system, in which signals are scrambled by respective
scrambling codes, the scrambling codes are assigned to respective scrambling code
groups, identities of the scrambling code groups are encoded in the signals by respective
code words, the apparatus comprising: '

a special sequence generator that produces a special sequence having complex
elements of constant magnitude;

a multiplier that forms a product of the received signal and the special sequence,
producing a descrambled received signal;

a Walsh-Hadamard sequence generator that produces at least one Walsh-
Hadamard sequence; and |

a decorrelator, wherein the decorrelator forms at least one correlation of the
descrambled received signal with at least one Walsh-Hadamerd sequence produced by the
Walsh-Hadamard sequence generator. _

41. The apparatus of claim 40, wherein the special sequence generator includesa
memory from which the special sequence is retrieved.

42. The apparatus of claim 40, wherein the Walsh-Hadamard sequence generator
includes a processor that recursively generates Walsh-Hadamard sequences.

43. The apparatus of claim 40, wherein the Walsh-Hadamard sequence generator
includes a memory from which at least one Walsh-Hadamard sequence is retrieved.

44, The apparatus of claim 40, wherein the Walsh-Hadamard sequence generator
and the decorrelator are a Fast Walsh Transform processor.



