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CARRIER INTERFEROMETRY CODING WITH
APLICATIONS TO CELLULAR AND LOCAL AREA
NETWORKS

RELATED APPLICATIONS

[0001] This application is a Continuation In Part of U.S.
patent application Ser. No. 09/022,950 filed on Feb. 12,
1998, which is now U.S. Pat. No. 5,955,992. This applica-
tion also claims priority to Provisional Application 60/422,
670 filed on Oct. 31, 2002.

BACKGROUND OF THE INVENTION
[0002]

[0003] The present invention relates to multicarrier spread
spectrum communications.

[0004] II. Description of the Related Art

[0005] OFDM has a high spectral efficiency (the spectrum
of the subcarriers overlap) and combats frequency-selective
fading. However, the amplitude of each carrier is affected by
the Rayleigh law, hence flat fading occurs. Even with good
channel estimation and channel coding, fading and interfer-
ence can easily compromise the performance of OFDM.

[0006] Multi-carrier CDMA (MC-CDMA) applies CDMA
spreading codes to orthogonal subcarriers to enhance fre-
quency-diversity benefits. However, MC-CDMA, like
OFDM, suffers from a high peak-to-average-power ratio
(PAPR). The high PAPR of conventional multi-carrier sig-
nals imposes significant constraints on the transmission
circuitry and significantly increases power consumption.

I. Field of the Invention

[0007] Carrier Interferometry (CI) is a multi-carrier tech-
nology invented by Applicant and described in over 70
technical journals and conference proceedings, as well as in
two textbooks. As a multicarrier transmission protocol, CI
provides unsurpassed performance and versatility compared
to all other technologies.

[0008] There is a need in the art to employ frequency-
diversity advantages on the sub-carrier level of a multicar-
rier signal. Also, there are acknowledged needs in the art for
improved transmission security, enhanced channel coding,
and dynamic-range reduction in multicarrier transmissions.
Such needs are addressed by the present invention.

SUMMARY OF THE INVENTION

[0009] The needs in the art are addressed by the apparatus
and methods of the present invention. One aspect of the
invention employs frequency-varying (e.g., chirped) subcar-
riers in combination with CI coding, which provides various
advantages, including spreading, PAPR reduction, and chan-
nel coding enhancements. The transmitter may employ an
inverse Fourier transform (or some other invertible N-point
transform) with time-dependent (e.g., varying) weights.
Examples of inverse transforms that may be used include
chirped Z transforms and sliding transforms (e.g., sliding
FFTs and IFFTs). On the receiver side, a complementary
transform is provided. Receiver-side processing may include
Rake reception.

[0010] The process of generating the transform weights
may provide for channel coding. In one aspect of the
invention, low-density parity check codes are implemented
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within a CI transform. On the receiver side, corresponding
decoding processes (which may include combinations of
soft decision and hard decision processing) are employed.

[0011] Subcarrier weights may be allocated relative to any
combination of network operating parameters and opera-
tional specifications. Optimizing bandwidth efficiency and
mitigating co-channel interference are important consider-
ations. Sub-carrier allocation schemes are developed for
dynamic bandwidth allocation, spectrum sharing, and opti-
mizing communication efficiency in a cellular configuration.

[0012] The invention leverages known prior-art multicar-
rier technologies and disclosures of CI technology, such as
C. R. Nassar, B. Natarajan, Z. Wu, D. Wiegand, S. A.
Zekavat, and S. Shattil, Multi-Carrier Technologies for
Wireless Communication, Kluwer Academic Publishers,
Norwell, Mass., December 2001, which is hereby incorpo-
rated by reference in its entirety.

[0013] Some of the many wireless applications of the
invention include local-area networks, cellular communica-
tions, personal communication systems, broadband wireless
services, data link, voice radio, satellite links, tagging and
identification, wireless optical links, campus-area commu-
nications, wide-area networks, last-mile communication
links, and broadcast systems. The invention may be used in
non-wireless communication systems, such as guided wave,
cable, wire, twisted pair, and/or optical fiber. Other appli-
cations and embodiments of the invention are apparent from
the description of preferred embodiments and the claims that
follow.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 illustrates method and apparatus embodi-
ments of a transmitter and a receiver of the invention.

[0015] FIG. 2 illustrates a CI code matrix, which is a
mathematical representation of a CI coding method. In this
case, the CI code matrix illustrates the steps required to
produce a CI code having predetermined amounts of spread-
ing and redundancy.

[0016] FIG. 3 illustrates a method of providing for symbol
insertion into a data stream prior to being operated on by a
CI process. Such symbol insertion may be indicative of
channel coding (e.g., parity check coding, block coding, or
convolutional coding), encryption, or spread-spectrum cod-
ing.

[0017] FIG. 4 is a matrix representation of a method for
generating a CI code in response to channel coding applied
to a predetermined block of input data symbols. Although
the matrix demonstrates the present invention with respect to
block CI coding, sequential or sliding CI codes may be
employed.

[0018] FIG. 5 illustrates a pair of orthogonal chirp wave-
forms in the time domain.

[0019] FIG. 6A is a frequency-domain representation of a
set of orthogonal chirp waveforms.

[0020] FIG. 6B is a frequency-domain representation of
non-overlapping (and thus, orthogonal) chirp waveforms.

[0021] FIG. 6C represents the possibility of other types of
orthogonal chirped waveforms that maintain a predeter-
mined subcarrier-frequency separation.
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[0022] FIG. 6D illustrates a set of digital sequences that
provide a set of orthogonal waveforms. Such waveforms
may be a digitized form of linear chirps (or other orthogonal
frequency variations). Alternatively, such digital waveforms
may embody slow or fast (i.e., on the order of a symbol
period) hops in a frequency-hopped spread spectrum proto-
col between orthogonal subcarriers.

[0023] FIG. 6E represents classes of orthogonal fre-
quency-varying waveforms that may overlap at one or more
locations. These waveforms may optionally include static or
dynamic complex weights that provide for orthogonality.

[0024] FIG. 6F represents orthogonal fast frequency
hopped waveforms.

[0025] FIG. 6G represents a set of coded frequency
hopped waveforms.

[0026] FIG. 7A illustrates a CI pulse generated from a
superposition of orthogonal chirp waveforms. The pulse
represents a phase space upon which a data symbol is
mapped when it is modulated onto the chirp waveforms with
a given set of phases, as shown. Other phase spaces (i.e.,
pulses) that are orthogonal to the phase space (pulse) shown
may also be provided. Thus, a plurality of data symbols may
be mapped to a plurality of orthogonal pulses. The process
of generating chirp subcarrier weights is similar to the
methods disclosed with respect to FIGS. 2 and 4.

[0027] FIG. 7B illustrates a second pulse generated from
the same subcarriers as shown in FIG. 7A.

[0028] FIG. 7C represents method and apparatus embodi-
ments of a chirped/hopped transmitter/receiver system of the
present invention.

[0029] FIG. 8 illustrates a method and apparatus for
selecting symbol duration and symbol constellations in a
multicarrier transmission system.

[0030] FIG. 9A illustrates a communication link employ-
ing transceivers of the present invention.

[0031] FIG. 9B illustrates basic components that may be
employed in a frequency-domain equalizer.

[0032] FIG. 9C illustrates basic components of a trans-
form circuit of the present invention.

[0033] FIG. 9D illustrates transceiver method and appa-
ratus embodiments of the invention.

[0034] FIG. 10A illustrates a set of 12 carrier frequencies
that can be allocated to a plurality of users in each of a
plurality of cells.

[0035] FIG. 10B illustrates the set of allocated frequen-
cies f,, f,, and f; corresponding to user one in cell one.

[0036] FIG. 11 illustrates a CI coding algorithm adapted
to produce a non-uniform spreading of input data symbols
(D) to generate a plurality of coded weights w(t).

[0037] FIG. 12A illustrates the functionality of a receiver
adapted to process and decode Cl-coded signals.

[0038] FIG. 12B illustrates a receiver of the invention
adapted to employ successive interference cancellation.
DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0039] Various types and aspects of channel coding may
be integrated into CI coding. Channel coding achieves its
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effectiveness from spreading (i.e., distributing energy cor-
responding to each information symbol over multiple trans-
mitted symbols) and redundancy (i.e., increasing the trans-
mitted power per information symbol). Spreading in OFDM
channel coding is related to the constraint length in convo-
lutional coding and the block (or code) length in block
coding. In convolutional coding, spreading can be achieved
by mapping each data symbol into a code symbol that has a
memory of a predetermined number of earlier information
symbols. In the case of block codes, spreading is achieved
by mapping information symbols into code sets that require
more bandwidth or time for transmission than is required by
the uncoded information. Spreading may take the form of
including parity check symbols, or any other type of infor-
mation about individual information symbols or combina-
tions of information symbols. Redundancy may involve
repeating information symbols or mapped information sym-
bols. Redundancy also can involve mapping a predeter-
mined number of information symbols to a larger number of
transmission symbols. For example, block codes, convolu-
tional codes, and parity-check codes can provide informa-
tion redundancy.

[0040] Coded symbols are typically mapped into at least
one diversity-parameter space. For example, coded symbols
may be mapped onto different carriers, such as in CI and
OFDM. Coded symbols may be mapped into different time
intervals (e.g., time-domain pulse waveforms), such as in
TDMA and DS-CDMA. Coded symbols may also be used as
space-time codes, polarization codes, or they may be used in
any other form of sub-space coding. In particular, informa-
tion-modulated coded symbols may be transmitted over
unique frequency/sub-space combinations.

[0041] Methods and systems used to generate CI codes in
the present invention are similar to the methods and systems
described and illustrated in patent application 60/259,433
(filed Dec. 30, 2000), Ser. No. 10/131,163 (filed on Apr. 24,
2002), Ser. No. 10/145,854 (filed on May 14, 2002), Ser. No.
09/718,851 (filed on Nov. 22, 2000), and PCT/US01/50856
(filed on Dec. 26, 2001), which are incorporated by refer-
ence.

[0042] FIG. 1 illustrates a transmitter 100 and a receiver
120 of the invention. The transmitter 100 accepts at least one
information signal sin(t) that is optionally formatted 101
(such as described in B. Sklar, Digital Communications, P'T
R Prentice Hall, Upper Saddle River, N.J., which is incor-
porated by reference). The other transceiver components
shown in FIG. 1 and the functions of those components are
also described in Sklar. Transceiver components described
in Sklar and not shown in FIG. 1 may be included in
variations of the invention. The resulting digital signal is
optionally channel coded 102 via any form of channel
coding (including CI coding). An optional symbol mapping
module 103 is adapted to map the resulting digital signal into
transmit symbol values to be transmitted. The transmit
symbol values are sometimes referred to as modulation
symbols. For example, the symbols may include a constel-
lation of 2' values, where 1represents some integer number.
The symbols may include real and/or complex symbols.

[0043] A predetermined number K of the symbols is
mapped to a predetermined number N of CI symbol values
in a CI code module 105. If N>K, then the symbols may
optionally be provided with zero values, such as may be
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provided by a zero-insertion module 104. Alternatively, the
zero-insertion module 104 may be adapted to provide for
windowing, coding, or insertion of parity check values, such
as to generate a number N of CI code symbols for each set
of K input symbols. Module 104 may be adapted to provide
for frequency-domain channelization, spectrum shaping,
and/or frequency division multiple access. The CI code
module 105 maps the input data symbols to the CI symbol
values. The CI code module 105 may include an inverse
Fourier transform module, such as an IFFT, an IDFT, or an
IOFFT.

[0044] The CI code module 105 may be adapted to pro-
vide or adjust sub-carrier weights, such as for spectrum
management, security, and/or to reduce the dynamic range
of the multicarrier waveform. For example, providing a
predetermined vector of phase offsets (e.g., interleaved,
scrambled, or coded phase offsets) to the CI sub-carriers can
scramble the superposition of the subcarriers. Instead of a
well-defined sequence of pulse waveforms, the information
is mapped to overlapping (i.e., interfering) waveform super-
positions, which can then be descrambled by a CI decoder
at a receiver having the corresponding descrambling code.
Scrambling can also be useful for reducing the peak-to-
average-power ratio (PAPR) of a multicarrier signal employ-
ing quadrature amplitude modulation. Scrambling codes
may be optimized and/or adapted to minimize PAPR.

[0045] A modulator 106 is adapted to modulate the CI
symbols onto a plurality of carriers, a plurality of time
intervals, a plurality of sub-space channels, or any other
diversity-parameter space or combination of diversity
parameter spaces. In the case where the modulator impresses
the CI symbols onto different carrier frequencies or sub-
space channels, a guard interval or cyclic prefix may be
appended to each set of symbols to be transmitted in each
symbol interval, as is typically performed in conventional
multicarrier transmission protocols. The modulator 106 is
adapted to perform at least one of a set of all possible
modulation types, including phase modulation, amplitude
modulation, frequency modulation, polarization modulation,
time-offset modulation, beam-pattern modulation, etc. The
modulator 106 may provide analog or digital modulation.
The modulator 106 may perform PSK modulation, ASK
modulation, PAM, QAM, CPM, and/or FSK modulation.
The modulator 106 may be adapted to perform either or both
analog and digital processing.

[0046] A transmitter 107 provides the necessary signal
processing operations required to couple the modulated
signals into a communication channel. The transmitter 107
may be adapted to perform any type of signal processing
performed by communication-system transmitters, includ-
ing amplification, filtering, frequency conversion, imped-
ance matching, digital-to-analog conversion, and beam
forming.

[0047] A receiver module 127 includes any receiver com-
ponents typically adapted to couple a received signal from a
communication channel, and adapt the signal for demodu-
lation, as well as other signal processing operations that may
be performed in the receiver 120. The receiver module may
be adapted to provide amplification, gain control, filtering,
frequency conversion, ADC, as well as any other necessary
front-end processes performed in prior-art receivers. A
demodulator 126 is adapted to convert at least one received
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modulated signal into a sequence of coded data symbols.
The demodulator 126 or CI decoder 125 may be adapted to
remove any guard interval or cyclic prefix, as necessary. A
CI decoder 125 decodes the coded symbols into a plurality
of received transmit symbol values. The CI decoder 125 may
optionally include a Fourier transform module, such as an
FFT, a DFT, or an OFFT. A symbol mapping module 123 is
adapted to convert the received transmit symbol values into
a plurality of data bits. An optional decoder 122 is adapted
to decode any channel coded data bits. The resulting data
bits are optionally formatted 121 to generate signals si (t)
that are appropriate for output.

[0048] 1In some embodiments employing iterative or oth-
erwise adaptable demodulation and/or decoding, one or
more decoding processes may be combined. Optionally,
decoding may be combined with demodulation into a single
process. One or more of the demodulator 126, the CI
decoder 125, the mapping module 123, and the decoder 122
may include a decision system (not shown), including an
iterative feedback decision system, a soft decision system,
and/or a hard decision system.

[0049] Receivers are typically adapted to synchronize
with a received transmission. The receiver of the present
invention may be adapted to perform any appropriate type of
synchronization. For example, a received signal including at
least one preamble may be processed by applying a sliding
correlator algorithm to the received signal. The method may
include matching at least one stored preamble to the
received signal. Acquisition and/or synchronization may be
aided by one or more reference tones or pilot signals. A
receiver, such as the receivers shown and described herein,
may include modules or systems adapted to perform syn-
chronization, such as timing synchronization (e.g., symbol,
frame, and/or channel synchronization), phase synchroniza-
tion, frequency synchronization, polarization synchroniza-
tion, and/or sub-space synchronization.

[0050] The transceiver described with respect to FIG. 1
may be adapted to other aspects of the invention described
herein. The CI coder 105 may be adapted to generate
windowed CI codes, unequally weighted codes, poly-am-
plitude codes, poly-phase codes, poly-amplitude/poly-phase
codes, hybrid CI codes, chirp codes, frequency-shift codes,
etc. Corresponding decoder 125 functionality is preferably
provided at the receiver. In some embodiments of the
invention, further aspects, adaptations, and variations of the
invention, including those described herein may be consid-
ered as being incorporated into the transceiver and trans-
ceiver methods described with respect to FIG. 1.

[0051] In one aspect of the invention, a receiver performs
channel estimation for a received symbol block from a
transmitter. The transmitter may be adapted to generate
known training symbols or pilot signals. The receiver may
be adapted to perform channel estimation based on mea-
surements of known symbols and/or estimates of received
data values. The channel estimation produces a channel map
that takes into account most recent characteristics and con-
ditions of the channel, as exhibited during a data transmis-
sion from a transmitting network node to a receiving net-
work node. It may identify one or more transmission
parameters, including modulation type, channel-coding
parameter(s), and carriers, to be used in a next data trans-
mission from the transmitter to the receiver on that channel.
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The channel-estimation mechanism attempts to select the
highest data rate available and/or the lowest transmission
power given the channel conditions. If the requirements of
a data rate (e.g., modulation type) in a standard transmission
mode cannot be satisfied to ensure reliable data transmis-
sion, the mechanism selects a lower data rate, but more
robust, transmission mode. Alternatively, a larger number of
carriers (i.e., a larger bandwidth) is allocated to the trans-
mission link.

[0052] With respect to channel estimation and transmis-
sion control, symbols to be transmitted may be mapped into
higher-constellation symbols that are transmitted over
longer symbol durations. This is referred to herein as con-
stellation/duration processing. For example, as higher con-
stellations are selected to convey data (and thus, increase the
number of data bits conveyed by each of the higher-con-
stellation symbols), the symbol duration of each higher-
constellation symbol may be increased to compensate for the
greater precision required to identify the symbols. Longer
symbol durations allow for more samples corresponding to
each transmitted symbol to be collected by a digital receiver.
Similarly, longer symbol durations allow for improved per-
formance of matched filters or correlators. The cyclic prefix
or guard interval used for each symbol imposes less over-
head on the transmission bandwidth efficiency when higher
modulation schemes are employed. This improvement in
bandwidth efficiency is maintained even when the increased
symbol duration cancels the bandwidth-efficiency benefits
of the payload when higher-order constellations are used.

[0053] Inone embodiment of the invention, constellations
are selected for a predetermined symbol duration. In another
embodiment of the invention, the duration of each symbol is
selected relative to the symbol constellation and channel
conditions. In particular, the symbol duration may be opti-
mized relative to rate-of-change of the channel conditions.
Combinations of adaptations to both symbol durations and
symbol constellations may be provided with respect to
different multicarrier communication formats.

[0054] Zero values may be added to an information sym-
bol vector prior to mapping the vector to a coded (e.g., CI
coded) symbol vector. When the number of information
symbol values in the information symbol vector is less than
the length of the vector, the coded symbol vector can provide
benefits of spreading. Similarly, if the average power per
transmitted symbol (i.e., code symbol) is set constant (e.g.,
the total transmit power of the coded information with
zeroes equals the total transmit power of coded information
without zeroes), the benefits of redundancy (e.g., increased
energy per information bit) are achieved. The zero values
may be appended or prepended to the information symbol
vector. Alternatively, the zero values may be interleaved into
the information symbol vector. The zero values may also be
employed as known values. The zero values may be used as
training symbols. In some embodiments of the invention,
zero values may be provided as at least a portion of a cyclic
prefix or guard interval.

[0055] Multicarrier signals are commonly provided with a
plurality of pilot tones for synchronization. In this case,
PAPR-reduction codes, such as CI codes, or CI carrier
weights w,, may be applied to the pilot tones. In particular,
CI code symbols may be selected so as to provide a
superposition of the pilot tones with a low PAPR. Thus, a set
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of phase offsets may be provided to the pilot tones to reduce
or minimize the PAPR of the carrier superposition. Since CI
carrier weights are often poly-amplitude, as well as
polyphase, it is desirable to select a plurality of carrier
weights having a predetermined minimum magnitude that
also adequately reduces PAPR. Techniques for selecting the
carrier weights may include selecting a coded pulse train
(such as generated by a superposition of tones) having low
PAPR. In some applications, it may be permissible to reduce
the power of the pilot tones once signal acquisition is
achieved. For example, one or more pilot tones may be
dropped or decreased in order to lower PAPR.

[0056] Superpositions of pilot tones may be mapped to
one or more phase spaces (i.e., pulse positions). Accord-
ingly, pilot-tone pulses may be positioned in a pulse train
relative to information-bearing pulses (e.g., in vacant pulse
positions) to provide a low PAPR. Pulses generated from
pilot tones may be positioned within headers, in preambles,
between packets, and/or within packets at predetermined
locations. Pilot-tone pulses may even be implemented for
the purpose of transmitting control information. The gain of
the pilot tones or pilot-tone superpositions may be adjusted
to ensure a low PAPR.

[0057] FIG. 2 illustrates a CI coding process wherein a
plurality K of data symbols s,(t) are provided with one or
more zeros to produce a number N of new data symbols s (1)
that are mapped to a plurality N of CI symbols w,(t). Each
new data symbol s (t) multiplies a column (such as column
201) of an NxN CI code matrix and then each CI symbol
w,(t) is generated by summing all of the elements in each
corresponding row (such as row 203). The CI symbols w (1)
may be provided with weights, such as normalization
weights, to provide for a predetermined total transmission
power of the CI symbols w(1).

[0058] In one set of embodiments of the invention, each
zero value may indicate one or more sequences of data bits.
Thus, the zeros may provide parity checks or provide for
conveying certain patterns in the data, as well as provide for
redundancy. FIG. 3 illustrates a zero-valued transmitted data
symbol that follows a set of two consecutive same-valued
information bits (e.g., consecutive zeros shown in bit stream
301) or transmitted data symbols (e.g., the corresponding
consecutive values of -1 in data symbol stream 302).
Similarly, zero values may indicate other combinations of
information bits and/or transmitted data symbols. Other
relationships between information bits and/or transmitted
symbols may be conveyed by zeros and/or groups of zeros.
Zero values may be used to transmit information, including
data, error correction and control information.

[0059] Parity-check values, or any other symbols indicat-
ing information symbol values or combinations of informa-
tion symbol values may be integrated into an information
symbol vector. FIG. 4 illustrates a CI coding process
wherein a plurality K of data symbols s,(t) are provided with
one or more parity check symbols (e.g., p,,) to produce a
number N of total data symbols s, (t) that are mapped to a
plurality N of CI symbols w,(t). Parity check values and/or
other values may be added to the information symbol vector
in place of, or in addition to the zero values. Low-density
parity check values may be employed. Parity-check values
and other symbols indicating information symbol values or
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combinations of information symbol values may be
appended, prepended, or interleaved with respect to the
information symbol vector.

[0060] Windowing, such as frequency-domain filtering or
time-domain filtering, may be provided to CI codes. For
example, a raised-cosine window may be applied to CI code
values as if the code values corresponded to carrier frequen-
cies in a Cl-based multicarrier system. Orthogonal codes
may correspond to the CI code values that produce raised
cosine pulses in the carrier-superposition space having a
minimum inter-symbol (i.e., inter-pulse) interference. Simi-
larly, any other form of windowing may be applied, such as
Bartlet, Hamming, Dolph Chebychev, Gaussian, etc.

[0061] Windowing in the code space (i.e., superpositions
of the code values) widens the pulse width of the construc-
tive-interference pulses in the carrier-superposition space.
This reduces the number of orthogonal pulse positions (i.e.,
codes). The number of orthogonal pulse positions equals the
number of pulses that can fit into a pulse repetition period
without inter-pulse (i.e., inter-symbol or multiple-access)
interference. In the case of tapered windowing, the number
of orthogonal codes is less than the number of code symbols
per code. Thus, providing for windowed code-symbol
spaces achieves similar benefits (such as spreading and
redundancy) as inserting zeroes or parity-check symbols into
an information symbol vector prior to coding.

[0062] In PCT application, PCT/US99/02838 (such as on
page 6, lines 13-18, and on page 7, lines 27-32), Applicant
describes shifting the frequencies of orthogonal carriers
while maintaining the frequency separation that provides
orthogonality for the given symbol duration. In the case
where superpositions of the carriers are provided, the super-
position envelope is unaffected by frequency shifts if the
carrier-frequency separation f, and relative phases are pre-
served. FIG. 5 illustrates two chirp waveforms separated in
frequency by f, and having a symbol duration of T ,=1/f,.
Coded data symbols, such as Cl-coded symbols, may be
provided across multiple chirp waveforms. In this case, the
CI coder 105 and/or the modulator 106 are adapted to
generate the chirp waveforms.

[0063] Chirped waveforms result from variations (such as
linear variations) in frequency with respect to time. Chirped
waveforms commonly employ linear frequency shifts. Data
modulated on a chirped waveform can benefit from fre-
quency diversity, as well as additional performance benefits
in a multipath environment. Chirped waveforms are typi-
cally not employed in communications due to the need for
analog baseband components and their associated complex-
ity. Chirped transmitters typically employ voltage-con-
trolled oscillators, and receivers require multiple matched
filters. A receiver requires a separate matched filter for each
desired waveform.

[0064] Chirped waveforms would be more applicable to
digital communications if a more effective multiple-access
scheme was provided and baseband transceiver processes
were implemented with simple digital algorithms, such as
Fourier transforms.

[0065] Orthogonal chirped waveforms are provided by
maintaining the same type of frequency separation as
required in CI and OFDM. Thus, orthogonal multiple access
can be employed. Different data symbols and/or user chan-
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nels may be mapped onto different chirps. The invention
provides for combinations of chirp and code division mul-
tiplexing. A multipath environment introduces time-delayed
versions of the received signals, which can be processed in
spatial sub-spaces (i.e., space-chirp processing). Similarly,
space-chirp coding may be employed wherein channel cod-
ing is provided over spatial/chirp channels.

[0066] Multiple carrier chirps are provided with the same
time-dependent chirp waveforms f(t) separated in frequency
by f,=1/T, where T, is the symbol duration of transmitted
data. This provides orthogonality between different chirp
waveforms:

xn(t)=S(t)ei(2n(f(f,t)+nfs)t)

[0067] Orthogonal chirp waveforms can be filtered or
separated by applying CI sampling or the CI OFFT. Simi-
larly, a dynamic form of the DFT/IDFT process can be
implemented that employs a sampled chirp in place of the
usual constant-frequency terms:

X(nf(0)=Zx(tJe " >BEO!

[0068] where f(t) is a time-dependent frequency and
variable m indicates a particular chirp waveform, such as
defined by its start frequency. An inverse DFT can be
implemented with chirped-frequency terms to map one or
more data symbols to orthogonal chirped-frequency wave-
forms. Furthermore, other types of transforms, including
FFT and IFFT transforms may be implemented with chirped
frequency terms. The CI coder 105 and/or modulator 106
may employ a chirp z transform, such as described in U.S.
Pat. Nos. 4,994,740, 5,073,752, 5,257,284, 5,388,121, and
6,208,946, which are incorporated by reference in their
entireties. The decoder 125 and/or the demodulator 126 are
adapted to provide for a corresponding inverse transform.

[0069] Orthogonal code sequences may be generated from
the transforms. For example, the terms e ™™ O ‘may be
employed as polyphase symbols of orthogonal code
sequences for different orthogonal frequency-varying wave-
forms.

[0070] FIG. 6A illustrates a plurality of orthogonal linear-
frequency chirps having frequency separations of f, between
chirps. Although the chirps corresponding to (and overlap-
ping in) a symbol interval T, are not shown with a cyclic
prefix, a preferred embodiment of the invention includes a
cyclic prefix or guard interval prepended to each set of chirp
waveforms corresponding to a particular symbol duration.
This is particularly preferable when the chirp waveforms are
transmitted in multipath environments. The chirp wave-
forms may be analog or digital waveforms.

[0071] The orthogonal chirp waveforms in FIG. 6B do not
overlap in any of the symbol intervals. Similarly, it is
preferable to include a cyclic prefix or guard interval for
each chirp in each symbol interval T,. The frequency rate-
of-change of the chirp waveforms may be adapted to provide
for a predetermined number of chirps per symbol interval T,.
Alternatively, predetermined symbol durations may be pro-
vided by providing predetermined frequency rates-of-
change. This is an important aspect for controlling the
symbol duration in constellation/duration processing. For
example, higher-order modulations (i.e., larger symbol con-
stellations) may be employed by providing for increased
symbol durations while preserving the duration of each
cyclic prefix or guard interval. Thus, fewer waveforms, and
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thus, fewer guard intervals are required. Alternatively, mul-
tiple symbol durations (and thus, chirp waveforms) may be
employed to transmit higher-order modulations.

[0072] FIG. 6C represents classes of other orthogonal
frequency-varying waveforms that may be implemented in
the invention. These waveforms may be characterized by
non-linear functions. In the case where non-linear functions
are employed, the frequency separations f, may be adapted
to provide orthogonality. Such adaptations may include
constant or varying frequency separations f,. The waveforms
shown in FIG. 6C (and produced by a transmission system
of the present invention) may include analog (i.e., continu-
ous) or digital waveforms. FIG. 6D illustrates a set of
orthogonal digital sequences that provide a set of orthogonal
waveforms, as described with respect to FIG. 6C.

[0073] FIG. 6E represents classes of orthogonal fre-
quency-varying waveforms that may overlap at one or more
locations. The frequency separation between each waveform
varies with respect to time. The frequency separation and
optionally, complex weights applied to the waveforms, may
be selected such as to provide orthogonality between the
waveforms.

[0074] 1In FIG. 6F, each set of carrier frequencies (which
have frequency separations equal to integer multiple(s) of £,)
assigned to a predetermined user may be hopped to different
sets of carriers (which also have frequency separations equal
to some integer multiple(s) of £,). Accordingly, the CI coder
105 and/or the modulator 106 are adapted to provide for
frequency hopping and at least one of the demodulator 126
and the CI decoder 125 are adapted to process received
frequency-hopped signals. The frequency hops shown cor-
respond to the symbol durations T,. Alternatively, frequency
hops may be provided at integer multiples of the symbol
duration T,. In each of these cases, sets of waveforms may
be allocated to a particular user or to at least one group of
a plurality of users.

[0075] FIG. 6G illustrates coding applied to each of a
plurality of carriers that are hopped over a plurality of
symbol intervals T,. The carriers have frequency separations
equal to integer multiple(s) of f,. Coding may include any
form of channel coding, multiple-access coding, spreading,
and/or encryption. Coding may be provided across time
intervals (i.e., hops) as well as (or instead of) frequencies.
The characteristics of the hopping patterns may be similar to
those described with respect to FIG. 6F. Similarly, hopping
may be provided between the orthogonal waveforms shown
in FIGS. 6A, 6B, 6C, 6D, and 6E. Transmission symbols
may be coded across orthogonal waveforms, such as chirp
waveforms, such as shown in FIGS. 6A, 6B, 6C, 6D, and
6E. Furthermore, the symbols may be coded across multiple
symbol intervals. Adaptations to the transmit circuitry (such
as CI coder 105 and/or modulator 106) to generate particular
waveforms described herein are paired with complementary
adaptations to the receive circuitry (such as the demodulator
126 and the decoder 125).

[0076] FIG. 7A illustrates a first CI pulse generated from
a superposition of ten linear-chirp waveforms. A first, fifth,
and tenth chirped waveform are illustrated with respect to
the same time axis illustrated with respect to the CI pulse.
The chirped waveforms are orthogonal waveforms. The
pulses and chirped waveforms (i.e., the carriers) are illus-
trated within a symbol interval T, corresponding to the
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inverse of the frequency separation £, of the chirped wave-
forms. In this case, the chirped waveforms are provided with
a first set of phases that results in phase alignment of the
waveforms at a first predetermined instant in time. The
resulting superposition pulse is centered at that time instant.

[0077] FIG. 7B illustrates a second CI pulse generated
from a superposition of the same ten linear-chirp waveforms
shown in FIG. 7A. The first, fifth, and tenth chirped wave-
forms are illustrated with respect to the same time axis
illustrated with respect to the CI pulse. The CI pulse is
shown with a reference CI pulse generated from a similar set
of (i.e., the set has the same frequency separation, number of
carriers) constant-frequency carriers. In this case, the
chirped waveforms are provided with a second set of phases
that results in phase alignment of the waveforms at a second
predetermined instant in time. The second pulse is centered
at that time instant.

[0078] The pulses shown in FIGS. 7A and 7B represent
polyphase coding applied to the chirped waveforms to
produce substantially orthogonal pulse positions. The CI
codes map data symbols modulated on the chirped wave-
forms to orthogonal pulses. Thus, the phase codes are
substantially orthogonal. Each pulse may correspond to a
particular data symbol used by a single user. In this case, a
set of chirped waveforms may be allocated to a particular
user. Alternatively, a plurality of users may share the same
set of chirped waveforms and the orthogonal codes may be
employed for multiple access. In any of these cases, as well
as any variations of these cases, a cyclic prefix or guard
interval (not shown) may be provided to the chirped wave-
forms and/or the resulting pulses or pulse streams. Alterna-
tively, receiver 127 may include a Rake receiver or some
alternative time-domain equalizer, as is well known in the
art.

[0079] In the case where multiple pulses are generated
within a given symbol interval T, the coding provided to the
carrier may be characterized by a combination of polyphase
and poly-amplitude carrier weights or codes. Alternatively,
pulse waveforms may be stored in memory (not shown) and
provided with time offsets. The pulses and/or the carriers
may be modulated with information symbols to be trans-
mitted. Similarly, information may be embedded in the
coding provided to the carriers.

[0080] FIG. 7C illustrates basic components of a trans-
mitter 700 and a receiver 720 that may be used to provide
communication on chirped waveforms. Information sym-
bols may be transmitted on individual chirped waveforms.
Alternatively, data symbols may be spread over multiple
chirped waveforms via coding. Coding may include channel
coding, spread-spectrum coding, and/or multiple-access
coding.

[0081] In the transmitter 700, a data processor 701 pro-
vides appropriately formatted information in the form of
data bits or data symbols to an optional coder 702. Infor-
mation may include headers, preambles, control bits, train-
ing symbols, feedback information, and/or other types of
system-control information, in addition to any digital (e.g.,
data) or analog (e.g., voice) payload. The coder 702 may
provide error-correction coding or some other type of chan-
nel coding. For example, convolutional coding may be
employed. Similarly, spreading or multiple-access coding
may be provided. Any combination of bit coding and modu-
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lation-based symbol processing may be provided by the
coder 702. Coded data symbols are input to a chirp generator
703. The chirp generator 703 may provide a digital chirp
transform function adapted to map the data symbols onto
chirped waveforms. The chirp transform function may be
similar to an inverse Fourier transform function. In particu-
lar, the transform function may be adapted to produce a
time-domain signal. Furthermore, the chirp generator 703
may provide coding. The output of the chirp generator 703
may be an analog (continuous) or digital signal. An optional
prefix inserter 704 is adapted to prepend a cyclic prefix or
guard interval to the chirp waveforms or superposition
signal produced by the chirp generator 703. A transmission
system 705 is typically provided for converting a baseband
or IF signal into a signal that is appropriate for transmission
in a communication channel. Thus, transmission systems
may include a variety of signal-processing elements, includ-
ing D/A converters, filters, frequency converters, amplifiers,
modulators, impedance matching circuits, array-processing
circuits, channel estimation circuits, channel compensation
(e.g., predistortion) circuits, system-control processors,
power-control circuits, etc.

[0082] The receiver 720 includes a receiving apparatus
725 adapted to couple transmissions from a communication
channel and adapt the received signals for processing by
other signal processing modules in the receiver 720. Thus,
the receiving apparatus 725 may include a variety of signal-
processing elements, including amplifiers, filters, AGCs,
A/D converters, frequency converters, demodulators, array
processing systems, channel compensation systems, system-
control processors, symbol mapping modules, synchroniza-
tion systems, feedback loops, etc. Signals output by the
receiving apparatus 725 may be analog or digital signals.

[0083] A prefix remover 724 is adapted to remove any
guard interval or cyclic prefix on the received chirped
waveforms. A chirp processor 723 extracts and/or estimates
information impressed on the chirped waveforms. The chirp
processor 723 may be adapted to perform a chirp transform
operation similar to a Fourier transform operation to obtain
symbol values impressed on the chirp waveforms. The chirp
processor 723 may be adapted perform decoding. An
optional decoder 722 processes received coded data symbols
or data bits to produce uncoded data symbols or data bits, or
estimates of data symbols or data bits. Decoding may
include hard or soft decision processes. A data processor 721
formats the data as necessary for output.

[0084] A method and apparatus for performing constella-
tion/duration processing is illustrated in FIG. 8. A data-
mapping module 801 converts each set of data bits to a data
symbol having a predetermined or adaptable constellation of
values. The number of data bits mapped to a data symbol and
the number of constellation points are typically set relative
to one another. The data symbols are processed by a serial-
to-parallel processor 802 to generate a plurality of parallel
data symbols to a transform module 803. The transform
module 803 is adapted to map (or otherwise impress the data
symbol values) to orthogonal signal waveforms. The signal
waveforms may include multicarrier waveforms, such as
OFDM, MC-CDMA, spread OFDM, CI, CDMA-OFDM,
multicode OFDM, or any other well-known multicarrier
signals. Similarly, the multicarrier waveforms may include
chirped waveforms, coded chirped waveforms, or in par-
ticular, CI-coded chirped waveforms. Coded chirped wave-
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forms may include adaptations of MC-CDMA or spread-
OFDM to orthogonal chirped waveforms or Cl-coded
waveforms. Furthermore, multicarrier waveforms may
include space-time, space-frequency, or additional forms of
diversity-parameter spaces and signal sub-spaces. The out-
put of the transform module 803 is typically at least one
time-domain signal.

[0085] The output may be characterized by sub-space, or
coded subspace signals. In this case, the transform module
may be coupled to a coded sub-space transmitter or an array
of transceiver elements. Appropriate spatial and/or sub-
space processing is preferably provided at the corresponding
receiver(s) of the transmitted signals.

[0086] A constellation selector 811 is adapted to work in
conjunction with a symbol duration selector 813. The con-
stellation selector 811 selects data symbol constellations,
including all of the parameters thereof, including constella-
tion size, constellation spacing, and the bit-to-symbol map-
ping algorithms and/or tables. The function of the constel-
lation selector 811 may be adapted with respect to any of
various performance measurements, including channel esti-
mates, probability of error, SNR, SNIR, BER, etc. Accord-
ingly, an optional channel estimation processor 812 may be
coupled to the constellation selector 811 and the symbol
duration selector 813. The function of the constellation
selector 811 and the symbol duration selector 813 may be
dynamically adapted to changing channel conditions, data-
rate requirements, transmission types, subscriber services,
power control, multiplexing/multiple access, and link prior-
ity.

[0087] The symbol duration selector 813 provides a pre-
determined transmit symbol length relative to the constel-
lation size selected. The symbol length may also be adapted
relative to other factors, including receiver performance,
network control, subscriber services (e.g., bandwidth
requirements, error tolerance, and/or latency tolerance),
transmission power, etc. In some of the cases of chirped-
waveform transmissions, the duration of each waveform
may be adjusted with respect to required symbol length. In
the case of transmissions employing orthogonal waveforms
having a fixed frequency separation f,, a transmit symbol
length may correspond to an integer multiple of the symbol
durations (T,) corresponding to the frequency separations f,.

[0088] Although the invention is shown with respect to
scaling the symbol length relative to constellation size, the
invention may adapted to other functions. For example, the
constellation size may be adapted independently of the
symbol length. The symbol length may be adapted relative
to a fixed constellation size. Adaptations of either the symbol
length or the constellation size may be made with respect to
adjusting or maintaining a predetermined transmit power per
data bit or symbol. Adaptations may be made relative to
changing channel conditions, power control, variable data
rates, different subscriber services, different link character-
istics, network control, frequency use, interference, and/or
priority. In some embodiments of the invention, symbol
length and/or constellation size selections and adaptations
may be provided to each carrier independently. In various
embodiments of the invention, frequency separations f, and
symbol durations T, may be adapted.

[0089] FIG. 9A illustrates a communication link employ-
ing transceivers of the present invention. A data source 901
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provides optionally formatted data symbol or data bits to an
optional coder 902. The coder 902 may provide channel
coding of data bits, spreading, and or multiple access. A
coder, such as coder 902, may map groups of data bits into
data symbols. Coded data is coupled into a transform circuit
903 adapted to provide coded data and/or waveforms that
convey the coded data. The transform circuit 903 may be
adapted to map data symbols to CI codes, chirp codes, CI
waveforms, and/or chirp waveforms. An optional pre-equal-
izer module 904 may be adapted to provide channel-com-
pensation equalization to the symbol values and/or wave-
forms generated by the transform circuit 903. Equalization
may take the form of frequency-domain equalization, time-
domain equalization, and/or equalization specific to the
signal space of the generated symbol values and/or wave-
forms. A transmitter module 905 provides for adaptation of
an input baseband or IF signal for transmission into a
communication channel 901.

[0090] A receiver module 915 is adapted to couple trans-
mitted signals from the communication channel 901 and
adapt the received signals for baseband and/or IF process-
ing. An optional equalizer 914 may be employed to com-
pensate for channel effects. A transform circuit 913 is
adapted to complement the transform performed on the
transmit side. An optional equalizer 912 may be employed
after the transform circuit 913 to compensate for channel
effects. A multi-user detector 957 may optionally be
employed. A decision module 956 is adapted to estimate
transmitted data bits. The decision module 956 may be
adapted to perform any combination of hard decision, soft
decision, and iterative feedback functions.

[0091] FIG. 9B illustrates basic components that may be
employed in a frequency-domain equalizer, such as possible
embodiments of the equalizers 904, 912, and 914 shown in
FIG. 9A. A transform module, such as an FFT 921, separates
an input time-domain signal into a plurality of frequency
components. The components may be processed in a filter
922 adapted to provide a predetermined or adaptive gain
profile to the components. An inverse transform module,
such as an IFFT 923 is adapted to convert the filtered
components back to a time-domain signal.

[0092] FIG. 9C illustrates basic components of a possible
embodiment of the transform circuit 903. A chirp-transform
code generator 931 is adapted to produce at least one of a
plurality of orthogonal codes based on a chirp transform. A
code allocation module 932 is adapted to allocate at least one
code to at least one communication link. A data modulator
933 is adapted to impress at least one data symbol onto at
least one code. Alternatively, data symbols may be
impressed onto signals processed in the transform code
generator 931 to produce information-bearing codes.

[0093] FIG. 9D illustrates a transceiver of the invention.
A cyclic prefix prepend module 944 is included on the
transmitter side of the transceiver. However, the function-
ality of the module 944 may be incorporated into the
transmitter module 905 illustrated in FIG. 9A. A cyclic
prefix removal module 954 is shown on the receiver side of
the transceiver. Similarly, cyclic prefix removal may be
provided in the receiver module 915 shown in FIG. 9A. CI
coder 942 and decoder 951 modules are provided. Invertible
transform circuits 943 and 953 provide for complementary
sub-carrier processing.
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[0094] In one embodiment of the invention, cellular com-
munications may be provided with multicarrier transmission
protocols mentioned and disclosed herein and described in
the publications incorporated by reference. In a cellular
system, or in any system employing at least one form of
spatial multiplexing or spatial division multiple access,
individual carriers may be allocated to a particular user in
each cell or geographical sector in a communication net-
work.

[0095] In one aspect of the invention, each carrier in a set
of carriers allocated to a particular user in a particular
geographical area (e.g., a cell or a sector) is shared by at
most one other user in a potentially interfering (e.g., nearby)
geographical area. In a related aspect of the invention, no
more that one carrier is shared between two potentially
interfering users. For example, if a number n of carriers
allocated to a particular user experiences interference from
other users, there are n interfering users. Alternatively, some
number other than one may be selected as the maximum
number of carriers shared by any pair of substantially
interfering users. Furthermore, the invention provides for
allocation of carrier frequencies to users depending on their
geographical locations. For example, carriers may be
assigned to each user based upon their relative positions in
a defined geographical region and/or their positions in
neighboring geographical regions.

[0096] The terms neighboring and nearby may be used
interchangeably, and are meant to convey the idea of cells or
sectors sharing the same border of a particular cell or sector
of interest (i.e., a subject cell), and may include other cells
and/or sectors that are nearby (such as to potentially provide
a source of interference to the subject cell), but do not
necessarily share the same border with the subject cell or
sector.

[0097] In one aspect of the invention, each base station or
equivalent system is provided with a predetermined set of
carriers for allocation to users in the cell. It will be appre-
ciated that descriptions herein relating to cells also pertain to
sectors, or other spatial (e.g., geographic) regions in a
communication network. The set of carriers is preferably
allocated with respect to carriers allocated and/or available
to neighboring cells. For example, carriers may be allocated
to each of a plurality of neighboring or nearby cells in order
to minimize interference on each carrier. Thus, a predeter-
mined number of cells within a group of neighboring or
nearby cells may share a predetermined number of the
available carriers.

[0098] One or more carriers may be allocated throughout
the neighboring or nearby cells such as to eliminate and/or
greatly reduce the possibility of inter-cell co-channel inter-
ference. For example each of a plurality of carriers may be
allocated to only one cell in a group of neighboring or
nearby cells. Each of a plurality of carriers may be allocated
to a predetermined plurality of (e.g., two) cells, thus per-
mitting a small amount of inter-cell interference. The choice
of which cells share which frequencies (especially with
respect to how the frequencies are allocated to users within
each cell) may be made in such a way as to minimize
inter-cell interference. With respect to sectors or spatial
division multiple access channels (including sub-space
channels), the objective is to reduce or minimize inter-sector
or co-channel interference.

Samsung Exhibit 1178, Page 20 of 25

Samsung Electronics Co., Ltd. et al. v. Genghiscomm Holdings LLC

IPR2025-00788



US 2004/0100897 A1l

[0099] In a preferred aspect of the invention, each user is
assigned carriers in such a way as to reduce or minimize
interference from users in nearby or neighboring cells. For
example, the assigned carriers may be subject to interference
from users in a plurality of nearby or neighboring cells.
Thus, the interference is more likely to be uncorrelated
interference. Also, interference from a user in a nearby
neighboring cell interferes with only a small number of a
particular user’s carriers. The particular user also has carri-
ers that experience low interference due to those carriers
being shared by more-distant users (e.g., users in neighbor-
ing cells that are farther away) and/or carriers not being
shared by any users in the group of neighboring cells. The
number of shared carriers per user per cell may be selected
relative to geographical conditions (e.g., terrain, distribution
of users in a cell, etc.), channel conditions (multipath,
co-channel interference, etc.), link priority, characteristics of
subscriber services (e.g., tolerance to latency, tolerance to
distortion), channel bandwidth, spectrum allocation, spec-
trum sharing, and/or predicted and/or measured receiver
performance.

[0100] In another aspect of the invention, each base station
or equivalent system is adapted to dynamically allocate
carriers for users in the cell. Each cell may be provided with
a predetermined set of carriers that a base station selects for
allocation to each user in the cell. Allocation of the carriers
to each user may be based on any of a number of parameters,
including any of the following parameters:

[0101] Link channel conditions to/from each user.
For example, carriers may be selected for each user
so as to avoid deep fades, since different users are
likely to experience different multipath channels.

[0102] Required link data rates, or channel band-
width. For example, the number of carriers, as well
as the carrier bandwidths may be selected relative to
the required throughput.

[0103] Channel bandwidth. For example, each user
may be provided with a set of carriers distributed
over a predetermined frequency band such that the
set spans a bandwidth equal to or greater than the
coherence bandwidth of the channel. Similarly, the
carriers may be selected such that the spacing
between the carriers equals, or is greater than, some
predetermined bandwidth, such as the coherence
bandwidth of the channel. Different links are likely
to have different coherence bandwidths.

[0104] Type of communications (e.g., voice, data,
video, multimedia). Different types of communica-
tion are sensitive to different types of link perfor-
mance. For example, voice communications can
tolerate relatively high distortion, noise, and inter-
ference. Data communications can typically tolerate
latency.

[0105] Doppler effects. For example, Doppler effects
may de-orthogonalize narrowband carriers allocated
to different users experiencing different Doppler
shifts. Thus, in some applications, it may be prefer-
able to avoid allocating contiguous carrier frequen-
cies to a plurality of users characterized by different
Doppler shifts, particularly users that are located
with respect to each other and/or with respect to a
base station such that interference may occur due to
the Doppler shifts.
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[0106] Geographical distribution of users within a
cell. Frequency reuse within a cell may be provided
via spatial division multiplexing. Interference miti-
gation and reduction of distortion may be provided
by recording and anticipating the types of channel
conditions (e.g., multipath fading, delay, fast fading,
shadowing) users are likely to encounter in certain
geographical locations. Thus, carrier selection may
be part of a predistortion or interference-mitigation
process. Similarly, different sets of frequencies may
be allocated to different geographical locations
within a cell.

[0107] Geographical distribution of users in neigh-
boring or nearby cells. Frequency selection in each
cell may be adapted with respect to frequencies
allocated to users in nearby cells, such as to mini-
mize or avoid interference. Furthermore, the geo-
graphical locations of users in other cells may be
considered with respect to allocating frequencies to
at least one user in a particular cell of interest in
order to mitigate the effects of interference. For
example, a user may be provided with one or more
carriers with respect to that user’s location relative to
the location of one or more users in other cells that
may share (or otherwise interfere with) at least one
of the user’s allocated carriers.

[0108] In yet another aspect of the invention, sets of
carriers provided to each cell for allocation the users in the
cell may be transferred between cells. In some cases, carriers
or carrier sets may be exchanged between cells. The criteria
for transferring carriers between cells are similar to the
criteria for allocating carriers in each cell to users in the cell.
Carrier transfers may be made to mitigate the effects of
interference, provide improved load balancing in a network
of cells, scale to changing demands for resources in each
cell, and facilitate efficient frequency-reuse patterns. This
aspect of the invention may provide for overlapping service
areas (i.e., cells) and assists in dynamic re-sectorization of
the cellular architecture. Dynamic re-sectorization may
include selecting and adapting boundaries between cells
and/or implementing micro-cells as necessary. Conse-
quently, inter-cell and/or intra-cell carrier allocations are
anticipated to be an integral part of hand-off procedures
between cells, including soft hand-offs. Thus, in some
embodiments of the invention, neighboring cells may share
at least some of the same carriers that are allocated to users
near their common cell boundaries. Furthermore, carrier
allocation between cells may be an integral part of a process
known as dynamic spectrum allocation.

[0109] FIG. 10A illustrates a set of 12 carrier frequencies
that can be allocated to a plurality of users in each of a
plurality of (up to eight) cells. Each column corresponds to
a cell, and each of the four different numbers in each column
corresponds to a frequency allocation of a user in the cell.
Thus, user 1 in the first cell is allocated frequencies f,, f,,
and fg. It is apparent that other patterns, such as non-
repeating patterns relative to each cell, may be employed.

[0110] FIG. 10B illustrates the set of allocated frequencies
f,, £, and f5 corresponding to user one in cell one. Frequen-
cies allocated to other users in neighboring cells are also
shown. In this case, each frequency corresponding to user
one in cell one is shared by only one user in a neighboring
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cell. In this case, the users that share one of the frequencies
allocated to user one in cell one do not share the same cell.

[0111] It will be appreciated that the various embodiments
and aspects of inter-cell multiplexing described previously
may be implemented with chirped carriers or other types of
waveforms. For example, in the case where linear chirped
waveforms are provided, users may share chirp rates and/or
chirp frequencies.

[0112] A base station or network controller may provide
for dynamic spectrum allocation to facilitate spectrum shar-
ing, improve bandwidth efficiency, and mitigate the effects
of interference and channel distortion. The following steps
may be implemented in allocation methods employed by the
invention:

[0113] a. Users are allocated different numbers of
carriers with respect to individual user BW require-
ments. Similarly, the bandwidth of one or more
carriers used by each user may be selected with
respect to BW requirements. Coding parameters,
such as code rate, constraint length, constellations,
etc. may be adapted to transmission and/or reception
parameters, including, but not limited to, bandwidth,
priority, transmission information type, receiver per-
formance (e.g., BER, P(e), confidence measure,
etc.), channel conditions (i.e., SNR, multipath, co-
channel interference, etc.).

[0114] b. Each user’s carriers are distributed over
different system channels.

[0115] c. Different systems share or exchange radio-
channel resources (e.g., spectrum).

[0116] 1i. Static allocation: each system divides its
spectrum into frequency channels and allocates
some of the channels to other systems in exchange
for channels from other users.

[0117] ii. Dynamic allocation: each system pro-
vides some of its spectrum to users in other
systems based on spectrum availability and/or
spectrum lease. A system may tolerate additional
MAI to provide the exchange.

[0118] d. Users are dynamically allocated carriers of
different frequencies with respect to channel condi-
tions, which may be determined via channel estima-
tion. Since channel conditions change relative to
time as user locations change, dynamic channel
allocation may be performed relative to time-depen-
dent criteria.

[0119] The input bit stream is coded (e.g., convolutionally
encoded) with a predetermined code rate R prior to being
interleaved and punctured.

[0120] CT coding, such as CI codes applied to frequency-
domain carriers, may be used for multiple access or in single
user systems. Similarly, CI coding applied to other diversity
parameters, including sub-space processing or sub-space
coding, may be employed in single user or multiple-access
systems. In particular CI may be applied to single-user
channels employing a separate means (e.g., frequency divi-
sion multiplexing, time division multiplexing, code division
multiplexing, spatial division multiplexing, or any other
multiplexing protocol) of multiple access.
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[0121] Each set of CI symbols, wherein a set is identified
as a group of symbols applied to multiple carriers within a
symbol interval, are typically provided with a guard interval,
or cyclic prefix, as is typically done in all multicarrier
transmission protocols. However, inter-symbol interference
may occur in a multicarrier CI system due to the combina-
tion of multipath effects and CI spreading. Inter-symbol
interference occurs in the single-user case. Additionally,
multiple-access interference may occur in the multiple-
access case where Cl-coded carriers provide for multiple
access. Thus, the frequency-domain channel transfer func-
tion of a CI system with a single antenna can be modeled
with a MIMO flat fading matrix. Consequently, any of
various techniques, such as matrix reduction or successive
interference cancellation (e.g., BLAST), may be employed.
The frequency-domain channel transfer function may also
be adapted to multi-antenna systems. Thus, the resulting
transfer function may characterize dimensions of space and
frequency. Solutions for spatial processing with multiple
antennas may be combined with solutions to the frequency-
domain inter-symbol interference solutions.

[0122] Successive interference cancellation algorithms
provide for sequential detection of symbols in each received
set. Each step involves detecting, or estimating, a symbol
and then subtracting it from the received signal set. This
technique reduces interference for the next symbol to be
detected/estimated. Thus, it is desirable to first process
symbols on carriers having the highest reliability (e.g., high
SNR). In a preferred embodiment of the invention, data
symbols are non-uniformly spread over the carriers. Thus, a
particular carrier corresponds to a particular data symbol
more than the other symbols. Each data symbol has an
association with a particular carrier that conveys the data
symbol with a greater valued weight with respect to other
data symbols. In some applications, more than one data
symbol may be coded with preference to a particular carrier.
In some applications, more than one carrier may provide
preference to one or more given data symbol.

[0123] Non-uniform coding is indicated by the following
CI code:

C=ol+(1-o)C

[0124] The non-uniform CI code matrix C,, includes an
identity matrix I (a matrix of zeros except for a diagonal of
ones) weighted with some predetermined weight a (which
may be determined or adapted relative to directly or indi-
rectly measured channel conditions) and a weighted CI code
matrix C. The CI matrix C may be any type of CI matrix,
such as a matrix of basic CI codes, an advanced CI code
matrix, or a hybrid CI code matrix. A transmitter may set the
value of a based on training symbols or pilot tones. Simi-
larly, the value of a may be set with respect to measured
receiver performance, such as probability of error, SNR,
BER, etc. Alternatively, the matrix ol may be provided with
non-uniform diagonal elements. The values of the diagonal
elements may be selected and/or adapted relative to channel
conditions, such as flat fading on each carrier frequency. In
other applications, the matrix ol may be provided with
non-zero non-diagonal, or cross terms.

[0125] In a preferred embodiment of the invention, the
identity matrix I is replaced by the following diagonal
matrix of complex terms:
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X1+ 6y; 0 0
0 Xy +iyy - 0
: : 0
0 0 - Xy +iyN

[0126] The complex terms x +iy, may be seclected to
reduce the peak-to-average-power ratio (PAPR) of the trans-
mitted multicarrier signal. Any technique for reducing the
PAPR may be employed with respect to the selection of the
complex terms. In one aspect of the invention, CI codes
corresponding to a predetermined pattern and shape of
pulses are employed in the set of complex terms. In another
aspect of the invention, adaptive algorithms may be used to
reduce or minimize the PAPR.

[0127] Tt should be appreciated that other variations and
adaptations to the spreading may be made to provide for
non-uniform spreading. For example, any appropriate set of
poly-amplitude codes may be employed for spreading. Some
classes of CI codes characterized as poly-amplitude may be
provided. Similarly, other types of poly-amplitude codes or
combinations of codes may be employed to provide for
non-uniform spreading.

[0128] One family of polyphase/poly-amplitude codes
includes CI codes used on orthogonal sub-carriers to syn-
thesize a direct-sequence CDMA signal. These CI codes
resemble the non-uniform code with the diagonal matrix
shown previously. Accordingly, CI processing of a direct-
sequence signal may include successive interference can-
cellation in the frequency domain.

[0129] Data symbols to be transmitted may include coded
data symbols. Coding may take the form of convolutional,
block, parity check (e.g., low-density parity check), iterative
feedback, CI, or any combination of coding. Other forms of
coding may be implemented. Some data symbols may be
mapped with preference to particular non-uniform CI codes
or carriers. For example, parity-check values may be
mapped to carriers having superior performance of a pre-
determined group of carriers.

[0130] Any of the available detection schemes appropriate
for a MIMO flat fading channel model may be employed.
One such scheme includes successive interference cancel-
lation, such as described as follows:

[0131] 1. Equalize received signals

[0132] 2. Decode signal with highest SINR (e.g.,
provide soft decision)

[0133] 3. Estimated signal is subtracted from
received signals

[0134] 4. Return to step 2

[0135] FIG. 11 illustrates a CI coding algorithm adapted
to produce a non-uniform spreading of input data symbols
s,(t) to generate a plurality of coded weights w,(t). In this
case, the non-uniform spreading is enabled by including
scalar constants in the diagonal elements of a complex CI
code matrix. Non-uniform spreading may also be imple-
mented by providing CDMA codes to data and then mapping
the coded data to the CI phase spaces (i.e, pulses). Different

11
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values for the constants (including complex values), as well
as a different distribution of the constants throughout the
matrix, may be provided without departing from the scope
of the invention. Each constant may have a unique value.
The input data symbols s (t) may include zeros and/or
parity-check values. The coded weights w_ () may be
impressed on any set of orthogonal diversity-parameter
values, including subspaces.

[0136] FIG. 12A illustrates the functionality of a receiver
adapted to process and decode CI-coded signals, including
non-uniformly spread CI signals. A receiver system 1201
processes a received signal to provide an appropriate base-
band or IF signal for processing by digital signal processing
components in the receiver. Any cyclic prefix or guard
interval prepended to the transmitted signal is removed
1202. Any necessary filtering and/or equalization 1203 may
optionally be performed in a separate step or module prior
to being decoded 1204.

[0137] The function of a decoder employing successive
interference cancellation is illustrated in FIG. 12B. An
SINR is measured 1211 for each sub-carrier (i.e., carrier) or
sub-channel. The signal with the best SNIR is decoded 1212
and provided with a hard or soft-decision output 1213. The
estimated interference resulting from the estimated symbol
is then subtracted 1214 from any remaining subcarriers. The
signal with the next best SNIR is processed in the same
manner until all of the signals have been processed. Tech-
niques for performing channel estimation, such as process-
ing received known training symbols ad/or blind adaptive
processing may be provided in the receiver.

[0138] Further adaptations to aspects and embodiments
disclosed throughout the specification may include:

[0139] 1. A plurality of tones assigned to the coded bits
of an application is a subset of available tones.

[0140] 2. A step of generating coded application bits is
done for a plurality of users; and a step of transmitting
the complex time-domain samples on a common chan-
nel includes a step of synchronizing transmissions
among the plurality of users with respect to a destina-
tion receiver.

[0141] 3. Achannel used is a multipoint-to-point uplink
channel.

[0142] 4. The method described in number 2 further
comprising the steps of:

[0143] a. receiving the complex time-domain
samples for each application from the common chan-
nel using a discrete multi-tone modem;

[0144] b. transforming the complex time-domain
samples to multi-tone symbols using a discrete Fou-
rier transform,;

[0145] c. decoding the multitone symbols for each
application into coded application bits for each appli-
cation at a receiver using the plurality of tones
assigned to the coded application bits; and

[0146] d. decoding the coded application bits for each
application.

[0147] 5. The method according to number 4 wherein
the step of generating decoded application bits is done
for a plurality of users.
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[0148] In the preferred embodiments, several kinds of
carrier interferometry, coding, filtering, and spatial process-
ing are demonstrated to provide a basic understanding of
applications of CI processing. With respect to this under-
standing, many aspects of this invention may vary. For
example, signal spaces and diversity parameters may
include redundantly modulated signal spaces. Descriptions
of spatial processing may be applied to processing methods
for non-spatial diversity parameters. Descriptions of systems
and methods using spatial subspaces may be extended to
systems and methods that use non-spatial subspaces.

[0149] For illustrative purposes, flowcharts and signal
diagrams represent the operation of the invention. It should
be understood, however, that the use of flowcharts and
diagrams is for illustrative purposes only, and is not limiting.
For example, the invention is not limited to the operational
embodiment(s) represented by the flowcharts. The invention
is not limited to specific signal architectures shown in the
drawings. Instead, alternative operational embodiments and
signal architectures will be apparent to persons skilled in the
relevant art(s) based on the discussion contained herein.
Also, the use of flowcharts and diagrams should not be
interpreted as limiting the invention to discrete or digital
operation. Furthermore, functionality illustrated in flow
charts may imply functionality of an apparatus of the
invention that is not shown. Similarly, descriptions of any
apparatus may be used to define one or more methods of the
invention.

[0150] In practice, as will be appreciated by persons
skilled in the relevant art(s) based on the discussion herein,
the invention can be achieved via discrete or continuous
operation, or a combination thereof. Furthermore, the flow
of control represented by the flowcharts is provided for
illustrative purposes only. As will be appreciated by persons
skilled in the relevant art(s), other operational control flows
are within the scope and spirit of the present invention.

[0151] Exemplary structural embodiments for implement-
ing the methods of the invention are also described. It should
be understood that the invention is not limited to the
particular embodiments described herein. Alternate embodi-
ments (equivalents, extensions, variations, deviations, com-
binations, etc.) of the methods and structural embodiments
of the invention and the related art will be apparent to
persons skilled in the relevant arts based on the teachings
contained herein. The invention is intended and adapted to
include such alternate embodiments. Such equivalents,
extensions, variations, deviations, combinations, etc., are
within the scope and spirit of the present invention.

[0152] Signal processing with respect to sinusoidal oscil-
lating signals are described herein. Those skilled in the art
will recognize that other types of periodic oscillating signals
that can be used, including, but not limited to, sinusoids,
square waves, triangle waves, wavelets, repetitive noise
waveforms, pseudo-noise signals, and arbitrary waveforms.

[0153] The foregoing discussion describes the preferred
embodiments of the present invention. With respect to the
disclosure, it should be understood that changes can be made
without departing from the essence of the invention. To the
extent such changes embody the essence of the present
invention, each naturally falls within the breadth of protec-
tion encompassed by the disclosure of this patent applica-
tion. This is particularly true for the present invention
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because its basic concepts and understandings are funda-
mental in nature and can be broadly applied.

3. In a Carrier Interferometry (CI) transmitter:

a CI coder adapted to encode at least one data sequence
onto a CI code to produce at least one data-bearing code
vector, and

a modulator adapted to modulate the at least one data-

bearing code vector onto a plurality of subcarriers.

4. The CI transmitter recited in claim 1 wherein the
modulator includes an invertible transform module.

5. The CI transmitter recited in claim 2 wherein the
invertible transform module is adapted to perform at least
one of a Fourier transform, a chirp Z transform, and a sliding
transform.

6. The CI transmitter recited in claim 1 wherein at least
one of the modulator and the CI coder is adapted to scramble
CI codes generated by the CI coder.

7. The CI transmitter recited in claim 1 wherein at least
one of the modulator and the CI coder is adapted to provide
frequency variations to the subcarriers.

8. The CI transmitter recited in claim 1 wherein the CI
coder is adapted to provide for channel coding.

9. The CI transmitter recited in claim 1 wherein at least
one of the modulator and the CI coder is adapted to
dynamically allocate subcarriers for at least one communi-
cation link.

10. The CI transmitter recited in claim 1 wherein the CI
coder is adapted to perform at least one CI coding algorithm
configured to non-uniformly spread the at least one data
sequence across the plurality of subcarriers.

11. In a Carrier Interferometry (CI) receiver:

a demodulator adapted to demodulate at least one data-
bearing CI code vector modulated on a plurality of
subcarriers, and

a CI decoder adapted to decode at least one received data

sequence impressed onto the CI code vector.

12. The CI receiver recited in claim 9 wherein the
demodulator includes an invertible transtform module.

13. The CI receiver recited in claim 10 wherein the
invertible transform module is adapted to perform at least
one of a Fourier transform, a chirp Z transform, and a sliding
transform.

14. The CI receiver recited in claim 9 wherein at least one
of the demodulator and the CI decoder is adapted to
descramble CI codes.

15. The CI receiver recited in claim 9 wherein at least one
of the demodulator and the CI decoder is adapted to com-
pensate for subcarrier frequency variations.

16. The CI receiver recited in claim 9 wherein the CI
decoder is adapted to provide for channel decoding.

17. The CI receiver recited in claim 9 wherein at least one
of the CI decoder and the demodulator are adapted to
perform successive interference cancellation.

18. A multi-carrier signal comprising:

at least one set of complex subcarrier weights embodied
in a predetermined plurality of frequency-varying sub-
carriers and adapted to:

map a plurality of data symbols to a plurality of pulse
positions for producing a sequence of modulated
pulses resulting from a superposition of the prede-
termined plurality of frequency-varying subcarriers.
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19. The multi-carrier signal recited in claim 18 wherein data-modulated spread-spectrum code, a data-modulated
the complex sub-carrier weights are adapted to reduce the multiple-access code, a data modulated channel code, a
peak-to-average power of a signal transmission in a trans- data-modulated and channel-coded multiple-access code, a
mitter. data-modulated and channel-coded spread-spectrum code,

20. The multi-carrier signal recited in claim 1 wherein the and a data-modulated spread-spectrum modulated multiple-
plurality of data symbols include at least one of a set of data access code.
symbols, including a spread-spectrum code, a multiple-
access code, a channel code, a sequence of data symbols, a ® ok ok ok
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