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1

ORTHOGONAL SUPERPOSITION CODING
FOR DIRECT-SEQUENCE
COMMUNICATIONS

This patent application claims priority to patent applica-
tion Ser. No. 60/422,670, filed on Oct. 31, 2002.

FIELD OF THE INVENTION

2

6. B. Natarajan, C. R. Nassar, and S. Shattil, “Carrier
Interferometry TDMA for future generation wireless—
Part I: Performance,” accepted for publication in IEEE
Communications Letters.

7. Z. Wu, C. R. Nassar, and S. Shattil, “Capacity enhanced
DS-CDMA via carrier interferometry chip shaping,”
IEEE 3G Wireless.Symposium, May 30-Jun. 2, 2001, San
Francisco, Calif.

8. Z. Wu, C. R. Nassar, and S. Shattil, “Frequency diversity

The present invention relates to a novel multicarrier 10  performance enhancement in DS-CDMA via carrier inter-
spread-spectrum protocol for wireless and waveguide com- fCereII}0e pulse Shal\Jf\i]I'lg,]” TheCIS’h An.nue.ll Interga;ional
munications. onference on Wireless Communications, Calgary,

Alberta, Canada, Jul. 7-10, 2001.
BACKGROUND OF THE INVENTION 9. C. R. Nassar and Z. Wu, “High performance broadband
15 DS-CDMA via carrier interferometry chip shaping,” 2000

Direct sequence CDMA (DS-CDMA) is particularly use- International Symposium on Advanced Radio Technolo-
ful in multiple-access communications because it allows gies, Boulder, Colo., Sep. 6-8, 2000.
efficient use of the frequency spectrum and provides for ~ 10. Z. Wu and C. R. Nassar, “MMSE frequency combining
improved frequency reuse. However, DS-CDMA systems for CI/DS-CDMA,” IEEE Radio and Wireless Confer-
can suffer from interference and distortion that reduce their 20  ence, Denver, Colo., Sep. 10-13, 2000, pp. 103-106.
ability to support data communications. 11. D. Wiegandt, C. R. Nassar, and S. Shattil, “High Per-

OFDM has a high spectral efficiency (the spectrum of the formance OFDM for next generatign wireless via the
subcarriers overlap) and combats frequency-selective fad- apphcatl.on of carrier interferometry,” IEEE 3G W1re1e§s
ing. However, the amplitude of each carrier is affected by the Symp051um, May 30-Jun. 2, 2001, San FF?HCISCO, C%hf
Rayleigh law, hence flat fading occurs. Even with good 25 12. B. Natarajgn, C R Nassar, and S. Shatt.ll, ‘.‘Explomng
channel estimation and channel coding, fading and interfer- frequency diversity in TDMzizthrough carrier interferom-
ence can easily compromise the performance of OFDM. etry,” Wireless 2000: The 12" Annual International Con-

Multi-carrier CDMA (MC-CDMA) applies CDMA gefenze an l“’ll(f)ellezsszggglmunlzggzgsé Calgary, Alberta,
spreading codes to orthogonal subcarriers to enhance fre- 3 aSnaAa, Zuk' ; SR I,\Ipp. - 18 Shattil. “Smart

uency-diversity benefits. However, MC-CDMA, like 3¢ 13- S. A. Zekevat, L. K. Nassar, and . Shattil, “sm
qOFDl\}/; suffersyfrom a high peak-to-average-power ratio antenna spatial sweeping for combined directionality and

(PAPR). The high PAPR of conventional multi-carrier sig- téansmlt diver Sltyi; acceplze.d gor PPI;h?aUOH n JoAlzirnal. of

nals imposes significant constraints on the transmission ommunication Networks: Special Issue on Adaptive

circuitry and significantly increases power consumption. Antennas for Wireless Communications. . .
Carrier Interferometry (CI) is a multi-carrier technology = 14&5 ééioizlliieva:ng.tinfﬁiiagijgfsis. S\/I;:n;ilagoaﬁ?;ﬁz (31

invented by Applicant and described in over 70 technical spatial sweE:y (107 387 ual Algrton Conference on

journals and conference proceedings, as well as in two (?ommunicatrijon% Controllimanl d Computing. Chamoaion-
textbooks. As a multicarrier transmission protocol, CI pro- Urb . o t’ 46, 20 0’0 puting, paig
” . rbana, IIl., Oct. 4- .
vides unsurpassed performance and versatility compared to w0 15.S Sha,ttil e;n dC R I,\Iassar “Array Control Systems For
11 other technologies. L e ’

afl othet fechiiologles . Multicarrier Protocols Using a Frequency-Shifted Feed-
The description of the preferred embodiments assumes o . .

[ . . back Cavity” IEEE Radio and Wireless Conference, Den-
that the reader has a familiarity with CI, such as described

in the following publications, which are incorporated by ver, Colo., Aug. 1-4, 1999.

reference: ’ 16. C. R. Nassar, et. al., MultiCarrier Technologies for Next

) 45 G tion Multiple A Kl Academic Publish-

1. B. Natarajan, C. R. Nassar, S. Shattil, M. Michelini, er?eziszozlon uttipte Access, KInwer Academice Tubis

;Appltcle.ltlor.l of.lntle]:Er]I;e:éo%letry o MC'CDVMh‘Ai‘”’ laccfliptid 17. U.S. patent application entitled “Carrier Interferometry
or1 publication in ransactions on Vehicular Tech- Networks,” filed May 14, 2002.

nology. . o . 18. U.S. patent application entitled “Multicarrier Sub-Layer
2. C. R Nassar, B. Natarajan, and S. Shattil, “Introduction Of 50  for Direct-Sequence Channel and Multiple-Access Cod-

carrier 1nterf.erence to spre?ld spectrum multiple access, ing,” filed Apr. 24, 2002.

IEBB Emerging Technologies Symposium, Dallas, Texas, 19, pCT Appl. PCT/US01/50856 entitled “Carrier Interfer-

12-13 April 1999. ometry Coding and Multicarrier Processing,” filed Dec.
3. B. Natarajan and C. R. Nassar, “Introducing novel FDD 26, 2001.

and FDM in MC'CDMA to enhance performance,” IEEE s5 20. U.S. Pat. application entitled “Multiple Input, Multiple

Radio and Wireless Conference, Denver, Colo., Sep. Output Carrier Interferometry Architecture,” filed Nov.

10-13, 2000, pp. 29-32. 22, 2000.

4.Z. Wu, C. R. Nassar, A. Alagar, and S. Shattil, “Wireless ~ 21. U.S. patent application entitled “Method and Apparatus
communication system architecture and physical layer for Transmitting and Receiving Signals having a Carrier
design for airport surface management,” 2000 IEEE 60  Interferometry Architecture,” filed Jul. 19, 2000.
Vehicular Technology Conference, Boston, Mass., Sep. 22. U.S. patent application entitled “Method and Apparatus
24-28, 2000, pp. 1950-1955. for using Multicarrier Interferometry to Enhance Optical

5. S. Shattil, A. Alagar, Z. Wu and C. R. Nassar, “Wireless Fiber Communications,” filed Nov. 2, 1999.
communication system design for airport surface man- 23. PCT Appl. PCT/US99/02838 entitled “Multiple Access
agement—Part [: Airport ramp measurements at 5.8 65  System and Method,” filed Feb. 10, 1999.

GHz,” 2000 IEEE International Conference on Commu-
nications, Jun. 18-22, 2000, New Orleans, pp. 1552-1556.

Many implementations of CI codes are characterized by
block coding. In single-carrier modulation, pulse shaping
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3

provides sequential overlapping pulse waveforms. Even
block transmissions, such as direct-sequence codes and
other time-domain sequences (e.g., packets, frames, etc.) are
more accurately characterized by sequential pulse wave-
forms than by block-coded CI pulse waveforms. Time-
domain equalization, Rake reception, and other time-domain
receiver processes can sometimes provide poorer perfor-
mance results when block-coded CI waveforms are used
rather than sequential waveforms. Similarly, block fre-

4

equally spaced frequencies, or unequally spaced frequen-
cies. The set of subcarriers may be hopped at predetermined
time intervals, such as at intervals equal to a data symbol
interval T, or some integer multiple thereof. Hopping times
and/or patterns may be controlled via coding, such as
random or pseudo-random coding. In another aspect of the
invention, the subcarriers may be chirped waveforms.

The subcarriers may be selected for a particular user, such
as in an orthogonal frequency division multiple access

quency-domain processing of sequential waveforms can 10 gystem. Subcarriers allocated to a particular user may be
provide poorer performance than processing block wave- interleaved in frequency with subcarriers allocated to one or
forms. more other users. In another aspect of the invention, a

Thus, there is a need in the art to provide CI transceivers different set of subcarriers is selected for each of a plurality
with the capability of efficiently processing both block and o data symbols or data symbol groups transmitted by and/or
sequential types of signal waveforms. Thereis also aneed in 15 o a particular user. A plurality of users may share a common
the art to efficiently process single-carrier signals via nulti- set of subcarriers, yet share the channel via time division
carrier techniques. This need is naturally extended to multi- multiple access (TDMA), code division multiple access
antenna processing wherein greater bandwidth efficiencies (CDMA), and/or space division multiple access (SDMA).
are achieved by employing frequency-domain or time-do- Other multiple-access schemes may be employed. Similarly,
main processing together with spatial processing. 20 different data symbols corresponding to a particular user

may share the channel relative to the previously mentioned
SUMMARY OF THE INVENTION multiple-access schemes.

The needs in the art are addressed by the apparatus and ilsg 1nctlu(11ﬂed are stl.gnal. gerllera;otrh apd trte}nsmlct)ter
methods of the present invention. The principle object of the 25 embo d%men s forhge.nera mng s.lgnlas 0 eblnveg lonil ne
invention is to provide a multi-carrier protocol that can be embodiment of the mvention includes a sub-carrier afloca-
adapted to a wide range of conventional multi-carrier and tor, a pulse generator, a modulator, an.d a sequential pu Ise

. . . . positioner. The sub-carrier allocator assigns a predetermined
single-carrier protocols. Another object is to present a . .
. . - set of subcarriers to a particular data symbol, user, or group
spread-spectrum protocol that is specifically designed for .
mobile communications. These objects are accomplished by 30 of USCTS. The pulse generator produces a plurality of pulse?s
\ g . . wherein the spectrum of each pulse or group of pulses is
providing a multi-carrier protocol that controls and shapes h i7ed by the set of subcartiers. Th dulat du-
interference relationships between the carriers. This control lc aracterized by the set ol subcarriers. 1he modulator modu
enables time domain signal shaping, which provides for low ates the pulses. or subcarriers W ith at le.:a.st one data symbol.
PAPR and adaptability to single-carrier waveforms. The The pulse positioner sequentially positions the modulated
protocol enabled by the present invention is a new variation 35 pulses. . . . o
of CL Another transmitter embodiment of the invention includes

One set of embodiments of the present invention is drawn a polyphase, poly-amplitude code generator, a sub-carrier
to signal waveforms as items of manufacture. The invention  allocator, a subcarrier weighting module, and a sub-carrier
includes a sequence of overlapping pulse waveforms, each combiner. The code generator produces at least one of a set
modulated with at least one data symbol, each pulse wave- 49 of polyphase, poly-amplitude codes configured to produce a
form being characterized by a plurality of orthogonal sub- predeterrpmed tlme-domaln. signal, such as a direct sequence
carriers. The pulses are typically uniformly and orthogonally coded signal. The transmitter may include a modulator
(or pseudo-orthogonally) positioned in time. adapFed to modulat.e data onto the codes, the? sul?carners, or

Another embodiment of the invention includes a block of Fhe time-domain signal. The subcaljrler weighting module
orthogonal pulse waveforms generated from a plurality of 45 MPIesSes the polyphase, poly-amphtu(.ie codes onto a pre-
polyphase, poly-amplitude (ie., complex) sub-carrier determlged set of orthogonal.subcamers selected by .the
weights applied to a predetermined set of subcarriers. In sub-carrier allocgtor. The cpml?lner combines the subcarriers
particular, a block of coded pulses corresponding to a to produce the time-domain signal.
direct-sequence code is generated from a set of sub-carrier In one aspect of the invention, a transmitter is adapted to
weights corresponding to at least one family of orthogonal so provide both sequential and block pulse generation. A
(or pseudo-orthogonal) polyphase and/or poly-amplitude receiver is similarly adapted to process both sequential and
codes. In either type of waveform, data may be modulated block signals.
directly onto the subcarriers or the pulses. Either type of A receiver embodiment of the invention includes a slid-
waveform may be configured for single-channel or multiple- ing-window transform and a CI decoder. The sliding-win-
access communications. Waveforms of the invention may be 55 dow transform is configured to produce multiple sets of
adapted for transmission across one or more subspaces. selected orthogonal sub-carrier values from a received sig-

In a particular aspect of the invention, each pulse wave- nal. Each set corresponds to a window having a different
form is generated from a superposition of a predetermined time offset relative to the received signal. Each window
set of orthogonal subcarriers. In another aspect of the overlaps at least its adjacent window(s). The CI decoder is
invention, subcarriers are selected relative to one or more 60 adapted to provide complex decoding weights to the sub-
conditions, including availability of spectrum, multipath carrier values, optionally provide for channel equalization,
fading, and interference. The pulses may be shaped in the and combine the weighted sub-carrier values to generate a
time domain and/or the frequency domain. Time-domain sequence of estimated data symbols. The sliding-window
shaping may take the form of applying a direct-sequence transform may be described as a sliding time-domain to
code or sequence of weights to the pulses in order to shape 65 frequency-domain converter, and the CI decoder may be

and/or select a subset of the subcarriers. The set of subcar-
riers may include contiguous frequencies, non-contiguous

described as a frequency-domain to time-domain converter
and/or a combiner.
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A CI decoder may optionally include receiver components
illustrated in the figures and described throughout the speci-
fication and incorporated references. For example, a CI
decoder may include an equalizer (such as a time-domain
equalizer and/or a frequency-domain equalizer), a de-map-
per, a de-interleaver, a decoder, a de-scrambler, a filter (such
as a matched filter), an integrator, and/or a decision module.

CI receivers may be adapted to process either or both
single-carrier and multi-carrier signals. Frequency-domain

6

FIG. 2B illustrates functional components of a receiver of
the invention.

FIG. 3A illustrates three pulse-waveform blocks wherein
each block includes four pulse waveforms of duration T,.

FIG. 3B illustrates four sequentially positioned pulse
waveforms that are substantially orthogonal to each other.

FIG. 3C illustrates a set of sequentially positioned CI
pulse waveforms with raised-cosine shaping.

FIG. 3D illustrates the pulse waveforms shown in FIG. 3C

analysis and processing of single-carrier signals may be 10 arranged on a single time axis.

performed relative to pulse characteristics. For example, FIG. 3E shows the spectrum of a CI pulse with a raised-
number of subcarriers, sub-carrier spacing, and window cosine shape.

durations in receiver processing may be selected relative to FIG. 3F demonstrates a sequential, or sliding, operating
physical signal parameters, such as pulse width, pulse shape, mode of the invention that also employs block pulse wave-
and pulse spacing. 15 forms.

In another receiver embodiment of the invention, a FIG. 4A shows a transmission system adapted to generate
received signal is separated into a plurality of orthogonal sliding pulse waveforms. A modulator (not shown) may be
sub-carrier components by a time-domain to frequency- coupled to the input or output of a pulse generator.
domain converter. The output of the converter is character- FIG. 4B illustrates a particular transmitter implementa-
ized by orthogonal poly-amplitude (and polyphase) coded 20 tion.
data. The converter may be adapted to perform a Fourier FIG. 4C shows a transmitter with a CI coder adapted to
transform, such as an FFT or a DFT. A combiner performs generate sliding-component inputs (i.e., time varying sub-
frequency-domain equalization and provides CI decoding of carrier values adapted to produce sliding pulse waveforms)
the coded data. to a frequency-domain to time-domain converter (e.g., an

Transmitter and receiver embodiments of the invention 25 IFFT).
may be adapted to arrayprocessing and subspace coding FIG. 4D shows a sliding-window transmitter of the inven-
applications, including multiple input/multiple output tion implemented with a synthesis filter adapted to generate
(MIMO), multiple input/single output (MISO), and single pulse waveforms. The synthesis filter may perform an inter-
input/multiple output (SIMO) processing. One aspect of the polation function characterized by a superposition of
invention is a method of communicating signals from at 30 selected subcarriers.
least two spatially separated remote transmitters to a receiv- FIG. 4E illustrates a set of embodiments of a CI trans-
ing base station having a multi-element antenna array. Each mitter.
of the transmitters transmits signals representative of differ- FIG. 4F illustrates an alternative CI transmitter design.
ent information. In accordance with this aspect of the FIG. 4G shows basic components of a sliding-window
invention, the mathematical representation of the spectral 35 Cl-based receiver.
characteristics of the signals is capable of being put in a FIG. 4H shows basic components of a CI receiver adapted
mathematical form that is substantially the same as the to perform successive interference cancellation.
mathematical representation of the spatial characteristics of FIG. 41 illustrates a CI reception method and apparatus.
signals received by a multi-element antenna array. This FIG. 4] shows a CI receiver adapted to project a received
enables the receiver to efficiently process the received sig- 40 signal onto at least one orthonormal basis, such as an
nals to simultaneously obtain adaptive spectral and spatial orthonormal basis corresponding to at least one transmitted
despreading and spreading weights that enhance the signal signal.
to noise plus ratio of the signals. The receiver can then FIG. 5A illustrates a block waveform including a set of
identify the data associated with each of the signals trans- orthogonal CI pulse waveforms.
mitted by the transmitters. The analogy between CI decod- 45  FIG. 5B illustrates a method for generating sub-carrier
ing and adaptive antenna array processing also enables weights from a set of data symbols and a CI code matrix.
combining both spatial and spectral expressions in one FIG. 6A illustrates a transmitter apparatus and method of
mathematical expression that can be solved in one unified the invention configured to generate multiple transmission
spectral/spatial calculation. This expression may provide for waveforms.
optimal combining, interference cancellation, and/or multi- 50  FIG. 6B shows a receiver apparatus and method of the
user detection. invention adapted to process a wide range of single-carrier

Another objective is to provide a universal communica- and/or multi-carrier transmissions.
tion protocol that provides frequency-diversity benefits of FIG. 7A shows a block diagram illustrating a transmission
multi-carrier modulation to single-carrier systems, enables method of the invention.
the low-PAPR benefits of single-carrier modulation to mul- 55  FIG. 7B is a detailed illustration of a CI-based transmitter
ticarrier communication systems, and offers the benefits of and transmission method.
both systems simultaneously. Further objectives and benefits FIG. 7C shows CI processing of received single-carrier
of the invention will become apparent in the-Description of and/or multi-carrier signals.
the Preferred Embodiments. FIG. 7D illustrates a communication method of the inven-

60 tion.
BRIEF DESCRIPTION OF THE DRAWINGS FIG. 7E illustrates a receiver method of the invention.
FIG. 8 illustrates contributions of multiple time-offset

FIG. 1 is a functional block diagram of a wireless com- waveforms in a particular window of a sliding Fourier
munication transceiver according to an illustrative embodi- transform.
ment of the present invention. 65  FIG. 9 illustrates an exemplary allocation of sub-carrier

FIG. 2A illustrates an exemplary transmission system and
method of the invention.

frequencies in accordance with one aspect of the invention.
In a resource-limited system, subcarriers are allocated to
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new users in a network until no subcarriers are available. In
an interference-limited system, new users are allocated
subcarriers previously allocated to other active users.

FIG. 10A illustrates a transmitter array processor of the
present invention.

FIG. 10B illustrates a sub-space/sub-carrier processor
receiver of the invention.

FIG. 10C illustrates a multi-element receiver of the
present invention.

FIG. 10D illustrates a unified spatial/sub-carrier processor
in a receiver array adapted to combine sub-carrier process-
ing and spatial processing to decode and separate received
signals.

FIG. 11 illustrates a CI receiver configured as a multi-
element receiver. Such receiver configurations may be
employed in MIMO communications.

FIG. 12A illustrates basic components of CI signal gen-
eration software residing on a computer-readable medium.

FIG. 12B illustrates basic components of CI receiver
software residing on a computer-readable medium.

FIG. 13A illustrates network-control communications
between a subscriber transceiver and a base station.

FIG. 13B illustrates a geographical configuration between
a subscriber transceiver and a plurality of base stations
serving the subscriber. Multiple base stations may serve a
given subscriber, such as during a soft handoff.

FIG. 14 illustrates multiple spread-spectrum coded sub-
carrier sets received from a plurality of base stations that
combine at a receiver to convey a predetermined data
stream.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Tlustrative embodiments and exemplary applications will
now be described with reference to the accompanying
drawings to disclose the advantageous teachings of the
present invention. While the present invention is described
herein with reference to illustrative embodiments for par-
ticular applications, it should be understood that the inven-
tion is not limited thereto. Those having ordinary skill in the
art and access to the teachings provided herein will recog-
nize additional modifications, applications, and embodi-
ments within the scope thereof and additional fields in which
the present invention would be of significant utility.

A transceiver apparatus illustrated in FIG. 1 is adapted to
function in accordance with the present invention. The
transceiver includes a MAC processing block 101 adapted to
pass data to a scrambler 102. Scrambled data bits are
provided with channel coding in a coding block 103. Coded
data is interleaved by an interleaver 104 prior to being
mapped into data symbols in a mapping block 105. The
symbols are provided to input bins of an inverse discreet
Fourier transform (IDFT), such as an inverse fast Fourier
transform (EFFT) 106. A cyclic prefix prepender block 107
optionally prepends and/or appends a guard interval, such as
a cyclic prefix, to the time-domain signal output from the
transform 106. A signal-shaping block 108 may provide time
domain and/or frequency-domain shaping to the transform
106 output. An in phase/quadrature phase (1/Q) modulator
109 is coupled to a digital-to-analog converter (DAC) 110.
Analog signals are up converted to a transmission frequency
in a frequency up-converter 111. The resulting transmission
signal is amplified by a power amplifier 112 prior to being
coupled into a communication channel by at least one
antenna 120.

10

20

25

30

35

40

45

50

55

60

65

8

Signals received from the at least one antenna 120 are
amplified by a low-noise amplifier (LNA) 121 prior to down
conversion by a frequency down-converter 122. The down-
converted signals are baseband or intermediate-frequency
(IF) signals. An automatic gain controller (AGC) 123 pro-
cesses the down converted analog signals prior to being
digitized in an analog-to-digital converter (ADC) 124. The
digitized signals are processed in an 1/Q demodulator 125
prior to cyclic-prefix removal 126. The digital signal is
processed with a DFT algorithm, such as a fast transform
performed by an FFT 127. A frequency-domain equalizer
(FEQ) 128 performs frequency-domain equalization of the
output FFT 127 bins prior to symbol de-mapping by a
de-mapper block 129. The recovered data bits are de-
interleaved by a de-interleaver 131 prior to processing in a
channel decoder 132 and a de-scrambler 133. The descram-
bler output may optionally be processed in a MAC block 134
prior to data output.

Specific elements of the transceiver that may be adapted
to the present invention include the mapping block 105
(which is adapted to provide CI coding to data bits or data
symbols), the IFFT 106 (which is adapted to provide a
sliding window signal output or transform), the FFT 127
(which is adapted to provide a sliding window transform to
received data), and the de-mapping block 129 (which is
adapted to perform CI decoding). The de-mapping block 129
may perform optimal combining, successive interference
cancellation (SIC), multi-user detection, or some other
appropriate algorithm for enhancing desired signals and/or
removing interference. Accordingly, the FEQ 128 may be
integrated into the de-mapping block 129. Furthermore, the
FEQ 128 (or the de-mapping block 129) may be adapted to
perform any combination of time-domain equalization and
frequency-domain equalization. Other functional blocks
illustrated in FIG. 1 may also be combined.

It is well known in the art that various components
illustrated in FIG. 1 are optional. Optional components may
include the MAC 101, the scrambler 102, the encoder 103,
the interleaver 104, the cyclic-prefix prepender 107, the
pulse shaper 108, the I/Q modulator 109, the DAC 110, the
up converter 111, and/or the power amplifier 112. Optional
components may also include the LNA 121, the down
converter 122, the AGC 123, the cyclic-prefix remover 126,
the FEQ 128, the de-interleaver 131, the decoder 132, the
descrambler 133, and/or the MAC 134.

The present invention also teaches a method and appara-
tus for generating sequential (i.e., sliding) time-domain
waveforms from.:a selected plurality of discreet frequency
components. This method and apparatus, which are illus-
trated functionally in FIG. 2A, includes an inventive CI-
mapping block 208 configured to provide for mapping data
bits or symbols to sliding-CI symbols. Vectors of sliding-CI
symbols are used to produce sequential, or sliding, time-
domain symbol outputs from an IFFT 211 or some other
invertible transform (not shown). Sliding time-domain sym-
bols may be characterized by overlapping sequential (non-
block) waveforms. The function of the mapping block 208,
when coupled to the IFFT 211, provides for frequency
allocation. The output of the IFFT 211 is typically charac-
terized by a set of orthogonal subcarriers. Also, the mapping
block 208 may provide for spectral shaping of the time-
domain sequence output by the IFFT 211. Spectrum shaping
is typically employed for predistortion or improved chan-
nelization. Spectral shaping may be employed to provide
predetermined pulse shapes (such as raised cosine, Bessel,
or other well-known pulse shapes) to the IFFT 211 output
signals.
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User data from a MAC 201 is optionally combined 203
with control data from a frame control header 202. The data
may be scrambled 204 with respect to a predetermined
initialization, which typically depends on uplink or down-
link. Reed-Solomon coder 205 generates small code blocks
based on a larger RS code by puncturing the large code
blocks down to the required size. The data is prepended with
zeros and unwanted parity bytes and output zeros are
truncated. In this particular embodiment of the invention, a
constraint-length 7 convolutional coder 206 is provided and
followed by a two-stage interleaver 207. Mapped data bits
are optionally combined 210 with pilot symbols from a pilot
generator 209 and assigned to subcarriers. The mapping
block 208 may optionally perform input expansion in which
an appropriate number of null symbols are added to expand
the input data to a predetermined number of input bins.
Guard intervals, or cyclic prefixes, are provided by a CP
block 212. Cyclic prefix lengths are typically at least one of
a set of predetermined fractions of a symbol duration. A
preamble from a preamble generator 213 is typically added
214 to each data frame or block prior to being coupled into
a transmission system 215.

The present invention also teaches a method and appara-
tus for receiving and efficiently processing sequential (i.e.,
sliding) time-domain waveforms. FIG. 2B illustrates a
receiver method and apparatus of the invention adapted to
process received sliding signals. A sliding-window FFT 223
(or some other sliding invertible transform) separates at least
one received signal into a plurality of orthogonal basis
values (e.g., values corresponding to a predetermined set of
orthogonal sub-carrier frequencies). An optional FEQ 224,
which can be integrated into a CI de-mapper 225, provides
for frequency-domain equalization. Alternatively, various
combinations and types of time-domain equalization may be
employed.

The sliding-window FFT 223 calculates frequency coet-
ficients for each transformation window. An initial batch of
N samples can be transformed by a DFT or FFT process.
After an initialization of N samples, the DFT of a sequence
(e.g., an infinite sequence) of samples can be updated in an
incremental, or sliding sample, basis without having to
recalculate an FFT at each sample time. It is well known that
the function of a sliding DFT can be expressed by the
following relationship:

Xy 1= N X 45 %)

The term X, (f,) is a sub-carrier coefficient for a frequency
f,,, the subscript k associated with X, (f,,) indexes a particu-
lar sliding window, and x, denotes a discrete time sample.
The time samples are indexed by coefficients k or k+N.

Since each sub-carrier coefficient X,(f,) is computed
independently of the other sub-carrier coefficients, compu-
tations involving unused subcarriers can be avoided. This
aspect of the invention reduces the transceiver complexity in
cases where different user sub-carriers are interleaved in the
frequency domain and/or when certain subcarriers are
ignored due to interference or deep fades.

Various components shown in FIG. 2B are commonly
used in receivers. A receiver system 221 is configured to
couple transmissions from a communication channel, per-
form any necessary RF-signal processing (such as filtering
and linear amplification) and down convert the received
signals to baseband or IF signals. The receiver also includes
a cyclic-prefix remover 222. Data processing at the receiver
may be performed by a de-interleaver 226, a channel
decoder 227, and a descrambler 228. MAC-layer processing
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is performed in an optional MAC block 229. Additional
components, such as demultiplexers and spread-spectrum
decoders, although not shown, may be employed.

A simple case of the present invention provides for sliding
transform windows and sliding waveforms of equal tempo-
ral width. The invention also provides for transform widths
greater than or less than the waveform widths. In a sliding-
window transform of a plurality of sliding (i.e., temporally
displaced) waveforms, a particular transform window is
typically centered on one of the sliding waveforms. The
other waveforms are either partially or completely outside
the window. Each non-centered waveform in a particular
FFT window contributes some degree of interference to the
FFT bin values obtained for a waveform centered in the
window. The ratios of interference are mathematically
related to CI symbol values. Thus appropriate CI processing
may be provided, as is well known in the art, to separate or
remove interfering signals. When the values are summed
over all of the bins, the interference substantially cancels.
The resulting sum can be recognized intuitively as the cross
correlation between two or more time-offset waveforms. If
the waveform positions are substantially orthogonal to each
other, the cross correlation (i.e., interference) to autocorre-
lation ratio is desirably small.

Preferred embodiments of the invention minimize the
cross correlation between the time-offset waveforms by
various processing methods. These methods include any
combination of pulse shaping, adaptive and/or optimal posi-
tioning of the pulse waveforms in time, shaping the sliding
windows, providing for interference cancellation at the
receiver, and/or providing for transmit-side coding to com-
pensate for temporal-overlap interference at the receiver.
Thus, the demapper 225 not only provides sub-carrier com-
bining to reconstruct a desired data symbols, it may also
perform combining to separate or remove interference sym-
bols.

Functional aspects of the present invention are described
with respect to signal-waveform illustrations and corre-
sponding descriptions. For example, FIG. 3A illustrates a
typical CI block mode of operation that may be employed by
the invention. A particular block transmission characterized
by symbol duration T, includes four orthogonal sinc-like
pulse waveforms 311, 312, 313, and 314. Each pulse wave-
form (such as pulses 311, 312, 313, and 314) may be
impressed with a unique data symbol. Implementations of
CI pulse waveforms for TDMA and direct-sequence CDMA
are described in WIPO Pub. App. No. WO 99/41871, B.
Natarajan, C. R. Nassar, and S. Shattil, “Exploiting fre-
quency diversity in TDMA through carrier interferometry,”
The 12th Annual International Conference on Wireless
Communications WIRELESS2000, Calgary, Alberta,
Canada, Jul. 10-12, 2000, pp. 469-476, and Z. Wu and C. R.
Nassar, “MMSE frequency combining for CI/DS-CDMA,”
IEEE Radio and Wireless Conference, Denver, Colo., Sep.
10-13, 2000, pp. 103-106, each of which is hereby incor-
porated by reference in its entirety.

A preceding block transmission includes orthogonal pulse
waveforms 301, 302, 303, and 304 and a following block
transmission includes orthogonal pulse waveforms 321, 322,
323, and 324. Block transmissions are characteristic of
multi-carrier operation. For example, OFDM employs sub-
carrier blocks defined by uniform start and end times for
each subcarrier, the difference in times typically being equal
to the symbol duration T, or the symbol duration T, plus a
cyclic prefix. Cyclic prefixes, cyclic “post-fixes”, or some
other guard interval may be included in the signal plots, such
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as between the blocks shown in FIG. 3A and/or between
waveforms or waveform groups shown in FIG. 3B.

Since the pulse waveforms 311, 312, 313, and 314 have
the same starting and ending times, the waveform shapes
311, 312, 313, and 314 are different from each other. For
example, waveform 311 has all of its sidelobes to the right
of its main lobe, whereas all of the sidelobes of waveform
314 occur to the left of the main lobe. This tends to increase
the interference in systems that perform time-domain equal-
ization and Rake reception. In particular, inter-pulse inter-
ference is not limited to nearby pulses because the side-lobe
structure is periodic, or cyclic, over the symbol duration T..
For example, the side-lobe amplitude (and thus, interfer-
ence) of waveform 311 diminishes across pulse 312 and
increases across pulse 314.

In this particular example, the pulse waveforms may be
generated from four orthogonal sub-carrier frequencies,
which are not shown. An equivalent (but not practical)
method of generating the pulse waveforms 311, 312, 313,
and 314 includes providing each periodic pulse waveform,
such as pulses 301, 311, and 321, modulated with a corre-
sponding data symbol. Mathematically, the periodic pulses
extend from -oo to +oo. This is done merely to provide
narrowband sub-carrier components. Then an interval of
symbol duration T; of the pulses is selected.

Harmonic subcarriers may be produced via periodic pulse
generation, such as described in U.S. Pat. No. 5,955,992,
and U.S. Pub. App. No. 20020034191, which are incorpo-
rated by reference in their entireties. Similarly, a second
group of pulses, such as represented by pulses 302, 312, and
322, are modulated with a second information signal. Pulse
group 303, 313, and 323, and pulse group 304, 314, and 324
are processed in a similar way.

FIG. 3B illustrates a set of waveforms 331, 332, 333, and
334 indicative of a sequential, or sliding, operating mode of
the invention. The pulse waveforms 331, 332, 333, and 334
are typically modulated with different data symbols. The
pulse waveforms 331, 332, 333, and 334 are identical to
each other in shape prior to modulation. In this particular
case, waveforms 331, 332, 333, and 334 generated by the
invention provide high-performance backwards compatibil-
ity with conventional single-carrier systems. Each of the
pulse-waveform frames 331, 332, 333, and 334 having
duration T, is offset in time to provide a substantial degree
of orthogonality. In this particular case, the offset equals the
pulse width: T, =T, =1/Mf, where M is the number of
subcarriers and f_ is the subcarrier frequency spacing. Other
implementations of the invention provide for processing
cyclic prefixes appended to the waveforms 331, 332, 333,
and 334 or sub-carrier components.

In one aspect of the invention, each sequential pulse
waveform 331, 332, 333, and 334 may be generated from a
periodic sequence of pulse waveforms (such as may be
generated via harmonic superposition or periodic time-
domain processes) and then provided with sequential, over-
lapping modulation (or modulated with sequential, overlap-
ping data symbols). A block transmission, such as illustrated
in FIG. 3A, may be used to generate unmodulated versions
of'the pulse waveforms 331, 332, 333, and 334. Accordingly,
the unmodulated pulse waveforms 331, 332, 333, and 334
may be illustrated by part of the block transmission illus-
trated in FIG. 3A.

A substantial difference between pulse waveforms 331,
332, 333, and 334 shown in FIG. 3B and pulse waveforms
311, 312, 313, and 314 shown in FIG. 3A is that the
sequential modulation shown in FIG. 3B is centered at the
peak of each pulse waveform 331, 332, 333, and 334 and the
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block modulation shown in FIG. 3A is centered with respect
to each block transmission and irrespective of the pulse
positions within each block. Accordingly, pulse generation
may employ an IFFT to generate periodic pulses with period
T, wherein the IFFT and an associated CI coder are adapted
to provide sequential overlapping modulation at modulation
intervals equal to the pulse width T, (or pulse width T,y
plus a cyclic-prefix interval T z).

It is anticipated that the invention may be provided with
the capability to select either block-mode or sliding-mode
operation. One method of providing block-mode operation
involves selecting the time interval between windows to be
equal to, or greater than, the window duration. Similarly, the
window duration may be selected to be equal to, or smaller
than, the time interval between windows. Accordingly, block
transmission provides for generating non-overlapping block
waveforms and windows, whereas sliding transmission pro-
vides for generating sequential overlapping waveforms and
windows. It should be noted that a block waveform may
include overlapping pulse waveforms (such as shown in
FIG. 3A) that are each constrained to a given block duration
(e.g., T)).

FIG. 3C illustrates a plurality of sequential raised-cosine
pulses 341, 342, 343, and 344. Each of the pulse waveforms
341, 342, 343, and 344 has a waveform duration equal to a
data symbol period T,. The pulses 341, 342, 343, and 344 are
time offset relative to each other by a pulse width (i.e., pulse
duration) T,,,. A sequence of data symbols d,, d,, d;, and d,
are modulated onto the pulse waveforms 341, 342, 343, and
344, respectively. The resulting modulated overlapping
waveforms are combined (e.g., summed), as shown in FIG.
3D. FIG. 3E illustrates the spectrum of one of the raised-
cosine pulses 341, 342, 343, and 344 over a symbol period
T,. In this case, a steep spectral roll-off is exchanged for
lower time-domain sidelobes.

Embodiments of the invention provide for shaping basic
(i.e., sinc-shaped) CI pulse waveforms to generate the
raised-cosine pulses 341, 342, 343, and 344. Time-domain
and/or frequency-domain (i.e., spectral shaping) processing
may be employed. Alternatively, the invention may provide
for generating periodic pulses wherein spectral characteris-
tics of the pulse waveforms are adapted via controlling
pulse-generation parameters or providing spectral filtering.
In some aspects of the invention, the pulse waveforms 341,
342, 343, and 344 are extended beyond the symbol duration
T,. In some aspects of the invention, the time offset between
the pulse waveforms 341, 342, 343, and 344 is greater than
the pulse width T,,,,.

In FIG. 3F, a set of waveforms 351, 352, and 353
transmitted by a transmitter of the invention demonstrates a
sequential, or sliding, operating mode of the invention. The
pulse waveforms 351, 352, and 353 are characterized by a
frequency spectrum consisting of a plurality of orthogonal
subcarriers. The frequency spacing f_ between the subcarri-
ers provides a symbol duration of T =1/f,. Each of the pulse
waveforms 351, 352, and 353 is offset in time by a pulse
width T, to provide a substantial degree of orthogonality.
After modulation, the pulse waveforms 351, 352, and 353
are combined to provide a sequence of information-modu-
lated pulses. In this example, the pulse waveforms consist of
a plurality of (e.g., three) block pulse waveforms. Different
data symbols may be impressed onto each block pulse
waveform. In other embodiments, the invention may provide
transmission and reception of different hybrid sequential/
block waveforms.
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A variety of sliding-window DFTs are well known in the
art. The DFT of a given vector of time-domain samples
having length N is expressed as:

14

An alternative variation of the sliding transform is derived
from the following DFT expression:

35 N-1

Xl = ), e 2N

N-1 n=k—N+1

X(fu) = ), wpe 2N

n

where X,(f,) corresponds to the Fourier transform of the
previous N samples starting with sample k and evaluated at
sub-carrier frequency f,,. The resulting recursive relation-
ship is represented by the following equation:

—_
<

where X(f,,) is the sub-carrier weight corresponding to a
particular frequency f,, and n is an index for the time-domain
samples X,,. An additional time index k corresponding to the
DFT windows may be added to the DFT: 15
The relationship e
plification to:

Xl =X )= xp_y)e ™ 2N

It will be appreciated that other variations of the sliding
Fourier transforms may be employed. Furthermore, sliding
variations of other transforms may be employed by the
invention. The implementations of sliding DFTs illustrated
and described herein are not intended to limit the invention,
55 but are provided for simplicity. Other types of sliding

transforms may be employed, including, but not limited to,
Nt sliding CI transforms, sliding Hilbert transforms, sliding
Xeor(fo) = Z Xy s g e 2N wavelet transforms, and sliding Walsh transforms. The
0 invention may employ a plurality of waveform and window
30 lengths.

FIG. 4A illustrates basic components of a transmission
system adapted to generate sliding pulse waveforms, such as
shown in FIG. 3B. A pulse generator 403 is configured to
generate a plurality of pulse waveforms characterized by a

35 predetermined set of sub-carrier frequencies selected by a
subcarrier-allocation circuit 401. The pulse waveforms are
positioned sequentially in time by a sliding window trans-
form 405 prior to being processed and coupled into a
communication channel by a transmitter 407. The function

40 of the sliding window transform 405 coupled with a modu-
lator (not shown maps data symbols to predetermined
instants in time.

In one aspect of the invention, the subcarrier-allocation
circuit 401 controls one or more periodic pulse-generation

45 parameters in the pulse generator 403, including pulse-
repetition rate, pulse width, and pulse shape. Thus, time-
domain properties of the pulses are controlled to provide
predetermined spectral characteristics. In another aspect of
the invention, the subcarrier-allocation circuit 401 provides

50 a set of subcarriers to the pulse generator 403. The pulse

generator 403 combines the subcarriers to generate the pulse
waveforms. In another aspect of the invention, the pulse

Xl o P 2Ny, g 0N

~129fuk/N—g=1206k=NVN enables a further sim-

N-1
Xe(f) = ), Hipe 2N
= 20

Each of the sliding windows has a length of N samples. The
DFT of a neighboring (k+1) window is:

Substituting p=n+1, where p=1, . . ., N, into the previous
equation gives:

&P DfmIN

=

Xint(fm) = ) Xpuk

P

A representation of the above equation in which the range of
p is changed to p=0, . . ., N-1 is expressed as follows:

N-1
Xie1 (fn) = Z Xy @ ORI | g oI N LUN g2

p=0

The summation term is the representation of X,(f,). The
exponential e¥? in the third term can be factored out,

resulting in the exponential of the second term being
expressed by some integer-multiple of 27t. Thus, the expres-
sion for X, ,(f,,) can be expressed by the following recur-
sive relation:

generator 403, or the pulse generator 403 and subcarrier-
allocation circuit 401 together, may be implemented with a

55 digital filter (not shown).

The subcarriers may be provided with modulation in the

pulse generator 403. In one aspect of the invention, each
pulse is modulated with data prior to processing by the
sliding window transform 405. In another aspect of the
60 invention, subcarriers provided to the pulse generator are
modulated with information in the subcarrier-allocation cir-
cuit 401. In other applications of the invention, a modulator
(not shown) may be coupled between the subcarrier-alloca-
tion circuit 401 and the pulse generator 403 or between the

Xt (o) = €PN (X (f) + Xiw — %)

The DFT of window k+1 is computed from the DFT of
window k and the difference between the earliest and latest
time-domain samples. Each DFT output is multiplied by an s pulse generator 403 and the sliding window transform 405.
exponential term e’>¥*" that is fixed for each frequency bin The sliding window transform 405 provides time-offsets to
£, the pulse waveforms to produce a sequence of signals, such

m
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as shown in FIG. 3B. Alternatively, the pulse generator 403
and the sliding window transform 405 may be adapted to
produce block transmissions.

In FIG. 4B, a transmission system includes a CI coder
402, an IFFT module 404, a sliding window transform 405,
and a transmitter 407. The IFFT module 404 performs a
frequency-domain to time-domain conversion of input sub-
carrier weights to produce a pulse waveform. The CI coder
402 provides sub-carrier weights to the IFFT module 404 to
shape the pulse waveform, as well as provide sub-carrier
selection (i.e., allocation).

Multipath effects can cause inter-symbol interference
(ISI), particularly in sliding-window transmissions. Accord-
ingly, a preferred embodiment of the invention involves
selecting pulse waveforms and/or sub-carrier components
that reduce ISI. In one aspect of the invention, the time
interval between windows is selected such that ISI resulting
from a particular pulse is limited to nearby pulses. This
reduces the numbers of signals contributing to ISI for each
pulse, thereby simplifying interference cancellation, such as
may be implemented via multi-user detection.

In FIG. 4C, a sliding invertible transform is implemented
by a sliding CI coder 402 and an invertible transform, such
as an IFFT 404. The sliding CI coder 402 generates sliding
sub-carrier weights (i.e., time-varying weights indicative of
overlapping modulated pulse-waveform components) that
are provided to the IFFT 404. Sliding pulse waveforms are
coupled to a transmitter 407 for transmission into a com-
munication channel.

FIG. 4D illustrates components of a sliding window CI
transmitter. A synthesis filter 452, which may be imple-
mented with one or more digital filters, is adapted to
generate a plurality of pulse waveforms characterized by a
spectrum of predetermined orthogonal sub-carrier frequen-
cies. The filter 452 may include a modulator (not shown)
adapted to impress data symbols onto the pulse waveforms.
A sliding-window module 405 is configured to provide an
overlapping sequence of the modulated pulse waveforms. A
transmission system 407 may be implemented for coupling
the sequence into a communication channel.

FIG. 4E illustrates a CI transmitter that includes a CI
coder 402, an IDFT (such as IFFT 404), a polyphase filter
409, and a transmission system 407. The CI coder 402 is
adapted to map multiple input data symbols onto a plurality
of subcarriers. This is achieved via CI coding. The IFFT 404
is adapted to receive the plural sub-channel signals and
transform them into plural time-domain signals. The
polyphase filter 409 receives the time-domain signals and
outputs a plurality of filtered signals. The polyphase filter
409 may be adapted to provide the filtered signals with a
predetermined spectral profile of selected subcarriers.
Polyphase filters operate by multiplying selected phases, or
samples, of a filter impulse response with samples of one or
more input signals.

In FIG. 4F, a pulse generator 403 generates one or more
pulses having predetermined sub-carrier components
selected by a subcarrier-allocation module 401. The pulses
are stored in a memory module 431. Pulses retrieved from
the memory 431 are provided with predetermined time
offsets in a delay module 433 to generate a sequence of
overlapping pulse waveforms. A modulator 435 impresses
data onto each pulse prior to combining in a combiner 436.

FIG. 4G shows basic components of a sliding CI receiver,
including a receiver system 411, a sliding window transform
415 with an associated sub-carrier selector 413, an FEQ 417,
a combiner 419, an interference canceller 421, and a deci-
sion module 423. The receiver system 411 couples trans-
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mitted pulse waveforms from a communication channel and
performs well known receiver-processing operations on the
received signals. Receiver systems typically perform ampli-
fication, filtering, down conversion, gain control, and ana-
log-to-digital conversion.

Digital received signals are processed in the sliding
window transform 415, such as a sliding FFT. Output bins
of the transform 415 are selected by the sub-carrier selector
413. The FEQ 417 provides the selected output bins with
complex weights adapted to compensate for channel distor-
tions, such as multipath fading. The combiner 419 is adapted
to optimally combine the weighted subcarriers to recover
data symbols modulated on the transmitted pulse wave-
forms. The combiner 419 is typically adapted to provide one
or more sets of CI sub-carrier weights corresponding to the
CI phase space(s) of the pulse waveforms.

In a multipath environment, preceding pulse waveforms
can cause ISI in a particular pulse waveform. The interfer-
ence canceller 421 may be adapted to perform one or more
types of interference cancellation to compensate for ISI.
Multi-user detection techniques typically involve combining
samples of neighboring waveforms to cancel ISI resulting
from delayed reflections of those waveforms. Other weight-
and-sum techniques may be implemented for interference
cancellation. It is preferable to select pulse characteristics,
such as pulse spacing and/or pulse-waveform duration, to
reduce the effects of ISI. In some cases, guard intervals may
be employed. If the sources of ISI include only a small
number of preceding pulse waveforms, multi-user detection
can be implemented with low complexity.

In an alternate embodiment of the invention, the interfer-
ence canceller 421 consists of a time-domain equalizer (not
shown). Time domain channel equalizers are well known in
the field of multicarrier receivers. For example, time-domain
equalizers are shown in N. Al-Dhahir and J. M. Cioffi,
“Optimum Finite Length Equalization for Multicarrier
Transceivers,” IEEE Trans. on Comm., pp. 56-64, January
1996 and in J. S. Chow and J. M. Cioffi, “A cost-effective
maximum likelihood receiver for multicarrier systems,”
Proc. IEEE Int. Conf- On Comm., pp. 948-952, June 1992,
which are incorporated by reference.

SIC may optionally be applied to sub-carrier processing.
For example, SIC may be employed to calculate data sym-
bols modulated onto sub-carrier components of the trans-
mitted pulse waveforms. For example, the receiver illus-
trated in FIG. 4H shows a combiner 418 adapted to
compensate for multipath fading and ISI. Thus, the com-
biner 418 may perform equalization, combining, and ISI
cancellation. In this case, the combiner 418 is an SIC
processor adapted to process the subcarriers.

In some applications of the invention, receiver systems,
such as receiver system 411, may include multiple antenna
elements. Accordingly, receivers of the invention may be
adapted to perform sub-space processing. Methods and
systems of the invention may spread data symbols across
multiple frequency bins and/or subspaces. Spreading may be
performed by channel coding and/or multiple-access coding.
Therefore, receivers of the invention may provide for decod-
ing (e.g., despreading) symbols modulated across multiple
subspaces and/or frequency bins.

FIG. 41 illustrates a CI reception method that implies an
apparatus for carrying out the method. A receiver step 451
processes transmissions from a communication channel to
generate received signals. Time-domain to frequency-do-
main conversion and filtering the resulting frequency-do-
main signal is achieved by projecting the received signal
onto an orthonormal basis of the transmitted signals (such as
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indicated by a projection step 452). Projecting a received
multicarrier signal onto an orthonormal basis of a particular
user’s transmitted signal produces frequency-domain signal
components r=(t,, Iy, . . . , Ix_;) corresponding to that user’s
assigned subcarriers. Equivalently, the projection of a
received signal onto an orthonormal basis excludes signals
(e.g., carriers and/or phase spaces) that do not correspond to
that orthonormal basis.

Frequency-domain to time-domain conversion is
achieved by combining 454 the received frequency-domain
components produced by either band-pass filtering or pro-
jection onto a predetermined orthonormal basis. The com-
bined frequency-domain components produce a time-do-
main signal. The step of recovering symbols is provided in
the decision process 457.

FIG. 4] illustrates a CI receiver including a receiver
module 461, a matched filter or projection module 462, a
plurality M of integrators 464.1 to 464.M, and a decision
device or module 467. The projection module 462 includes
a DFT, such as an FFT 472. Equivalently, other types of
filters may be included, such as to select one or more
sub-carrier components allocated to a particular user. N
frequency-domain components generated by the FFT 472
are phase shifted by a plurality M of phase-shift systems
(e.g., interval-delay systems) 470.1 to 470.M. The N signal
components corresponding to each phase-shift system 470.1
to 470.M are combined in an associated combiner 474.1 to
474.M to generate a time-domain signal.

A plurality M of time-domain signals is output from the
projection module 462. Each of the M time-domain signals
is integrated over each symbol interval T, by the integrators
464.1 to 464.M. Signal values generated by the integrators
464.1 to 464.M are processed by the decision module 467 to
generate a sequence of estimated data symbols.

Various embodiments of the invention may include varia-
tions in system configurations and the order of steps in
which methods are provided. For example, the order of
frequency-domain combining (illustrated by the combiners
474.1 to 474.M) and time-domain combining (illustrated by
the integrators 464.1 to 464.M) may be switched. Multiple
steps and/or multiple components may be consolidated.

FIG. 5A illustrates a block waveform including a set of N
orthogonal CI pulse waveforms 541 to 549 having a duration
of T,. CI pulse waveforms (such as pulse 541 to 549) may
be generated from a superposition of orthogonal subcarriers.
Each of the pulse waveforms 541 to 549, which represents
a CI phase space, is modulated with one of a plurality of data
symbols d, to d,, respectively. In one aspect of the inven-
tion, each data symbol d, to d,, includes a code chip of an
orthogonal code, such as Hadamard-Walsh (Walsh) code or
a Walsh code multiplied by a long code. Pseudo-orthogonal
coding may be employed. Other codes, including Gold
codes, Barker codes, Kasami codes, CI codes, and/or DeBot
codes, may be modulated onto the pulses 541 to 549. The
sub-carrier weights resulting from the application of these
time-domain codes provide orthogonal or pseudo-orthogo-
nal CI codes expressed as frequency-domain codes, which
are characterized by low PAPR in multi-carrier synthesis.

FIG. 5B illustrates a plurality of CI sub-carrier weights w,
to w,, generated from a set of data symbols d, to d,, mapped
to a number N of orthogonal CI phase spaces. A CI code
matrix of dimension NxN containing polyphase code chips
is multiplied by a set of data vectors or a data matrix. In
particular, each column of the CI code matrix (such as
column 551) is multiplied by a corresponding data symbol
(such as symbol d,). In some cases, the CI code matrix and
an NxN data matrix (not shown) may be provided with an
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element-by-element multiplication. Each row of a product
matrix resulting from the product of the data symbols d, to
d, with the CI code matrix are summed to produce the
sub-carrier weights w, to w,. For example, elements in row
553, after multiplication by the data symbols d, to d,, are
summed to generate weight w,. Since rows and columns of
the basic CI code matrix resemble the vectors of complex
values used in DFTs, the sub-carrier weights w, to w,,can be
calculated using a fast transform algorithm.

If the data symbols d, to d,, include an orthogonal code,
such as a Walsh code, the subcarrier weights w, to w,, also
represent an orthogonal code. If an orthogonal code is
modulated onto orthogonal pulse waveforms (i.e., orthogo-
nal time-domain waveforms), then a set of sub-carrier
weights applied to orthogonal sub-carriers to synthesize the
code-modulated time-domain waveforms also belongs to a
family of orthogonal codes. In particular, Walsh codes
(which are binary-phase codes) can be represented by
orthogonal CI subcarrier weight codes that can be charac-
terized as polyphase/poly-amplitude codes.

Conventional orthogonal codes and basic CI codes (such
as represented by the CI code matrix shown in FIG. 5B) are
constant-modulus codes. These codes uniformly distribute
data symbols and communication channels across the com-
munication resources, such as time-domain pulses, subcar-
riers, subspaces, etc. Thus, receiver decoding typically uses
optimal combining to optimize performance in a multipath
environment. Unless different propagation channels are pro-
vided to different multiple-access channels (such as may be
employed with antenna arrays used in space-time process-
ing), the proportions of received multiplexed signals are
uniform across the communication resources.

In MC-CDMA, Walsh coding in a particular transmitter
spreads a plurality of data symbols across a common set of
subcarriers. Even if the subcarriers experience different
fades, the proportions of different data symbols received on
each subcarrier are the same. Thus, optimal combining,
rather than the better performing SIC algorithms, must be
performed. Alternatively, the present invention provides for
generating orthogonal codes having poly-amplitude charac-
teristics, which enable receivers to employ interference
cancellation, such as SIC algorithms.

CI transmissions in an N-carrier system are characterized
by N flat-fading channels. A received Nx1 vector r=
(t), . . ., ry) is expressed by equation:

r=Ms+N,

where s=(s;, . . . , s,)’ represents a vector of transmitted
symbols modulated on the N carriers, N_=(n,, . . ., ny)
represents additive noise, and matrix M is a product of an
NxN CI code matrix and a diagonal matrix of carrier
attenuations.

Sequential detection of a received signal set starts with
Wiener equalization of matrix M using matrix G expressed
by:

G=(MIM+o? ) M7

The carrier (e.g., an n™ carrier) having the highest SNIR is
decoded first. The resulting estimated symbol s,,,, is sub-
tracted from the vector of received signals r to generate a
new received signal vector r'":

r'=r —Sn(est)Mn
where m,, expresses an n” column of matrix M. This process

is repeated for the carrier having the next highest SNIR until
all elements of the received signal vector r are processed.
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For each successive carrier, a modified Wiener matrix G is
employed in which columns of matrix M corresponding to
each n” carrier (i.e., carriers corresponding to estimated
symbol(s) s, are zeroed.

FIG. 6A illustrates transmitter apparatus and method
embodiments of the present invention. An input data stream
is serial-to-parallel converted and processed in a subcarrier-
weighting module 602. The weighting module 602 provides
one or more orthogonal poly-amplitude codes to the sub-
carriers. The codes may also be characterized by polyphase
values. The codes are typically indicative of the data and are
used as sub-carrier weights. In this case, block codes are
provided. The weights may be used to synthesize at least one
predetermined direct-sequence (e.g., DSSS or DS-CDMA)
waveform. The weights are converted to at least one time-
domain waveform in a frequency-domain to time-domain
converter 604, such as an inverse Fourier transform.

The time-domain output of the converter 604 is processed
in a transmission system 606, which may optionally provide
a guard interval or cyclic prefix (and/or postfix), perform
digital-to-analog conversion, up convert the signal, provide
amplification, optionally filter the signal, and provide for
coupling the signal into a communication channel. Other
transmitter-side signal-processing operations may be pro-
vided, including MIMO (e.g., array) processing. This trans-
mitter embodiment of the invention may be adapted to
generate multi-carrier signals configured to appear as a
single-carrier signal in the time domain.

FIG. 6B shows a receiver apparatus and method of the
invention. A receiver system 601 couples single-carrier
and/or multi-carrier transmissions from a communication
channel, and adapts the received signals for baseband or IF
processing. In particular, the receiver system 601 may
perform filtering, amplification, down conversion, analog-
to-digital conversion, cyclic-prefix removal, and/or other
receiver processing operations that are well known in the art.
The receiver system 601 may be adapted to perform MIMO
(e.g., array) processing. A received signal is separated into a
plurality of orthogonal sub-carrier components by a time-
domain to frequency-domain converter 603, such as a Fou-
rier transform. Frequency-domain equalization and decod-
ing of the orthogonal poly-amplitude codes is performed in
a combiner 605. The combiner 605 multiplies the frequency
bin values output by the converter 603 with a complex
conjugate of at least one of poly-amplitude code. A decision
module 607 is adapted to process the combined signal values
using any combination of hard-decision and soft-decision
processing.

In one aspect of the invention, a received signal for at least
one user is separated into orthogonal frequency components.
Channel compensation (e.g., equalization) and combining
are performed to provide estimates of the transmitted sym-
bols. ISI may be compensated via any combination of
equalization and multi-user detection. While numerous com-
bining techniques may be implemented in the invention, it
has been shown in S. Hara and R. Prasad, “Overview of
multicarrier CDMA”, IEEE Comm. Mag., Vol. 35, no. 12,
pp. 126-133, December 1997, which is incorporated by
reference, that MMSEC provides the best performance.

Embodiments of the invention may employ any of a
number of techniques for providing channel estimating. For
many of these methods, a block of pilot chips, tones, or other
known signals may be inserted into the transmitted wave-
form. Known symbols may be mapped to CI phase spaces.
Training symbols may be provided to individual subcarriers.
In other embodiments, various types of coded training
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symbols may be transmitted. Blind adaptive estimation and
equalization may be employed.

FIG. 7A shows a block diagram illustrating a transmission
method of the invention. A code matrix generation step 710
provides for generating a direct sequence code matrix (such
as a Walsh matrix) and a CI code matrix. A time-domain to
frequency-domain conversion 713 of the direct-sequence
code is provided. For example, the direct-sequence code
matrix is processed with the CI code matrix to generate a
poly-amplitude code that is employed as a set of sub-carrier
weights. The conversion step may be performed by an
invertible transform and may employ a fast processing
algorithm, such as an FFT. One or more data symbols may
be processed in the conversion step 713 to produce data-
modulated sub-carrier weights.

The weights are provided to a plurality of predetermined
(e.g., selected or allocated) subcarriers in a sub-carrier
selection/modulation step 714. Step 714 may include a
frequency-domain to time-domain transform, such as an
IDFT or IFFT. Data modulation may be provided during or
following step 714. Step 714 produces a modulated time-
domain signal that may be shaped to appear as a single-
carrier signal, such as a direct-sequence signal. An optional
cyclic prefix prepending step 715 may be provided. A
transmission step 716 adapts time-domain signal for trans-
mission into a communication channel.

The use of a cyclic prefix in multi-carrier communications
is well known. For example, in J. van de Beek, “On
Synchronization in OFDM Systems Using the Cyclic Pre-
fix,” Proc. Radio Vetenskaplig Koferens, pp. 663-667, June
1996, which is incorporated by reference, cyclic prefixes in
common Discreet Multitone Systems consist of a copy of a
number of samples at the end of a symbol being prepended
to the beginning of the symbol. Similarly, the use of a cyclic
prefix in single-carrier modulation is well known, such as
described in A. Czylwik, “Comparison between adaptive
OFDM and single carrier modulation with frequency
domain equalization,” VTC, pp. 865-869, Phoenix, 1997,
which is incorporated by reference. Various types of guard
intervals are well known in the art and may be employed by
the invention. The symbol duration T, may be provided with
extra length to compensate for delay spread. A cyclic redun-
dancy may be added to the end of a symbol block. A cyclic
redundancy may be split between a cyclic prefix and a cyclic
postfix. Zero values may be provided to the guard intervals.

FIG. 7B shows a detailed embodiment of a Cl-based
transmitter. A matrix-generation step 711 provides for the
generation of a direct-sequence (e.g., Walsh) matrix (HW .-
#ix) and a CI matrix (CI). For a predetermined number N of
subcarriers, the CI and direct-sequence matrices are square
matrices of dimension NxN. A code-selection 712 is pro-
vided in which one or more direct sequence code vectors
(HW ,,0s0,(1)) indexed by i are selected from the direct-
sequence matrix (HW, ..

Time-domain to frequency-domain conversion 713
includes generating at least one new direct-sequence matrix
HW',....,(1)) 721 by stacking N copies of direct-sequence
vector HW _,..(1). This is repeated for each index. A prod-
uct matrix (Prod;/1)) is generated from an element-by-
element multiplication 722 of the new direct-sequence
matrix (HW', . (1)) with the CI matrix (CI). Row summa-
tion 723 produces a vector of sub-carrier weights PCI(j)
from a sum of elements in each row of the product matrix
(Prodz;5/1)). Sub-carrier modulation 714 may employ an
invertible transform, such as an IFFT.

Data symbols may be modulated onto the subcarriers by
introducing a data-modulated matrix in step 711, modulating
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the selected code(s) with one or more data symbols in step
712, introducing data modulation into step 713, or modu-
lating the sub-carrier weights prior to sub-carrier modulation
714. Alternatively, the time-domain signal output by the
subcarrier-modulation step 714 may be directly modulated
with data.

FIG. 7C illustrates a method of receiving single-carrier or
multi-carrier signals, including providing for receiver-sys-

22

generation) and/or signal analysis (i.e., signal reception)
techniques of the present invention.

In the particular example illustrated by FIG. 8, sub-carrier
weights X, (f,) corresponding to a particular sub-carrier
frequency f, for each of the pulse waveforms k=-K, 0, +K
is represented as follows:

tem processing 751 of received signals, performing a time- ML )
domain to frequency-domain conversion 753 of the received 10 Xoxlf) = Z - (mAne K
signals to produce a plurality of orthogonal sub-carrier A
values, providing for frequency-domain-equalization 755 of = fmar
the sub-carrier values, providing for CI decoding 757 (which Xolf = mZg TomAne 2h
includes combining), and providing for decision processing .
759. . o . 15 Xox(f) = Z X g (mAng b m P
FIG. 7D illustrates a communication method of the inven- =
tion. A plurality of orthogonal poly-amplitude codes are
generated 761 in a transmitter. The codes are modulated 762
with different data symbols. A-frequency-domain to time- The total sub-carrier weight X (£,) for frequency bin f, can
domain conversion 763 of the modulated codes is provided 20 pe expressed by a sum of the sub-carrier weights X,(f,):

to generate a time-domain output. A cyclic prefix or guard
interval is optionally prepended 764 to the time-domain
output, followed by transmission processing 765 adapted to
process the signal for transmission into a communication
channel 99.

A receiver process 771 couples the transmission from the
channel 99 and performs receiver system processes typically
performed to convert a received signal to a digital or analog
baseband or IF signal. An optional cyclic-prefix removal 772
may be performed as necessary prior to time-domain to
frequency-domain conversion 773. Interfering frequency-
domain signals are separated in an interference-cancellation
process 774, which may optionally employ frequency-do-
main and/or time-domain equalization. Separated signal
values are then post processed, which may include decision
processing 775.

FIG. 7E illustrates a receiver method of the invention.
Single-carrier and/or multi-carrier transmissions are pro-
cessed in a receiver step 751. Time-domain to frequency-
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XAt)=X g+ . o + X+ - - - +X k()

In this case, -K is the number of pulse widths preceding the
window center time t,, +K is the number of pulse widths
following the window center time t,, At is the time interval
between samples, and P is the number of samples in a pulse
width.

A data symbol do modulated onto the pulse waveform 802
is expressed by the DFT as a set of equal-magnitude
polyphase subcarrier weights. Similarly, each data symbol
modulated on the other pulses (such as pulse waveforms 801
and 803) is also expressed by the DFT as a set of equal-
magnitude polyphase sub-carrier values. However, varying
proportions of the pulse waveforms (such as pulse wave-
forms 801, 802, and 803) in the DFT window result in
different proportions of data in the subcarrier values. The
proportions of data vary for different DFT windows. Thus,
multi-stage cancellation, such as SIC or multi-user detec-
tion, may be performed to separate the interfering data

domain conversion 753 is performed on received signals to 40 A

generate orthogonal sub-carrier (i.e., spectral) components symbols on the subcarriers. Other forms of sub-space pro-

characterized by a plurality of data-modulated orthogonal cessing may be employed to separate the data symbols.

poly-amplitude codes. The coded modulations are processed In the case illustrated in FIG. 8, the pulse waveforms

via SIC 756 prior to decision processing 759. (such as pulse waveforms 801, 802, and 803) have durations
FIG. 8 illustrates a window in a sliding Fourier transform. 45 equal to the window duration T,. However, different pulse

In this case, a predetermined number N of samples corre-
sponds to the window duration. A first pulse waveform 802
having a pulse width of a number P of samples is centered
in the window at center time t,. At least one pulse waveform
(such as pulse waveform 803) is centered at a later time t, .-
(i.e., to the right of center time t,). In this case, center time
t,x is located at K pulse positions to the right of center time
ty. At least one pulse waveform (such as pulse waveform
801) is centered at an earlier time t, relative to the center
time to of the first pulse 802.

Each of the pulse waveforms, such as pulse waveform
802, has duration T, ,,~T, ;=T,. ADFT window of duration
T, centered at time t, spans time t, ; to t, .. A portion 812
of waveform 801 occurs within the DFT window. Similarly,
a portion 821 of waveform 803 occurs within the DFT
window.

A DFT (such as that which may be implemented via any
appropriate FFT algorithm) corresponding to a particular
window may be represented by corresponding Fourier trans-
forms of individual waveforms (including waveform seg-
ments) that occur within the window. This representation
may be employed as the basis of signal synthesis (i.e., signal
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waveform durations or window durations may be employed.
In one aspect of the invention, windows are selected to be
longer or shorter than the pulse waveform duration T,.
Although one pulse waveform 801 is shown centered to the
right of (i.e., following) time t, and one pulse waveform 803
is shown centered to the left of (i.e., preceding) time to,
different numbers of pulse waveforms (as well as different
time offsets) may be implemented by the present invention.
In some cases, the number of preceding and following pulse
waveforms may differ. For example, the beginning of a data
packet typically has few or zero preceding pulse waveforms.
Similarly, the end of a packet typically has few or zero
following pulse waveforms. Some pulse waveforms within
a packet may effectively be zeroed. The time offsets (e.g.,
t~t_x and t,z _,) may include integer and/or half-integer
pulse widths. Other time offsets may be provided.

FIG. 9 illustrates an exemplary allocation of sub-carrier
frequencies in accordance with one aspect of the invention.
Each of a plurality P of users is assigned a predetermined set
of subcarriers wherein the sub-carrier frequencies span
much of the available spectrum. A first set of subcarriers
assigned to a first user includes subcarriers 901.1, 902.1, and
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903.1. Similarly, a different set of subcarriers allocated to a
P? user includes subcarriers 901.P, 902.P, and 903.P. In this
case, the subcarriers are uniformly distributed throughout a
predetermined frequency band. Other distributions may be
employed depending on spectrum use, channel conditions,
network configuration, interference, etc.

The division of the total transmission band into sub-bands
allows for lower sampling rates and less intensive digital
signal processing requirements because the processed band
is spread over a significantly smaller bandwidth. Superior
frequency diversity is achieved without additional process-
ing gain. The application of orthogonal or pseudo-orthogo-
nal CI coding ensures a low PAPR.

In conventional resource-limited communication archi-
tectures, users access the network only when spectrum
resources (i.e., subcarriers) are available. This is analogous
to providing only orthogonal multiple-access codes. Pseudo-
orthogonal coding permits an interference-limited sharing of
the spectrum resources, which provides a gradual degrada-
tion of the channel.

A simple frequency-domain pseudo-orthogonality may be
provided in a CI system by allocating subcarriers to a
particular user that are already allocated to a plurality of
other users. For example, a new user to the network may be
allocated subcarriers 901.1, 902.2, . . ., 903.P. The inter-
ference from other users will tend to be non-coherent
whereas the pseudo-orthogonal user’s signals combine
coherently. Furthermore, the new user’s signal will suffer
more interference than the other user transceivers, which
experience interference only on a subset of their allocated
subcarriers. This coding technique, unlike conventional
pseudo-orthogonal coding, allows a seamless transition
between orthogonal and pseudo-orthogonal coding. This
coding also allows a network to provide multiple QoS levels
by determining which users get pseudo-orthogonal codes
and which users have their subcarriers allocated to pseudo-
orthogonal code users.

Sub-carrier allocation in pseudo-orthogonal CI (POCI)
coding coupled with appropriate network-control strategies
can also improve performance, system capacity, and fre-
quency-reuse. In one aspect of the invention, a user trans-
ceiver senses transmission powers over a set of subcarriers
and transmits a request to the network controller (via one or
more base stations) to use a particular set of subcarriers
having low transmission powers. The low sub-carrier pow-
ers may be due to unused subcarriers, localized fading,
and/or spatial separation between a source transmitter and
the user transceiver. If a small number of these requests are
made at one time (i.e., by a small number of transceivers, or
only occasionally by a large number of transceivers), the
resource and processing overheads can be minimized. The
network controller responds by assigning base station/sub-
carrier combinations for the user that may best serve the
overall performance of the network. Network performance
may include a measure of capacity, throughput, and/or signal
quality, and may be weighted by different QoS or user
priority levels.

In another aspect of the invention, POCI is employed by
a network controller and one or more base stations. Subcar-
riers allocated to other users that are characterized by deep
fades may be used instead to convey control information
between base stations and users, or the subcarriers may be
allocated to new users. Base stations and/or network con-
trollers may allocate a particular set of subcarriers to a user
based on the geographical (inter-cell, and/or, intra-cell)
locations of other users employing those subcarriers. For
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example, it is desirable to minimize interference by reusing
subcarriers shared by geographically distant users.

FIG. 10A illustrates a transmitter array processor of the
present invention. The transmitter array may be adapted to
provide multi-carrier synthesis of single-carrier signals, such
as conventional direct-sequence signals and single-carrier
signals with cyclic prefixes. In a first transmitter-processing
branch, a CI coder 1001 receives a plurality of data symbols
and generates one or more CI codes therefrom. CI codes
may convey both CI coding and data values. The CI codes
include orthogonal or pseudo-orthogonal frequency-domain
codes, which may correspond to one or more time-domain
waveforms. The CI codes are processed to provide a plu-
rality of sub-carrier weights that convey the data-bearing CI
codes to a sub-carrier generator, such as an IFFT 1011. The
IFFT 1011 may include a sliding-window processor. Alter-
natively, the CI coder 1001 may be adapted to generate
Cl-encoded sliding code values in order to provide sliding-
window functionality. An optional cyclic-prefix prepender
1021 is shown. A similar signal processing procedure is used
for at least one more transmitter-processing branch, such as
indicated by blocks 1009, 1019, and 1029, which correspond
to blocks 1001, 1011, and 1021.

In direct-sequence transmitters, each data symbol is
modulated by a particular Walsh code, and the set of active
Walsh-code channels may be power controlled, summed,
and spread by a long code. In one embodiment, the long
code can be a pseudo-random code that may have the same
chip spacing as the Walsh codes such that the long code acts
simply as a scrambling code. In the frequency domain,
orthogonal Walsh codes multiplied by the same long code
are orthogonal. Different long codes provide for pseudo-
orthogonal frequency-domain codes. In one aspect of the
invention, long codes may be used to modulate time-domain
signals generated from frequency-domain synthesis.

A sub-space processor 1031 is adapted to process signals
from a plurality of transmitter-processing branches. The
processor 1031 maps each sub-carrier value to a different
spatial subspace. The resulting sub-space/sub-carrier com-
binations are processed in a plurality of transmitter systems
1041 to 1049 and coupled into a communication channel. In
this case, the channel acts as a combiner that combines the
sub-space/sub-carrier signals.

FIG. 10B illustrates a sub-space/sub-carrier processor
receiver of the invention. A plurality M of receiver systems
1051 to 1059 is adapted to couple a plurality of interfering
single-carrier or multi-carrier signals from a communication
channel. M receiver branches are provided for frequency-
domain analysis of received signals. Optional cyclic prefix
removal modules 1061 to 1069 may be provided. A set of M
time-domain to frequency-domain converters, such as DFTs
1071 to 1079 are adapted to separate received signals in each
branch into a plurality N of sub-carrier values. Alternatively,
sliding transforms, such as sliding FFTs (not shown), may be
employed in place of the DFTs 1071 to 1079. Each of a
plurality of sub-space processors 1081 to 1089 is adapted to
process the sub-carrier values. For example, N sub-space
processors 1081 to 1089 can process M signals at a time that
were mapped into each of the N sub-carrier frequencies.

The output of each sub-space processor 1081 to 1089 is
characterized by up to M sub-space values. Each of a
plurality of CI decoders 1091 to 1099, such as CI block
decoders or CI sliding window decoders, combine sub-
carrier values corresponding to a particular subspace. In this
case, each transmitter system 1041 to 1049 of an associated
multi-element transmitter (such as the transmitter shown in
FIG. 10A) is adapted to transmit one synthesized single-
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carrier signal. For example, each data symbol is transmitted
by one transmitter system 1041 to 1049. In this case, each
data symbol is mapped to a particular subspace (i.e., trans-
mitter system 1041 to 1049). Alternatively, a plurality of
single-element transmitters may generate the transmissions
processed in the receiver. In each case, the application of
orthogonal or pseudo-orthogonal CI coding to the subcarri-
ers ensures low-PAPR transmissions. Signal outputs from
the CI decoders 1091 to 1099 are processed in a decision
module 1050 adapted to perform any combination of hard
and soft decision processing.

FIG. 10C illustrates a receiver of the present invention

having components similar to those of the receiver illus-
trated in FIG. 10B. However, the CI decoders 1091 to 1099

26

the case where MMSE combining is employed, the weights
a,,(n) are expressed by:

O (1)=H, * (1) (N, (1) P+0%)

where h,,(n) is the channel response for the n” frequency
channel of the m™ spatial subchannel, and o is the noise
power. Other types and combinations of combining may be
employed.

A plurality M of combiners, such as IFFTs 1106.1 to
1106.M, combine the weighted frequency-domain compo-
nents to generate a plurality of time-domain signals. Time-
domain outputs of the IFFTs 1106.1 to 1106.M are coupled
to beam-forming modules 1107.1 to 1107.M, which are

. ; 15 adapted to provide beam-forming weights that cancel co-
of FIG. 10C are adapted to combine sub-carrier components channel interference in a plurality of combiners 1108.1 to
that are mapped into a plurality of subspaces. In this case,  1108.M. Each combiner 1108.1 to 1108.M may include a
the function of an associated transmitter (such as the trans- summing circuit, an adder, an accumulator, an integrator, or
mitter shown in FIG. 10A) may provide for mapping sub- any appropriate invertible transform.
carrier components of each data symbol to a plurality of 20 Ty, beam-forming modules 1107.1 to 1107.M and the
subspaces. In one aspect of the invention, the transmitter combiners 1108.1 to 1108.M may be adapted to perform any
shown in FIG. 10C is configured to perform array process- of various types and combinations of adaptive combining. In
ing, including beam forming, null steering, and/or adaptive some applications, maximal ratio combining may be
sub-space processing. In another aspect of the invention, a 55 employed. Other combining schemes may be employed.

spatial sub-space may correspond to a particular complex-
weighted combination of transmissions from a plurality of
antennas, such as array’s beam pattern or sub-space pattern.
Accordingly, different sub-carrier components of a DS-
CDMA signal (or equivalently, a polyphase/poly-amplitude
sub-carrier code) may be transmitted by different antennas
or otherwise impressed onto different subspaces.

FIG. 10D illustrates a receiver adapted to combine sub-
carrier processing and sub-space processing operations, as
indicated by a unified spatial/sub-carrier processor 1080. In
one aspect of the invention, the processor 1080 performs
optimal combining of sub-space/sub-carrier components to
generate data-symbol values. In another aspect of the inven-
tion, the processor 1080 is configured to perform interfer-
ence cancellation, such as SIC or multi-user detection.
Additional aspects of the invention provide for combinations
of sub-carrier and space-time processing. The receiver may
be adapted to perform block decoding or sliding-window
decoding.
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Combining may include interference cancellation, multi-
user detection, null steering, spatial interferometry multi-
plexing, etc. In some cases, space-time processing may be
employed. SIC, as well as other multi-level cancellation
techniques, can be used. In other cases, space-frequency
processing may be provided. Channel-decoding weights
may be provided by either or both the component-weighting
modules 1105.1 to 1105.M and the beam-forming modules
1107.1 to 1107.M. Symbols output by the combiners 1108.1
to 1108.M are converted to a data stream by a parallel-to-
serial converter 1109 prior to being demodulated and
decoded 1110.

FIG. 12A illustrates basic components of CI signal gen-
eration software residing on a computer-readable medium
1299. CI signal generation software is typically configured
to control the function and transmission-signal output of a
single carrier or multi-carrier transmitter. In some cases, a CI
transmission may be characterized as a single-carrier signal
in the time domain having a plurality of predetermined
frequency-domain (or spectral) components.

FIG. 11 illustrates a number M of CI receiver branches. A » A subcarrier allocation source code segment 1201 is
plurality of input couplers (e.g., antenna elements) 1101.1 to adapted to generate a plurality of subcarriers allocated to at
1101.M couple signals from a communications medium least one user or allocate a plurality of input subcarriers (not
(e.g., a free-space channel, a waveguide, etc.) and process shown) to a particular user. A subcarrier weighting source
the signals. The input couplers 1101.1 to 1101.M are typi- 57 code segment 1202 is adapted to provide complex weights
cally adapted to perform any combination of front-end (e.g., CI codes) to a plurality of the allocated subcarriers.
receiver-side processing, including amplification, filtering, The weights are configured to map one or more input data
frequency conversion, and/or A/D conversion. Other types symbols into one or more phase spaces.
of processing may be performed. For example, a plurality of The computer-readable medium 1299 may include any
optional guard interval (e.g., cyclic prefix) removal circuits ss jtem of manufacture adapted to store or convey software

1102.1 to 1102.M may be incorporated in the input couplers
1101.1 to 1101.M. Similarly, each of a plurality M of
serial-to-parallel converters 1103.1 to 1103.M may be
included in the input couplers 1101.1 to 1101.M or in each
of a plurality M of invertible-transform (e.g., FFT) circuits
1104.1 to 1104.M.

Each of the invertible-transform circuits 1104.1 to 1104.M
transforms an input time-domain signal into a plurality N of
frequency-domain components. The components are
weighted with at least one set of CI combining weights
a,,(n), where m=1,. . ., M and n=1, . . . , N, by a plurality
M of component-weighting modules 1105.1 to 1105.M. In
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and/or firmware. The source-code segments 1201 and 1202
may reside on a physical memory storage device, such as
any magnetic, electrical, or optical device adapted to store
data and/or computer command instructions. The source-
code segments 1201 and 1202 may be implemented as gate
configurations on a programmable or integrated circuit.
Other means for arranging physical devices and/or electro-
magnetic phenomena may be employed to convey the func-
tion of the source-code segments 1201 and. 1202. Accord-
ingly, the computer-readable medium 1299 may include any
combination of FPGAs, ASICs, transient memory, and per-
sistent memory.
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Sub-carrier allocation may include generating subcarriers,
providing for receiving input subcarriers, retrieving subcar-
riers or superposition waveforms from memory (e.g., a
look-up table), or selecting non-zero (or equivalently, zero)
valued input bin weights of an invertible transform, such as
a DFT. In some applications, subcarrier allocation can
include pulse shaping, controlling symbol durations, and/or
selecting subcarrier frequency spacing. Some frequencies
may be selected or avoided relative to channel conditions,

28

Source-code segment 1292 is adapted to combine the
received and weighted carriers to generate a processed
signal output, which is typically a sequence of symbols. At
least one type of optimal combining may be provided. Code
segment 1292 is adapted to receive as input at least one
received signal, such as a sequence of data symbols. The
received signal may be impressed onto the weights,
weighted subcarriers, or waveforms generated from one or
more superpositions of the weighted subcarriers. The

bandwidth requirements, and/or interference. 10 weights are configured to map one or more input data
The subcarrier allocation source code segment 1201 and symbols into one or more phase spaces. In some applica-
subcarrier weighting source code segment 1202 may be tions, data-modulated weights may be generated in source-
implemented in one program. Similarly, other processing code segment 1291. In this case, source-code segment 1291
operations typically performed in a communication system is adapted to process the received signal to generate at least
transmitter may be implemented in, or in addition to, the 15 one set of information-bearing weights.
source-code segments 1201 and 1202. It should be appre- Transceivers of the present invention can be implemented
ciated that sub-carrier allocation, selection, and assignment in packet data communication systems that enhance network
can include providing subcarriers for system control and/or performance by enabling adaptive-rate communications to
monitoring. Sub-carrier allocation, as described throughout subscribers as their respective channel conditions change.
the specification may include providing for pilot tones, 20 For example, the rate of a particular communication channel
training sequences, and/or other subcarriers allocated to may be adapted by increasing or decreasing the number of
other system-control functions. Sub-carrier weighting may subcarriers allocated to that channel. Network performance
include channel coding, source coding, spread-spectrum can also be enhanced by adapting the allocation of sub-
coding, formatting, multiple-access coding, multiplexing, carrier channels for each particular user. In this case, sub-
encryption, modulation, and/or array processing. Systems 25 carriers are allocated and/or de-allocated relative to channel
and methods illustrated herein and described throughout the conditions in order to avoid using subcarriers characterized
specification may be implemented as source-code segments by poor channel quality. Reallocation of subcarriers between
residing on one or more computer-readable mediums. multiple base stations serving a subscriber may be per-
Network control in CI communications may be adapted to formed as part of a handoff procedure.
enable users to share network resources (e.g., bandwidth). 30  The invention may employ an adaptive-rate scheme that
For example, channel resources in the form of phase spaces allows a base station to rapidly (e.g., once every few
and/or subcarriers may be allocated to each user relative to milliseconds) adapt its data rate (and, optionally, subcarri-
their level of service. Bandwidth may be allocated to users ers) for each active user. FIG. 13 A illustrates corresponding
relative-to any combination of individual throughput network-control communications between a subscriber
requirements, purchased level of service, and availability of 35 transceiver (i.e., user, network user, mobile, or subscriber
bandwidth. Circuit-switched processes may be implemented unit) 1300 and a base station 1310. Each subscriber trans-
with respect to sub-carrier allocations. Packet-switched pro- ceiver evaluates its channel (e.g., in a channel-estimation
cesses may be implemented with respect to phase spaces. CI step 1301) from at least one nearby base station 1310 using
communications provides for the concurrent implementation known training symbols or blind-adaptive techniques. This
of circuit switching and packet switching. 40 information (which may include derivatives of this infor-
FIG. 12B illustrates a subcarrier weighting source code mation, such as maximum data rate) is conveyed to the
segment 1291 and a CI combining source code segment network, such as in a channel quality evaluation transmis-
1292 residing on a computer-readable medium 1299. The sion step 1302. This allows a base station to serve each user
computer-readable medium is the same type of medium at the highest data rate that the channel conditions permit.
described with respect to medium 1299. 45  The base station 1310 is adapted to receive the channel
Source code segment 1291 is adapted to process one or quality assessments from each subscriber transceiver 1300,
more received channel measurements (such as frequency- as indicated by a reception step 1311. The base station 1310
domain or time-domain measurements) for generating a (possibly in cooperation with other base stations or a net-
plurality of sub-carrier weights. These weights are adapted work controller) adapts transmission parameters 1312 that
to compensate for one or more channel effects, including, 50 control the transmission of information to the subscriber
but not limited to, multipath, dispersion, and co-channel transceivers. The base station 1310 selects subcarriers 1315
interference. The weights may be adapted to provide CI for transmission to each subscriber, such as subscriber
decoding. The weights may be adapted relative to one or transceiver 1300. The base station 1310 selects a suitable
more channel and/or data-quality measurements. The modulation scheme (e.g., QPSK, 8-PSK, 16-QAM,
weights may be configured relative to data-processing mea- 55 64-QAM) 1317 for each transmission based on the corre-
surements, such as hard-decision, soft-decision, and/or itera- sponding channel conditions. Similarly, different channel-
tive feedback decision processing. The weights are typically coding schemes, including different coding rates, may be
applied to a plurality of subcarriers, such as frequency selected 1319 in accordance with the channel conditions.
components produced by a filter bank or an FFT. Sub-carrier Adaptive-rate operation may further include an ARQ
weighting may include filtering, such as providing for 60 scheme that provides additional robustness against inaccu-
acquiring sub-carrier frequencies allocated to at least one racies in the data-rate estimation, especially in situations that
predetermined user. Consequently, sub-carrier weights may involve high mobility.
include both zero and non-zero values. Sub-carrier weight- In forward-link soft-handoffs, multiple base stations may
ing may include channel decoding, source decoding, spread- transmit the same data frame, allowing a subscriber trans-
spectrum decoding, formatting, multiple-access decoding, 65 ceiver to combine the received signals to enhance perfor-

demultiplexing, decryption, array processing, and/or modu-
lation.

mance and link reliability in the presence of fading. How-
ever, conventional soft handoff requires that multiple base
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stations use additional spectrum resources for transmitting
the same frame. This can reduce system capacity. In addition
to using excessive spectrum, forward link soft handoffs in
packet data systems also shift packet scheduling from the
base station to a network controller. This introduces delays
and significantly reduces the packet scheduling efficiency.

FIG. 13B represents a geographical configuration
between a subscriber transceiver 1300 and a plurality of base
stations 1310 and 1320, such as during a soft handoff. In one
aspect of the invention, CI transceivers employed in the base
stations 1310 and 1320 and the subscriber unit 1300 are
configured to process redundant data transmissions from the
base stations 1310 and 1320. In another aspect of the
invention, the transceiver 1300 selects which base station
from which it will receive data. This improves bandwidth
efficiency. In another aspect of the invention, different data
transmissions from the base stations 1310 and 1320 to the
transceiver 1300 are provided, also improving bandwidth
efficiency. In yet another aspect of the invention, the trans-
ceiver 1300 is configured to select which subcarriers to use
relative to the different base stations 1310 and 1320, thus
providing for optimal bandwidth efficiency. In preferred
embodiments of the invention, data symbols are spread
across all of the subcarriers or subsets of subcarriers, even
when the subcarriers are transmitted from different base
stations. Alternatively, each data symbol is spread across
subcarriers allocated to only one base station.

Well-known radio selection diversity techniques may be
employed by the invention. For example, each active sub-
scriber transceiver (such as transceiver 1300) measures the
channel quality relative to all nearby base stations 1310 and
1320 and then requests the base station 1310 or 1320
providing the best channel quality. This allows the network
to serve the subscriber 1300 from the base station 1310 or
1320 that can provide the highest data rate. The base stations
1310 and 1320 then coordinate with a network controller
1330 to ensure that packets are correctly delivered to the
serving base station 1310 or 1320. The base station 1310
and/or 1320 schedules the packets for transmission at the
data rate selected by the subscriber unit 1300.

In a particular aspect of the invention, the subscriber unit
1300 receives transmitted subcarriers from a plurality of
base stations (such as base stations 1310 and 1320) wherein
each base station 1310 and 1320 transmits data to the
subscriber unit 1300 on a different set of subcarriers. This
mode of transmission may be employed in a soft hand-off.

In one aspect of the invention, the transceiver 1300
measures the channel quality of each of a plurality of
subcarriers (or sub-carrier groups) relative to all nearby base
stations 1310 and 1320. The user transceiver 1300 then
requests optimal base station/sub-carrier combinations pro-
viding the best channel quality. The base stations 1310 and
1320 coordinate with the network controller 1330 to ensure
that packets are correctly delivered to the serving base
stations 1310 and 1320. Each selected base station 1310 and
1320 schedules the packets for transmission on the subcar-
riers selected by the transceiver 1300.

FIG. 13B is described with respect to an exemplary
handoft of the invention. The subscriber unit 1300 is pro-
vided with a connection to base station 1310. The connec-
tion carries control and data information on a plurality of
subcarriers in both uplink and downlink directions. As the
subscriber 1300 moves closer to base station 1320, the
subscriber 1300 may add base station 1320 as a supplemen-
tal and possible hand-off candidate. Therefore, the sub-
scriber 1300 establishes and maintains two connections on
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different sub-channel sets, one with base station 1310 and
another with base station 1320.

In accordance with one aspect of the present invention,
the two connections are independently operated. For this
exemplary embodiment, in the downlink, different spreading
symbols corresponding to common data packets (and
optionally, control information) are received from each of
the base stations 1310 and 1320. In some instances, different
control information may be received from different base
stations, such as base stations 1310 and 1320. The received
symbols are combined and despread to recover the trans-
mitted data packets, which may be part of a computer file or
message (e.g., voice E-mail or text message). In the uplink,
control information is transmitted to both base stations 1310
and 1320. The control information transmitted to different
base stations can be different, particularly if the base stations
1310 and 1320 are not synchronized. In some embodiments,
different symbol transmission start times are used by each
base station 1310 and 1320, requiring different symbol
timing synchronization to be performed on received signals.

According to an aspect of the present invention, the
subscriber unit 1300 may include hardware and software for
receiving a set of optimum system-access parameters (which
may be determined based on the geographical position of the
subscriber unit 1300 and the channel conditions) for con-
trolling the performance of the communication link. Con-
trolling the performance may include allocating or re-allo-
cating subcarriers and effectuating a soft handoft from a first
base station (e.g., base station 1310) to a second base station
(e.g., base station 1320).

According to another aspect of the present invention, each
base station 1310 and 1320 may include hardware and
software for transmitting a set of optimum system-access
parameters, which may be determined based on channel
conditions and the current position of the subscriber unit
1300, for controlling the performance of the link(s) to the
subscriber unit 1300. Controlling the performance may
include effectuating an initial open-loop power of the sub-
carriers, persistence delay, power increment, randomization
delay, back off time, and acknowledgement timeout. These
parameters may be used by the subscriber unit 1300 to
access the network and may be sent as part of an access
parameters message on common or dedicated signaling
channels.

According to another aspect of the present invention, a
method for updating a current set of system parameters in a
communications system may include determining the cur-
rent geographical location of each subscriber unit (such as
subscriber unit 1300), characterizing channel conditions for
each of a predetermined set of sub-carrier/base station
combinations, determining a set of optimum parameters
based on the location and channel conditions of the sub-
scriber unit 1300, and updating the current set of parameters
with a set of optimum parameters. The method may be
applied to optimizing parameters that may be involved in
sub-carrier access and/or handoff.

In conventional soft handoff, the mobile station receives
essentially identical traffic data from at least two base
transceiver stations. Soft handoff typically employs a make-
before-break protocol in which a first link is maintained until
a second link is established. Thus, there is a time during
which the first link and second link are maintained simul-
taneously. The base transceiver stations involved in the soft
handoff process may be located in two different cell sites or
the same cell site, and they typically operate over a common
carrier frequency. A soft handoff may be performed between
two or more sectors in a cell served by a given base station.
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In order to accomplish soft handoff, there needs to be a
connection between the controllers or the base transceiver
stations involved in the soft handoff process. In hard hand-
off, the resources in one base station transceiver are released
while new communication resources in a new base station
are allocated to the mobile station. Generally, hard handoff
occurs between cell sites that are operating over two differ-
ent frequencies, or between two different systems.

Hand off in the present invention is achieved by reallo-

32

a combining and decoding of the first and second sets of
modulated code symbols produces a communication signal.

The first and second partial sets of code symbols combine
to produce a full set of code symbols from which at least one
data symbol can be decoded. It should be appreciated that
when N base stations provide transmissions to a particular
subscriber, there are up to N associated partial sets of code
symbols upon which one or more data symbols are modu-
lated.

cating subcarriers in a given communication link between a 10 The invention also includes a method for implementing a
subscriber unit (such as subscriber 1300) and a plurality of handoff between base stations of a communications system,
base-station transceivers (such as base stations 1310 and the method comprising: communicating with a first base
1320). This reallocation is implemented to optimize perfor- station; establishing a connection with a second base station;
mance on each subcarrier. Thus, the hand off is typically and transmitting a first set of modulated code symbols of a
achieved via sub-channel optimization. Hand off in the 15 portion of at least one spreading code to the first base station
present invention resembles conventional hard handoff on a and a second set of modulated code symbols of a comple-
microscopic (i.e., sub-carrier) scale. For example, different mentary portion of the at least one spreading code to the
frequencies or frequency sets may be employed relative to second base station. In this case, the portion and comple-
each base station transceiver 1310 and 1320. As sub-channel mentary portion of a spreading code can be combined to
resources (i.e., subcarriers) are released by a particular base 20 produce the full spreading code (i.e., all of the code chips of
station (such as base stations 1310 or 1320), new sub- a particular spreading code).
channel resources are allocated by at least one other base The invention further includes a method for implementing
station (such as base stations 1320 or 1310). a communications system, the method comprising: provid-
Hand off in the present invention resembles soft handoff ing a plurality of base stations for interacting with a mobile
on a macroscopic (i.e., link) scale, even though different 25 communications device (i.e., a subscriber unit); operating at
frequencies (subcarriers) are allocated by different base least a first and second base station in the plurality of base
stations 1310 and 1320. For example, similar data symbols stations to receive, in parallel, similar data spread on dif-
or bits are conveyed on subcarriers on links between the ferent partial codes from the mobile communications device
subscriber unit 1300 and the plurality of base stations 1310 to be transmitted over a wired asynchronous communica-
to 1320. However, the data symbols or bits are spread across 30 tions network; and operating the first and second base
chip sets (such as via spread spectrum, multiple access, stations to combine and decode the data spread on different
and/or channel coding) which are conveyed on different partial codes and supply the received data to the wired
subcarriers. Various types of channel coding, such as block asynchronous network.
or convolutional coding, may be employed for spreading These methods may further include monitoring the quality
data across the subcarriers. 35 of the connections with the first and second base stations,
The base stations 1310 and 1320 have both uplink and and ceasing to transmit data on the lower quality connection.
downlink connections with subscriber unit 1300 that provide Similarly, transmissions on lower quality subcarriers may be
control and data flows. Different types of link connections ceased and/or transferred to at least one other base station.
may be employed. In the case where the base stations 1310 Channel quality measurements for a given subcarrier or set
and 1320 are not synchronized, the subscriber unit 1300 40 of subcarriers may be made with respect to a plurality of
maintains separate synchronization loops (not shown). Thus, base stations.
frequency and timing corrections may be carried out inde- The methods and systems of the present invention are
pendently. While synchronization loops (not shown) func- applicable to multi-carrier signaling (such as coded OFDM,
tion independently, they may share some common hardware, spread OFDM, and MC-CDMA) and single-carrier signal-
e.g., analog receiver circuitry, used to receive signals cor- 45 ing (such as DSSS, DS-CDMA, and TDMA), which can be

responding to different connections, whereas independent
digital processing may be used to perform all or a portion of
the timing control implemented in each of the synchroniza-
tion loops (not shown).

implemented with multi-carrier synthesis and analysis.
Accordingly, an application of the present invention pro-
vides for multiple base stations to support (and/or handoff)
a subscriber in a DS-CDMA system. Another application of

The subscriber unit 1300 maintains an active uplink for 50 the invention enables a subscriber to process different types
each base station 1310 and 1320 with which it communi- of signals (e.g., DS-CDMA and TDMA) from different
cates. The uplinks are used to transmit control information, networks (e.g., IS-95 and GSM) to facilitate a make-before-
such as power control and link-layer acknowledgment, to break (e.g., soft) handoff between base stations of the
each base station 1310 and 1320. In accordance with the different networks. In this case, a subscriber performs sub-
invention, different control information may be transmitted 55 carrier selection and decoding to separate and process the
to each of the base stations 1310 and 1320. different signals.

Methods of the invention can be inferred from the FIG. 14 illustrates how multiple spread-spectrum coded
descriptions of handoff strategies and interactions between (e.g., CI) sub-carrier sets transmitted by different base
subscriber transceivers and base stations described herein. In stations (such as base stations 1310 and 1320) combine at a
particular, the invention includes a method of implementing 60 receiver (such as transceiver 1300) to convey a predeter-
a handoff between base stations of a communications sys- mined data stream. A data bit of the data stream is repre-
tem, the method comprising: communicating with a first sented by a pulse waveform 1400. Spread-spectrum coding
base station; establishing a connection with a second base (such as CI coding) provides a first set of M subcarriers
station; and transmitting a first partial set of modulated code 1401, 1402, and 1403 with M code symbols representing N
symbols on a first set of subcarriers to the first base station 65 coded data symbols, where M<N. The M code symbols

and a second partial set of modulated code symbols on a
second set of subcarriers to the second base station, wherein

represent a partial set (or portion) of N code symbols. A
second set of N-M subcarriers 1414 is modulated with N-M
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code symbols also representing N data symbols. The N-M
code symbols represent a second partial set (and comple-
mentary portion) of the total N code symbols. The two sets
of subcarriers are processed together to combine all N code
symbols in order to decode all N data symbols.

It should be noted that more than two base stations may
be employed in a communication link with a subscriber. It
should also be noted that the number of subcarriers allocated
to a particular transceiver may be greater or less than the

34

packet data session. For example, in a web browsing session,
it is desirable to break a connection between page down-
loads in order to provide network access for other users. An
important feature of a packet-based CI system is its ability
to quickly establish and break connections. Terminals can
initiate connections by sending a very short connection
request message to the base station. It is advantageous to
provide Fast Re-Connect capability that allows a network to
quickly re-establish a connection with a subscriber.

number N of data symbols that may be conveyed in a block 10 Al] publications and patent applications mentioned in this
or sliding-window transmission. Processing may take the specification are herein incorporated by reference to the
form of any combination of decoding and interference same extent as if each individual publication or patent
cancellation. Processing may combine decoding and application was specifically and individually incorporated
demodulation into a unified process that may optionally by reference.

emPloy soft-decision. processing. and feedback. Char.mel 15 Various embodiments of the invention may include varia-
coding may also provide an effective spreading. Accor.dlng, tions in system configurations and the order of steps in
aplurality of channel code symbols that. are representative of which methods are provided. In many cases, multiple steps
at least one common dat? symbol or bit may b.e distributed and/or multiple components may be consolidated.

across multiple subcarriers transmitted by different base . . .
stations. 2 The method and system embodiments described herein

The base stations divide the available forward link merely.illustrate the prin.ciple.s of the ian:ntion. It should.be
throughput among all active subscribers using some one or app.re01ated that those skllleq in the art will be able to df:\{lse
more types of multiplexing. To optimize multiplexing effi- various - arrangements, Wthh’ although Dot explicitly
ciency, the system may use a packet-based time-division fiescrll.)ed or shown. herein, em.b O,dy .the pr.11.101p1es of the
multiplexing scheme, a packet-based frequency-division 25 invention and are included Wlthm, Its spunt and scope.
multiplexing scheme, or some combination thereof. When Furtl.lermor.e, all examples and conditional lgnguage recited
CI coding is employed in the frequency domain, CI code h.ereln are 1ntepded to be ogly for pedaggglcal purposes 1o
division multiplexing can resemble time-division multiplex- a}d the r.ead.er in under stapdlng th? principles of the inven-
ing. A time-division scheduler in the base station may be tion. This dlsclo§ure apd its a.ssqma.ted references are to be
employed to determine the sequence in which packets are 30 coqstrued as being WlthouF .hmltatlon to such specifically
transmitted. In one aspect of the invention, each base station recn.ed exgrpples .an(.i conditions. Moreover, a,n statements
transmits short packets to the users by employing all avail- hereln.recmng pr1n01p1es,. aspects, and embodlmen.ts of the
able spectrum resources (e.g., power and subcarriers, or CI invention, as well as specific examples the.reof, are 1ptended
code space) and at the maximum data rate that each recipi- fo encompass both st.ruc.tural and functional equ%valents
ent’s channel conditions allow. In another aspect of the 35 Fhereof. Additionally, it is 1ntended that such equlvalfznts
invention, a frequency-division scheduler in a base station include both curr.ently known e.qulvalents as well as equiva-
dynamically allocates subcarriers to users based on channel lents developed in the futurf:, Le, any elements developed
conditions and/or demand for data. that perform the same function, regardless of structure.

A preferred embodiment of the invention provides for a It should be appreciated by those skilled in the art that the
scheduler adapted to schedule packets based on each user’s 40 block diagrams herein represent conceptual views of illus-
channel quality. This improves the multiplexing efficiency ~ trative circuitry, algorithms, and functional steps embodying
significantly over other scheduling routines, such as round  the principles of the invention. Similarly, it should be
robin scheduling. By serving active subscribers when their ~ appreciated that any flow charts, flow diagrams, signal
channel quality is relatively good, the effective throughput diagrams, system diagrams, codes, and the like represent
provided to each active subscriber is significantly improved. 45 Various processes which may be substantially represented in
This improvement is typically referred to as the multi-user computer-readable medium and so executed by a computer
diversity. or processor, whether or not such computer or processor is

Even though the reverse link is relatively less important in explicitly shown.

Internet applications, it is desirable to optimize efficiencies The functions of the various elements shown in the
on the reverse link in order to effectively support applica- 50 drawings, including functional blocks labeled as “proces-
tions, such as uploading e-mail attachments and IP-based sors” or “systems,” may be provided through the use of
video conferencing. dedicated hardware as well as hardware capable of execut-

The reverse link in the exemplary embodiments of the ing software in association with appropriate software. When
invention employs Cl-based signaling, such as Cl-based provided by a processor, the functions may be provided by
CDMA or CI-OFDM. Cl-based transmission protocols have 55 a single dedicated processor, by a shared processor, or by a
excellent bandwidth efficiencies and greatly simplify the plurality of individual processors, some of which may be
subscriber terminal operation. CI is very attractive for the shared. Moreover, explicit use of the term “processor” or
reverse link in packet data systems because it naturally “controller” should not be construed to refer exclusively to
supports statistical multiplexing and provides a low-delay hardware capable of executing software, and may implicitly
means for carrying TCP acknowledgments. The granularity 60 include, without limitation, digital signal processor (DSP)
enabled by subcarrier selection in CI systems enhances hardware, read-only memory (ROM) for storing software,
adaptability to a wide range of transmission requirements random access memory (RAM), and non-volatile storage.
and data rates. This adaptive rate control enables the base Other hardware, conventional and/or custom, may also be
stations to control the data rate of the terminals on individual included. Similarly, the function of any component or device
and global scales. 65 described herein may be carried out through the operation of

In packet data, a connection may be very short and may
have to be established and broken several times during a

program logic, through dedicated logic, through the inter-
action of program control and dedicated logic, or even
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manually, the particular technique being selectable by the
implementer as more specifically understood from the con-
text.

Any element expressed herein as a means for performing
a specified function is intended to encompass any way of
performing that function including, for example, a combi-
nation of circuit elements which performs that function or
software in any form, including, therefore, firmware, micro-
code or the like, combined with appropriate circuitry for

36

5. The multi-carrier transmitter recited in claim 1, wherein
at least one of the sub-carrier allocator, the pulse generator,
the modulator, or the sequential pulse positioner is adapted
to provide for multiple access with respect to at least one
multiple-access technique.

6. The multi-carrier transmitter recited in claim 1, wherein
the sub-carrier allocator is configured to allocate the at least
one set of subcarriers with respect to at least one of a set of
conditions consisting of availability of spectrum, multipath

executing that software to perform the function. The inven- 10 fading, interference, quality of service, link priority,
tion as defined herein resides in the fact that the function- throughput requirements of at least one user, network load,
alities provided by the various recited means are combined and geographical location of at least one user.
and brought together in the manner which the operational 7. The multi-carrier transmitter recited in claim 1, wherein
descriptions call for. Applicant regards any means which can the sequential pulse positioner is configured to position the
provide those functionalities as equivalent as those shown 15 plurality of pulses to provide at least one of a set of pulse
herein. sequences, the set of pulse sequences consisting of an
I claim: orthogonally positioned sequence of modulated pulses and a
1. A multi-carrier communications transmitter including: pseudo-orthogonally positioned sequence of modulated
a sub-carrier allocator adapted to allocate at least one set pulses.
of subcarriers for communication, 20 8. The multi-carrier transmitter recited in claim 1 wherein
a pulse generator to be coupled to the sub-carrier alloca- the pulse generator is adapted to shape the plurality of
tor, the pulse generator adapted to generate a plurality pulses.
of pulses having spectral components corresponding to 9. The multi-carrier transmitter recited in claim 1, wherein
the at least one set of subcarriers, wherein the pulse the pulse generator is adapted to perform at least one
generator comprises: 25 spectrum-shaping function selected from the group consist-
a subcarrier weighting module to impress at least one ing of weighting the at least one set of subcarriers and
set of complex weights generated from at least one selecting a subset of the at least one set of subcarriers.
carrier interferometry code onto the at least one set 10. A method of transmitting data symbols, comprising:
of subcarriers to generate a plurality of weighted generating at least one set of weighted, orthogonal sub-
subcarriers; and 30 carriers spaced apart in frequency, said generating
a sub-carrier combiner adapted to combine the including weighting the sub-carriers using complex
weighted subcarriers to produce the plurality of sub-carrier weights generated from one or more carrier
pulses; interferometry (CI) codes; and
a modulator to be coupled to at least one of the sub-carrier modulating the sub-carriers by sequential, overlapping
allocator and the pulse generator, the modulator 35 data symbols to obtain modulated sub-carriers,
adapted to impress at least one data symbol onto the wherein the data symbols are mapped to a plurality of
plurality of pulses, and pulse positions within a sequence of modulated pulses
a sequential pulse positioner to be coupled to at least one with spectral components characterized by the sub-
of the sub-carrier allocator, the pulse generator, and the carriers.
modulator, the sequential pulse positioner to sequen- 40  11. The method of claim 10, wherein said generating
tially position the plurality of pulses. comprises:
2. The multi-carrier transmitter recited in claim 1, further generating time-domain values corresponding to said sub-
including a coder to be coupled to the modulator, the coder carriers; and
adapted to encode the at least one data symbol with at least converting the time-domain values into frequency-do-
one code selected from a set of codes consisting of a 45 main values.
spread-spectrum code, a multiple-access code, a spectrum- 12. The method of claim 11, wherein said converting
shaping code, a channel code, and an encryption code. comprises performing a fast Fourier transform (FFT).
3. The multi-carrier transmitter recited in claim 1, further 13. The method of claim 11, wherein said generating
including a cyclic-prefix prepender to be coupled to the further comprises:
pulse generator or the sequential pulse positioner, the cyclic- 50  selecting a subset of a set of possible sub-carriers.
prefix prepender adapted to provide the plurality of pulses 14. The method of claim 11, wherein said generating
with at least one of a set of guard intervals, the set consisting further comprises:
of a cyclic prefix, a cyclic postfix, and a sequence of zeros. performing a frequency-domain to time-domain conver-
4. The multi-carrier transmitter recited in claim 1, wherein sion of weighted frequency-domain values.
the pulse generator is adapted to combine the at least one set 55

of subcarriers to generate the plurality of pulses.

#* #* #* #* #*
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