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Description

BACKGROUND OF THE INVENTION

Statement of the Technical Field

[0001] The invention concerns communications systems. More particularly, the invention concerns communications
systems having a plurality of transmitted waveforms which communicate with corresponding receivers using spread
spectrum waveforms.

Description of the Related Art

[0002] Pseudorandom number generators (PRNG) generally utilize digital logic or a digital computer and one or more
algorithms to generate a sequence of pseudorandom numbers. While the output of conventional PRNG may approximate
some of the properties of random numbers, they are not truly random. For example, the output of a PRNG has cyclo-
stationary features that can be identified by analytical processes.
[0003] Chaotic systems can generally be thought of as systems which vary unpredictably unless all of its properties
are known. When measured or observed, chaotic systems do not reveal any discernible regularity or order. Chaotic
systems are distinguished by a sensitive dependence on a set of initial conditions and by having an evolution through
time and space that appears to be quite random. However, despite its "random" appearance, chaos is a deterministic
evolution.
[0004] Practically speaking, chaotic signals are extracted from chaotic systems and have random-like, non-periodic
properties that are generated deterministically and are distinguishable from pseudo-random signals generated using
conventional PRNG devices. In general, a chaotic sequence is one in which the sequence is empirically indistinguishable
from true randomness absent some knowledge regarding the algorithm which is generating the chaos.
[0005] Some have proposed the use of multiple pseudo-random number generators to generate a digital chaotic-like
sequence. However, such systems only produce more complex pseudo-random number sequences that possess all
pseudo-random artifacts and no chaotic properties. While certain polynomials can generate chaotic behavior, it is com-
monly held that arithmetic required to generate chaotic number sequences digitally requires an impractical implementation
due to the precisions required.
[0006] Communications systems utilizing chaotic sequences offer promise for being the basis of a next generation of
secure waveforms. While many such communications systems have been developed for generating chaotically modu-
lated waveforms, such communications systems suffer from low throughput. The term "throughput", as used herein,
refers to the amount of data transmitted over a data link during a specific amount of time. This throughput limitation
stems from the fact that a chaotic signal is produced by means of a chaotic analog circuit subject to drift.
[0007] The throughput limitation with chaos based communication systems can be traced to the way in which chaotic
signal generators have been implemented. Chaos generators have been conventionally constructed using analog chaotic
circuits. The reason for reliance on analog circuits for this task has been the widely held conventional belief that efficient
digital generation of chaos is impossible. Notwithstanding the apparent necessity of using analog type chaos generators,
that approach has not been without problems. For example, analog chaos generator circuits are known to drift over time.
The term "drift", as used herein, refers to a slow long term variation in one or more parameters of a circuit. The problem
with such analog circuits is that the inherent drift forces the requirement that state information must be constantly
transferred over a communication channel to keep a transmitter and receiver synchronized.
[0008] The transmitter and receiver in coherent chaos based communication systems are synchronized by exchanging
state information over a data link. Such a synchronization process offers diminishing return because state information
must be exchanged more often between the transmitter and the receiver to obtain a high data rate. This high data rate
results in a faster relative drift. In effect, state information must be exchanged at an increased rate between the transmitter
and receiver to counteract the faster relative drift. Although some analog chaotic communications systems employ a
relatively efficient synchronization process, these chaotic communications systems still suffer from low throughput.
[0009] The alternative to date has been to implement non-coherent chaotic waveforms. However, non-coherent wave-
form based communication systems suffer from reduced throughput and error rate performance. In this context, the
phrase "non-coherent waveform" means that the receiver is not required to reproduce any synchronized copy of the
chaotic signals that have been generated in the transmitter. The phrase "communications using a coherent waveform"
means that the receiver is required to reproduce a synchronized copy of the chaotic signals that have been generated
in the transmitter.
[0010] Document XP011065006 discusses principles of chaotic digital communications using correlator receivers,
modulation schemes and statistical analysis using one and two chaotic basis functions, as well as coherent and applied
to chaotic digital modulation schemes. Therein disclosed a differentially coherent correlation receiver, where if the
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recovery of the chaotic basis functions is not possible, demodulation is performed using special structure consisting of
a piece of chaotic waveform followed by a noninverted or inverted copy of itself. The differentially coherent demodulator
makes decision by evaluating the correlation between the reference and information bearing chips.
[0011] Document XP011012427 discloses a multilevel chaos-based communication scheme called quadrature chaos
shift keying (QCSK). It further discloses differential chaos shift keying (DCSK) scheme where two chaotic sample functions
are sent for each symbol period, corresponding to one bit of information. The first function is used as a reference, while
the second represents the information-bearing part of the signal. On the receiver side one observes a noisy version of
the transmitted signal. The digital information is extracted by means of differentially coherent demodulation. Namely, at
the receiver the correlation between the two received chaotic functions is computed. The output of the correlator is then
sampled according to the symbol and a decision on the received symbol is taken. A first step of QCSK is the generation
of a (chaotic) signal orthogonal to a given chaotic reference signal in a specified time interval. Further, QCSK demodulation
is disclosed, where the QCSK signal can be demodulated by using differentially coherent detection. The noise perform-
ance of a digital communication scheme is determined by the probability distribution of the observation variables.
[0012] In view of the forgoing, there is a need for a coherent chaos-based communications system having an increased
throughput. There is also a need for a chaos-based communications system configured for generating a signal having
chaotic properties. As such, there is further a need for a chaos-based communications system that corrects drift between
a transmitter and a receiver without an extreme compromise of throughput.

SUMMARY OF THE INVENTION

[0013] The object of the invention is achieved by the subject matter of the independent claims. Advantageous embod-
iments form the subject matter of the dependent claims. The present invention concerns implementing communication
systems and methods for processing a data signal in a communications system. The methods generally involve generating
a first chaotic sequence at a transmitter of a first communication device to be employed as a statistically orthogonal
chaotic spreading signal. The phrase "statistically orthogonal", as used here, refers to a statistical expectation of zero
correlation between a plurality of signals or sequences used as communications waveform basis functions. First basis
function algorithms are performed using the first chaotic sequence to generate first statistically orthogonal chaotic se-
quences. Each of the first basis function algorithms can include, but is not limited to, a bijective function, a rotation
algorithm, a scrambling algorithm, an XOR algorithm, an encryption algorithm, a uniform statistics preserving transfor-
mation, a statistical shaping transformation, a time-delayed statistical shaping transformation, and a fractal evolution
statistical shaping transformation.
[0014] At least one sequence is selected from the first statistically orthogonal chaotic sequences for combining with
a first data signal. More particularly, the sequence is selected from the first statistically orthogonal chaotic sequences
based on at least one bit value of symbol formatted data contained in the first data signal. The selected sequence is
combined with a second data signal to obtain a modulated chaotic communication signal. The modulated chaotic com-
munication signal is transmitted to a receiver of a second communication device, where it is processed to obtain data
therefrom.
[0015] At the receiver, a second chaotic sequence is generated which is a time synchronized replica of the first chaotic
sequence generated at the transmitter. Second basis function algorithms are performed using the second chaotic se-
quence to generate at least two second statistically orthogonal chaotic sequences. Each of the second basis function
algorithms can include, but is not limited to, a bijective function, a rotation algorithm, a scrambling algorithm, an XOR
algorithm, an encryption algorithm, a uniform statistics preserving transformation, a statistical shaping transformation,
a time-delayed statistical shaping transformation, and a fractal evolution statistical shaping transformation. Each of the
second statistically orthogonal chaotic sequences is a time synchronized replica of a respective one of the possible
selections of the first statistically orthogonal chaotic sequences generated at the transmitter. The received modulated
chaotic communication signal is then combined with each of the second statistically orthogonal chaotic sequences to
generate at least two observation signals. Each observation signal includes a plurality of observation symbols.
[0016] A plurality of correlation values are determined for the possible transmitted data symbols. Notably, each cor-
relation value is associated with a respective one of the possible transmitted basis functions corresponding to the number
of possible data symbols. Each correlation value is defined by at least a magnitude and a phase of the respective one
of the possible transmitted data symbols. A series of first correlation values is selected from the plurality of correlation
values. A largest correlation value is then identified from the series of first correlation values. A deterministic process is
performed using the largest correlation value to determine if a series of observations associated therewith represents
a data symbol of the first data signal. The deterministic process can include, but is not limited to, a Hidden Markov Model
deterministic process, a decision tree based deterministic process, and a fractal evolution based deterministic process.
[0017] If the series of observations associated with the largest correlation is determined to represent a symbol of the
first data signal, then the observation symbol is demodulated. If the observation symbol associated with the largest
correlation is not determined to represent a symbol of the first data signal, then a correlation window can be adjusted
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to increase the series length of the observations associated with the largest correlation value. Also, the deterministic
process can be adjusted or trained in accordance with results of a comparison of the observations at pre-defmed
observation periods to an a priori known sequence of data symbols from the first data signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Embodiments will be described with reference to the following drawing figures, in which like numerals represent
like items throughout the figures, and in which:
[0019] FIG. 1 is a block diagram of a coherent chaotic spread-spectrum communication system that is useful for
understanding the present invention.
[0020] FIG. 2 is a block diagram of a first exemplary embodiment of a transmitter that is useful for understanding the
present invention.
[0021] FIG. 3 is a block diagram of a second exemplary embodiment of a transmitter that is useful for understanding
the present invention.
[0022] FIG. 4A is a block diagram of a first embodiment of a receiver that is useful for understanding the present
invention.
[0023] FIG. 4B is a block diagram of a basis function sequence processor shown in FIG. 4A.
[0024] FIG. 5 is a more detailed block diagram of an exemplary Hidden Markov Model detector shown in FIG. 4A that
is useful for understanding the present invention.
[0025] FIG. 6 is a block diagram of a second embodiment of a receiver that is useful for understanding the present
invention.
[0026] FIGS. 7A-7B collectively provide a flow diagram of a method for processing a data signal in a communication
system that is useful for understanding the present invention.
[0027] FIG. 8 is a block diagram of a conceptual chaos generator as used in FIGS. 2-6 that is useful for understanding
the present invention.
[0028] FIG. 9 is a flow diagram of a method for generating a chaotic sequence that is useful for understanding the
present invention.
[0029] FIG. 10 is a block diagram of the chaos generator of FIGS. 2-6 that is useful for understanding the present
invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0030] The present invention is described with reference to the attached figures. The figures are not drawn to scale
and they are provided merely to illustrate the instant invention. Several aspects of the invention are described below
with reference to example applications for illustration. It should be understood that numerous specific details, relation-
ships, and methods are set forth to provide a full understanding of the invention. One having ordinary skill in the relevant
art, however, will readily recognize that the invention can be practiced without one or more of the specific details or with
other methods. In other instances, well-known structures or operations are not shown in detail to avoid obscuring the
invention. The present invention is not limited by the illustrated ordering of acts or events, as some acts may occur in
different orders and/or concurrently with other acts or events. Furthermore, not all illustrated acts or events are required
to implement a methodology in accordance with the present invention.
[0031] Embodiments of the present invention will now be described with respect to FIGS. 1-10. Some embodiments
of the present invention provide a coherent chaotic spread-spectrum communications system. The coherent chaotic
spread-spectrum communications system includes a receiver that utilizes a Hidden Markov Model (HMM) based tech-
nique for determining which observations from a plurality of observation signals best represents symbols of the data
signal that was transmitted from a transmitter. Notably, the HMM based technique employed by the receiver of the
present invention is particularly useful in power constrained platforms (e.g., SATCOM tags) devices that emit short
bursts, and cellular phones. In this regard, it should be appreciated that the HMM based technique allows for higher
data throughputs of spread spectrum communications as compared to conventional communication systems. Also, the
HMM based technique provides a power advantage to low Size, Weight and Power (SWaP) applications. Also, embod-
iments of the novel HMM based approach presented provides an adaptive length HMM training capability for recovering
sections of data from packetized data bursts that would remain lost in a fixed length HMM approach.
[0032] Using the HMM based technique at the receiver, the transmitter of the coherent chaotic spread-spectrum
communications system can simultaneously encode a data signal in both the symbol phase/amplitude modulation and
in the selection of a spreading sequence that is to be used to spread the data signal. As such, the transmitter of the
coherent chaotic spread-spectrum communications system can advantageously transmit a more compact data trans-
mission as compared to data transmission from conventional spread spectrum communication systems. The compact
data transmission occurs without an increase in energy per symbol as compared to the energy per symbol of a conven-
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tional data transmission.
[0033] Notably, the receiver of the coherent chaotic spread-spectrum communications system acts as a parallel set
of matched filter receivers. Each of the matched filter receivers de-spreads a received signal using a time synchronized
replica of a respective spreading sequence generated at the transmitter. The results of the de-spread operations are
referred to as observation signals. Each of the observation signals includes a plurality of observations. Thereafter, the
receiver processes the observations to determine correlations values therefore. A plurality of the correlation values is
selected. Each selected correlation value is associated with a particular observations (e.g., a first, second, third or fourth)
of a respective observation signal. The selected correlation values are compared against each other to determine which
correlation value is the largest thereof. The largest correlation value is then used in a deterministic process to determine
if the observation associated therewith represents a data symbol of the signal transmitted from the transmitter. Alterna-
tively, the correlation values are compared against each other to determine an ordering or probability of occurrence.
The ordering or probability of occurrence is then used in a deterministic process to determine the most likely series of
data symbols transmitted from the transmitter associated with a series of observations. If the observation associated
with the largest correlation value is determined to represent a data symbol associated with the signal transmitted from
the transmitter, then it is further processed for demodulating the same. The demodulated symbol can be converted into
text, sound, pictures, navigational-position information, and/or any other type of useful payload information that can be
communicated.

Exemplary Coherent Chaotic Spread-Spectrum Communications System

[0034] Referring now to FIG. 1, there is provided a coherent chaotic spread-spectrum communication system 100 that
is useful for understanding the present invention. Notably, the communication system 100 implements method embod-
iments of the present invention. Such method embodiments will be described below in relation to FIG. 7.
[0035] As shown in FIG. 1, the coherent chaotic spread-spectrum communication system 100 is comprised of a
transmitter 102 and a receiver 104. The transmitter 102 is configured to generate an amplitude-and-time-discrete base-
band signal and to spread the amplitude-and-time-discrete baseband signal over a wide intermediate frequency band.
This spreading consists of multiplying the amplitude-and-time-discrete baseband signal by at least one digital chaotic
sequence selected from a plurality of digital chaotic sequences. The product of the arithmetic operation(s) is(are) referred
to as a digital chaotic signal(s). In this regard, it should be understood that the transmitter 102 is also configured to
process the digital chaotic signal(s) to place the same in a proper analog form(s) suitable for transmission over a
communications link. The transmitter 102 is further configured to communicate analog chaotic signals to the receiver
104 via a communications link. The transmitter 102 will be described below in more detail in relation to FIGS. 2-3.
[0036] The receiver 104 is configured to receive transmitted chaotic spread spectrum signals from the transmitter 102.
The receiver 104 is also configured to down convert, digitize, and de-spread a transmitted chaotic spread spectrum
signal by correlating it with time-synchronized replicas of the possible chaotic sequences generated at the transmitter
102. The chaotic sequences are time synchronized to the transmitted chaotic spread spectrum signal, i.e., a sampling
rate of each of the chaotic sequences is the same as a sampling rate of the transmitted analog chaotic signal and is
synchronized with a clock (not shown) of the transmitter 102. The outputs of the arithmetic operations that despreads
the received signal are referred to as observation signals. The receiver 104 processes the observation signals to determine
correlations values therefore. Thereafter, the receiver 104 compares the correlation values against each other to deter-
mine which correlation value is the largest thereof. The largest correlation value is then used in a deterministic process
to determine if the observation signal associated therewith represents the signal transmitted from the transmitter 102.
Alternatively, the correlation values are compared against each other to determine an ordering or probability of occurrence.
The ordering or probability of occurrence is then used in a deterministic process to determine the most likely series of
data symbols transmitted from the transmitter associated with a series of observations. If the observation signal associated
with the largest correlation value is determined to represent a data symbol transmitted from the transmitter 102, then it
is further processed for obtaining data contained therein. If the observation signal associated with a series of observations
yields a significant amount of uncertainty as to the series of data symbols transmitted, then the length of the observation
signal considered may be expanded to a larger series of observations. The data can be converted into text, sound,
pictures, navigational-position information, and/or any other type of useful payload information that can be communicated.
The receiver 104 is described in more detail below in relation to FIG. 4A-6.

Embodiments of Transmitter Architectures

[0037] Referring now to FIG. 2, there is provided a bock diagram of the transmitter 102 shown in FIG. 1 that is useful
for understanding the invention. As shown in FIG. 2, the transmitter 102 is comprised of a data source 202, a source
encoder 204 and a symbol formatter 206, an Acquisition Data Generator (ADG) 208, a transmitter controller 210, a
Precision Real Time Reference (PRTR) clock 212, a multiplexer 214, a channel encoder 216 and a digital complex
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multiplier 224. The transmitter 102 is also comprised of a chaos generator 218, a Real Uniform statistics to Quadrature
Gaussian statistics mapper device (RUQG) 220, a Sample Rate Matching Filter (SRMF) 222, an interpolator 226, a
digital Local Oscillator (LO) 230, a Real Part of a Complex Multiplier (RPCM) 228, a Digital-to-Analog Converter (DAC)
232, an anti-image filter 234, an Intermediate Frequency to Radio Frequency (IF-to-RF) conversion device 236 and an
antenna element 238. The transmitter 102 is further comprised of a plurality of sequence generators 240, 242, ..., 244
and a sequence selector 246. Although three (3) sequence generators 240, 242, ..., 244 are shown in FIG. 2, embodiments
of the present invention are not limited in this regard. The transmitter 102 can include two or more sequence generators.
[0038] The data source 202 is configured to receive bits of data from an external data source (not shown in FIG. 2).
In this regard, it should be appreciated that the data source 202 is an interface configured for receiving an input signal
containing data from an external device (not shown in FIG. 2). The data source 202 is further configured to supply bits
of data to the source encoder 204 at a particular data transfer rate. The source encoder 204 can be configured to encode
the data received from the external device (not shown in FIG. 2) using a forward error correction coding scheme. The
bits of data received at or generated by the source encoder 204 represent any type of information that may be of interest
to a user. For example, the data can be used to represent text, telemetry, audio or video data. The source encoder 204
is further configured to supply bits of data to the symbol formatter 206 at a particular data transfer rate.
[0039] The symbol formatter 206 is configured to process bits of data for forming channel encoded symbols. In one
embodiment of the present invention, the source encoded symbols are phase shift keyed (PSK) encoded. The symbol
formatter 206 can be further configured to communicate non-differentially encoded PSK symbols and/or differentially
encoded PSK symbols to the multiplexer 214 and the sequence selector 246. The symbol formatter 206 can also be
configured to format data symbols representative of any amplitude-and-time-discrete modulation type. Embodiments of
the present invention are not limited in this regard. The symbol formatter 206 is functionally similar to a serial in/parallel
out shift register where the number of parallel bits out is equal to log base two (log2) of the order of the channel encoder 216.
[0040] The ADG 208 is configured for generating a "known data preamble" that can be used to enable initial synchro-
nization of a chaotic sequence generated in the transmitter 102 and the receiver (e.g., the receiver 104 of FIG. 1). The
duration of this "known data preamble" is determined by an amount required by the receiver (e.g., the receiver 104 of
FIG. 1) to synchronize with the transmitter 102 under known worst case channel conditions. In some embodiments of
the present invention, the "known data preamble" is a repetition of the same known symbol. In other embodiments of
the present invention, the "known data preamble" is a series of known symbols. The ADG 208 can be further configured
to communicate the "known data preamble" to the multiplexer 214.
[0041] The multiplexer 214 is configured to receive the binary word to be modulated by the channel encoder from the
symbol formatter 206. The multiplexer 214 is also configured to receive a "known data preamble" from the ADG 208.
The multiplexer 214 is coupled to the transmitter controller 210. The transmitter controller 210 is configured to control
the multiplexer 214 so that the multiplexer 214 (a) routes the "known data preamble" to the channel encoder 216 at the
time of a new transmission and (b) routes the data symbols to the channel encoder 216 after a preamble period has
expired. In this regard, it should be appreciated that a communication of the data symbols to the channel encoder 216
is delayed by a time defined by the length of the "known data preamble." As should be appreciated, the time delay allows
all of a "known data preamble" to be fully communicated to the channel encoder 216 prior to communication of the data
symbols.
[0042] The channel encoder 216 is configured to perform actions for representing the "known data preamble" and the
data symbols in the form of a modulated amplitude-and-time-discrete digital (MATDD) signal. The MATDD signal is
defined by digital words which represent baseband modulated symbols comprised of bits of data each having a one (1)
value or a zero (0) value. Methods for representing digital symbols as a MATDD signal are well known to persons having
ordinary skill in the art. Thus, such methods will not be described herein. However, it should be appreciated that the
channel encoder 216 can employ any such method. For example, the channel encoder 216 can be selected as a digital
baseband modulator employing quadrature phase shift keying (QPSK). As will be appreciated by those skilled in the
art, the output of the QPSK modulator will include an in-phase ("I") data and quadrature phase ("Q") data. In this scenario,
the I and Q data is communicated from the channel encoder 216 to the digital complex multiplier 224. Embodiments of
the present invention are not limited in this regard.
[0043] According to embodiments of the present invention, a sample rate matching device (not shown in FIG. 2) is
provided between the channel encoder 216 and the digital complex multiplier 224. The sample rate matching device
(not shown in FIG. 2) performs a sample rate increase on the MATDD signal so that a sample rate of the MATDD signal
is the same as a digital chaotic sequence communicated to the digital complex multiplier 224. Embodiments of the
present invention are not limited in this regard.
[0044] Referring again to FIG. 2, the digital complex multiplier 224 performs a complex multiplication in the digital
domain. In the digital complex multiplier 224, the MATDD signal is multiplied by a digital representation of a chaotic
sequence selected from a plurality of statistically orthogonal chaotic sequences. The plurality of statistically orthogonal
chaotic sequences is generated by the sequence generators 240, 242, ..., 244. Complex multiplier 224 is also configured
to communicate its output to interpolator 226.
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[0045] Each of the sequence generators 240, 242, ..., 244 is configured to process a chaotic sequence received from
the chaos generator 218 so as to generate a selection of statistically orthogonal chaotic sequences. Each of the sequence
generators 240, 242, 244 is configured to communicate these statistically orthogonal chaotic sequences to sequence
selector 246. In this regard, it should be understood that each of the sequence generators 240, 242, ..., 244 utilizes a
deterministic algorithm configured to preserve the uniform statistics of the chaotic sequence generated at the chaos
generator 218 yet ensures that the respective outputs are statistically orthogonal. In this fashion, each of the sequence
generators 240, 242, 244 produces a selection of statistically orthogonal communications basis functions. As such, the
deterministic algorithms used to produce the statistically orthogonal communications basis functions are herein referred
to as basis function algorithms. The chaos generator 218 will be described in detail below in relation to FIGS. 8-10. The
basis function algorithms include, but are not limited to, a bijective function, a rotation algorithm in which the bits of a bit
word are reorganized (e.g., the first "d" bits become the last "d" bits of the bit word), a scrambling algorithm in which the
bits of a bit word are scrambled, an XOR algorithm in which the bits of the bit word are XOR’ed with a known value, and
an encryption algorithm (e.g., a Galois extension field multiplication algorithm). The basis function algorithms can also
include, but are not limited to, uniform statistics preserving transformations, statistical shaping transformations, time-
delayed statistical shaping transformations, and fractal evolution statistical shaping transformations.
[0046] The chaotic sequence is selected by the sequence selector 246 from the plurality of statistically orthogonal
chaotic sequences generated by the sequence generators 240, 242, ..., 244. This chaotic sequence selection is made
utilizing symbol formatted data received from the symbol formatter 206. For example, if the transmitter 102 includes only
two (2) sequence generators 240, 242, then a chaotic sequence is selected from a first statistically orthogonal chaotic
sequence generated at the sequence generator 240 and a second statistically orthogonal chaotic sequence generated
at the sequence generator 242. This chaotic sequence selection is made based on a value of a single bit received from
the symbol formatter 206. More particularly, the first statistically orthogonal chaotic sequence is selected if the value of
the bit received from the symbol formatter 206 is zero (0). Alternatively, the second statistically orthogonal chaotic
sequence is selected if the value of the bit received from the symbol formatter 206 is one (1). Embodiments of the present
invention are not limited in this regard.
[0047] One or more bits of the symbol formatted data can be utilized by the sequence selector 246 for selecting a
chaotic sequence from a plurality of statistically orthogonal chaotic sequences. The number of bits of the symbol formatted
data depends on the number of sequence generators 240, 242, ..., 244 employed by the transmitter 102 and the number
of chaotic sequences to be selected by the sequence selector 246. For example, the number of bits of the symbol
formatted data can be determined by the following mathematical equation (1). 

where NOB represents the number of bits of the symbol formatted data utilized by the sequence selector 246 to select
one or more chaotic sequences from a plurality of statistically orthogonal chaotic sequences. "D" represents the number
of modulation states of the transmitter 102. "D" can be defined by the following mathematical equation (2). 

where "B" represents the number of sequence generators 240, 242, ..., 244 employed by the transmitter 102. "A" rep-
resents the number of chaotic sequences to be selected by the sequence selector 246 from a plurality of statistically
orthogonal chaotic sequences generated by the "B" sequence generators 240, 242, ..., 244. As such, the number of
possible selections by sequence selector 246 is equal to the combinatorial choice of "A" distinct elements from a size "B".
[0048] In the embodiment of the present invention shown in FIG. 2, the value of "A" is assumed to be one (1). However,
it should be noted that the present invention is not limited in this regard. A more comprehensive description of the
operations of the sequence selector 246 for "A" greater then one (1) is described in relation to FIG. 3.
[0049] Notably, the combinatorial selection values "D" need not be powers of two (2). The formatting of a symbol
formatter 206 and reverse processing at the receiver (described in relation to FIGS. 4A, 4B and 6) into a non-binary
format is also included without limitation. For example, choosing B=3 and A=1 allows transmittal of log(2)3 or approxi-
mately 1.58 bits of data information per symbol. A sequence of such formatted symbols may be prepared by the symbol
formatter 206 such that an integer number of data bits are converted into a non-binary number base. Alternatively, the
symbol formatter 206 output may be presented in a mixed-radix format, with conversion to and from an unweighted
number system at the transmitter and receiver.
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[0050] The sequence selector 246 communicates the selected chaotic sequence to the RUQG 220. The RUQG 220
statistically transforms the selected chaotic sequence into a transformed digital chaotic sequence with pre-determined
statistical properties. The transformed digital chaotic sequence can have a characteristic form including combinations
of real, complex, or quadrature, being of different word widths, and having different statistical distributions. For example,
the RUQG 220 can take in two (2) uniformly distributed real inputs from the sequence selector 246 and convert those
via a complex-valued bivariate Gaussian transformation to a quadrature output having statistical characteristics of a
Gaussian distribution. Such conversions are well understood by those having ordinary skill in the art, and therefore will
not be described herein. However, it should be understood that such techniques may use nonlinear processors, look-
up tables, iterative processing (CORDIC functions), or other similar mathematical processes. The RUQG 220 is further
configured to communicate transformed chaotic sequences to the SRMF 222. If the channel encoder 216 is configured
to yield a complex output representation of a data signal, then the transformed chaotic sequence includes an in-phase
("I") data portion and quadrature phase ("Q") data portion. In this scenario, the "I" and "Q" data portions of the transformed
chaotic sequence are communicated from the RUQG 220 to the SRMF 222 as shown in FIG. 2. Embodiments of the
present invention are not limited in this regard.
[0051] According to embodiments of the present invention, the RUQG 220 statistically transforms a selected chaotic
sequence into a quadrature Gaussian form thereof. This statistical transformation is achieved via a nonlinear processor
that combines lookup tables and embedded computational logic to implement the conversion of two (2) independent
uniformly distributed random variables into a quadrature pair of standard normal Gaussian distributed variables. One
such structure for this conversion is shown in the mathematical equations (3) and (4). 

where {u1, u2} are uniformly distributed independent input random variables drawn from the set (0,1) and {G1, G2} are
Gaussian distributed output random variables with zero mean and unit variance. Embodiments of the present invention
are not limited in this regard.
[0052] At the SRMF 222, the sample rate of the transformed chaotic sequence is matched to the sample rate of the
MATDD signal. In this regard, the SRMF 222 can include, but is not limited to, a real sample rate matching filter. The
real sample rate matching filter can be configured to resample "I" and "Q" portions of the transformed chaotic sequence.
The SRMF 222 is also configured to communicate a re-sampled, transformed digital chaotic sequence to the digital
complex multiplier 224.
[0053] The digital complex multiplier 224 performs a complex multiplication on the re-sampled, transformed digital
chaotic sequence output from the SRMF 222 and the MATDD signal output from the channel encoder 216. The result
of the complex multiplication is a digital representation of a coherent chaotic sequence spread spectrum modulated
baseband signal in which the digital data from the channel encoder 216 has been spread over a wide frequency bandwidth
in accordance with the selected statistically orthogonal chaotic sequence generated by a sequence generator 240,
242, ..., 244. The result of the complex multiplication is referred to herein as a digitally modulated chaotic communication
signal. The digitally modulated chaotic communication signal is communicated from the digital complex multiplier 224
to the interpolator 226.
[0054] The interpolator 226, RPCM 228 and LO 230 operate in tandem to form an IF translator which frequency
translates a quadrature baseband signal received from the complex multiplier 224 to a second real IF signal. Such digital
IF translators are known to those having ordinary skill in the art, and therefore will not be described herein. However, it
should be understood that the interpolator 226 raises the sample rate of the digitally modulated chaotic communication
signal received from the complex multiplier 224 to a rate compatible with the bandwidth and center frequency of the
second IF. The LO 230 generates a complex quadrature amplitude-and-time-discrete digital sinusoid at a frequency
which shall translate the first IF to a desired second IF. The LO 230 is also configured to pass its output to the RPCM
228. The RPCM 228 is configured to accept as its inputs the quadrature output of the interpolator 228 and the quadrature
output of the LO 230. The RPCM 228 is configured to perform complex multiplication operations using the received
signals. The result of the complex multiplication operations is a sampled digitally modulated chaotic communication
signal including the real parts of the products of a complex multiplication. The sampled digital modulated chaotic com-
munication signal is communicated from the RPCM 228 to the DAC 232. Notably, the conversion from a baseband signal
to an IF signal may be performed in one or multiple stages (as shown in FIG. 2) without limitation. Such architectures
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are well known to those having ordinary skill in the art, and therefore are not described herein. The DAC 232 converts
the sampled digital modulated chaotic communication signal to an analog signal. The analog signal is communicated
from the DAC 232 to the anti-image filter 234.
[0055] The anti-image filter 234 is configured to remove spectral images from the analog signal to form a smooth time
domain signal. The anti-image filter 234 is also configured to communicate a smooth time domain signal to the IF-to-RF
conversion device 236.
[0056] The IF-to-RF conversion device 236 can include, but is not limited to, a wide bandwidth analog IF to RF up
converter (not shown in FIG. 2) and a power amplifier (not shown in FIG. 2). In this regard, the IF-to-RF conversion
device 236 is generally configured to center a smooth time domain signal at an RF for transmission thereby forming an
RF signal. The power amplifier (not shown in FIG. 2) is configured to amplify the RF signal. The power amplifier (not
shown in FIG. 2) is also configured to communicate the amplified RF signal to the antenna element 238 for communication
to a receiver (e.g., the receiver 104 shown in FIG. 1).
[0057] It should be understood that the digital generation of the digital chaotic sequence at the transmitter 102 and a
receiver (e.g., the receiver 104 of FIG. 1) is kept closely coordinated under the control of the PRTR clock 212 (via
transmitter controller 210). The higher the precision of the PRTR clock 212, the closer the synchronization of the chaos
generator 218 of the transmitter 102 and the chaos generator (e.g., chaos generator 468 shown in FIG. 4A) of the
receiver (e.g., the receiver 104 of FIG. 1) shall be excluding the effects of processing delay differences and channel
propagation times. The use of the PRTR clock 212 allows the states of the chaos generators to be easily controlled with
precision.
[0058] The PRTR clock 212 can include, but is not limited to, a stable local oscillator locked to a precision real time
reference, such as a GPS clock receiver or a chip scale atomic clock (CSAC). The PRTR clock 212 is configured to
supply a high frequency clock to the clocked logic circuits (e.g., components 206, ... , 232) while being locked to a lower
frequency reference clock. The lower frequency reference clock supplies a common reference and a common real time
of day reference to prevent a large drift between the states of the chaos generator 218 and the chaos generator (e.g.,
chaos generator 468 shown in FIG. 4A) of the receiver (e.g., the receiver 104 of FIG. 1) over an extended time interval.
[0059] A person skilled in the art will appreciate that the transmitter architecture shown in FIG. 2 is one example of
an architecture that can be employed by a transmitter 102 of the communication system shown in FIG. 1. Embodiments
of the present invention are not limited in this regard. For example, the transmitter 102 can alternatively implement the
transmitter architecture shown in FIG. 3.
[0060] Referring now to FIG. 3, the transmitter 300 includes components 202-218, 226-244 which are described above
in relation to FIG. 2. The transmitter 300 also includes a plurality of RUQGs 3201, 3202, ... , 320K, a plurality of SRMFs
3221, 3222, ... , 322K and a plurality of complex multipliers 3241, 3242, ... , 324K. The RUQGs 3201, 3202, ... , 320K are
the same as or similar to the RUQG 220 of FIG. 2. Similarly, the SRMFs 3221, 3222, ... , 322K are the same as or similar
to the SRMF 222 of FIG. 2. Likewise, the complex multipliers 3241, 3242, ... , 324K are the same as or similar to the
complex multipliers 224 of FIG. 2. As such, the discussion provided above in relation to components 220-224 of FIG. 2
is sufficient for understanding the components 3201, 3202, ... , 320K, 3221, 3222, ... , 322K, 3241, 3242, ... , 324K of FIG. 3.
[0061] The transmitter 300 further includes a sequence selector 360 and an adder 362. The adder 362 is configured
to additively combine the signals received from the complex multipliers 3241, 3242, ... , 324K to form a combined digitally
modulated chaotic communication signal. The combined digitally modulated chaotic communication signal is commu-
nicated from the adder 362 to the interpolator 226 for subsequent processing. Notably, the transmitter 300 can operate
in a staggering mode or delay mode. In the staggering mode or delay mode, the outputs of the complex multipliers 3241,
3242, ... , 324K are communicated to the adder 362 in a staggered manner and/or sequential manner.
[0062] The sequence selector 360 is configured to select "A" chaotic sequences from the plurality of the statistically
orthogonal chaotic sequences received from the "B" sequence generators 240, 242, ..., 244. "B" is an integer. "A" is an
integer having a value less than or equal to "B". Each of the selected "A" chaotic sequences is communicated from the
sequence selector 360 to the respective one of the RUQGs 3201, 3202, ... , 320K. The "A" chaotic sequences are selected
by the sequence selector 360 from the plurality of statistically orthogonal chaotic sequences generated at the "B" sequence
generators 240, 242, ..., 244. This chaotic sequence selection is made utilizing symbol formatted data received from the
symbol formatter 206. For example, if the transmitter 102 includes B=six (6) sequence generators 240, 242, ..., 244,
then A=three (3) chaotic sequences can be selected from six (6) statistically orthogonal chaotic sequences generated
at the sequence generators 240, 242, ..., 244. This selection optimally follows a combinatorial selection of chaotic
sequences based on input data (i.e., symbol formatted data received from the symbol formatter 206). The combinatorial
selection is defined by mathematic equations (1) and (2) provided above. The combinatorial selection allows for "6
choose 3" or 20 (i.e., 6!/[3!(6-3)!] = 20) possible basis function selections of the transmitter 300. In this scenario, the
number of possible modulations states is defined by the number of possible combinations of the plurality of statistically
orthogonal chaotic sequences generated by the six (6) sequence generators 240, 242, ..., 244. Also in this scenario,
the number of bits of input data utilized by the sequence selector 360 to select the three (3) chaotic sequences is an
average of log2(20) or 4.32 bits. In embodiments of the present invention, the value of "A" is chosen to be a value less
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than or equal to the value of "B" divided by two (2) since the additive signal shares the total power level transmitted from
the transmitter 102 to the receiver 104 of FIG. 1. Embodiments of the present invention are not limited in this regard.
[0063] Notably, the selection of the values for "A" and "B" may be dynamically adjusted on up to a symbol-by-symbol
basis based on channel conditions. As such, the output of symbol formatter 206 may also communicate controls to
sequence selector 360 in order to designate any of the possible "A" and "B" values supported by the transmitter 300
hardware. In particular, the value of "A" is constrained to be less than or equal to the value of "K". As such, mathematical
equation (2) may be adjusted as shown in mathematical equation (5) for a fixed "B" greater than or equal to two (2). 

For an adjustable "B" less than "2K", mathematical equation (5) may be further adjusted as shown in mathematical
equation (6). 

where "H" is the number of sequence generators 240, 242, ..., 244. Note that floor(x) represents the "floor" function,
which is equal to the integer portion of the argument "x" for positive arguments. For example, if "H" equals eight (8) and
"K" is at least four (4), then the total possible number of ordered sequence selections is D = 296. In practice, this set of
possible combinations may be intentionally reduced without limitation.

Embodiments of Receiver Architectures

[0064] Referring now to FIGS. 4A-4B, there is provided a block diagram of an exemplary embodiment of the receiver
104 shown in FIG. 1 that is useful for understanding the present invention. It should be noted that, in conventional analog
based coherent communications systems, analog chaos circuits are synchronized by periodically exchanging state
information. The exchange of state information requires a substantial amount of additional bandwidth. This is what makes
analog based coherent communications impracticable.
[0065] The receiver 104 of FIGS. 4A-4B is designed to eliminate the drawbacks of conventional analog based coherent
communications systems. In this regard, it should be appreciated that the receiver 104 includes a digital chaos generator
468. The receiver 104 includes a tracking loop for synchronizing its digital chaos generator 468 and the digital chaos
generator 218 of the transmitter 102. Most significantly, the receiver 104 is configured to synchronize a plurality of strings
of discrete time chaotic samples (i.e., chaotic sequences) without using a constant or periodic transfer of state update
information. As a result, the receiver utilized coherent reception techniques equivalent to matched filter reception. A first
set of discrete time chaotic sample strings is generated at the transmitter 102. An identical second set of discrete time
chaotic sample strings is generated at the receiver 104.
[0066] Referring again to FIGS. 4A-4B, the receiver 104 is comprised of an antenna element 402, a low noise amplifier
(LNA) 404, a zonal filter 406, an AGC amplifier 408, an RF-to-IF conversion device 410, an anti-alias filter 412 and an
A/D converter 414. The receiver 104 is also comprised of real multipliers 416, 418, a loop control circuit 420, a quadrature
digital LO 422, a correlator 428, a Channel Encoded Acquisition Data Generator (CEADG) 450, digital complex multipliers
460, 462, 464, a Hidden Morkov Model (HMM) detector 466 and a symbol timing recovery circuit 426. The receiver 104
is further comprised of a receiver controller 438, a PRTR 436, a hard decision device 430, a Symbol to Bits (S/B) converter
432 and a source decoder 434. The receiver 104 is comprised of a chaos generator 468, sequence generators 470,
472, 474, lowpass filters 421, 423, and basis function sequence processors 4911, 4912, 4913. Each of the above listed
components and circuits 402-418, 421-428, 430-438, 450 and 460-464 are well known to persons skilled in the art. Thus,
these components and circuits will not be described in detail herein. However, a discussion of the receiver 104 architecture
is provided to assist a reader in understanding the present invention.
[0067] Referring again to FIG. 4A, the antenna element 402 is configured to receive an analog input signal commu-
nicated from a transmitter (e.g., transmitter 102 of FIG. 1) over a communications link. The antenna element 402 is also
configured to communicate the analog input signal to the LNA 404. The LNA 404 is configured to amplify a received
analog input signal while adding as little noise and distortion as possible. The LNA 404 is also configured to communicate
an amplified, analog input signal to the zonal filer 406. The zonal filter 406 is an analog filter with a slow roll off characteristic,
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but low injection loss. The zonal filter 406 is configured to suppress large interfering signals outside of the bands of
interest. The zonal filter 406 is also configured to communicate a filtered, analog input signal to the AGC amplifier 408.
[0068] The AGC amplifier 408 is a controllable gain amplifier configured to keep the magnitude of the received signal
within normal bounds for the rest of the signal processing chain. In this regard, the AGC amplifier 408 is configured to
communicate a gain adjusted, analog input signal to the RF-to-IF conversion device 410.
[0069] The RF-to-IF conversion device 410 is configured to mix the analog input signal to a preferred IF for conversion
to a digital signal at the A/D converter 414. The RF-to-IF conversion device 410 is also configured to communicate a
mixed analog input signal to the anti-alias filter 412. The anti-alias filter 412 is configured to restrict a bandwidth of a
mixed analog input signal. The anti-alias filter 412 is also configured to communicate a filtered, analog input signal to
the A/D converter 414. The A/D converter 414 is configured to convert a received analog input signal to a digital signal.
The A/D converter 414 is also configured to communicate a digital input signal to an IF translator 471. The IF translator
471 is generally configured to mix the digital input signal to a preferred IF for processing at the digital complex multipliers
460, 462, 464 and correlator 428. As such, the IF translator 471 is comprised of the real multipliers 416, 418, lowpass
filters 421, 423 and the LO 422. In embodiments of the present invention, the IF translator is configured to convert the
digital input signal to a zero IF, or baseband signal.
[0070] The multiplier 416 is configured to receive a digital word as input from the A/D converter 414 and a digital word
from the in-phase component of the LO 422. The multiplier 416 multiplies the output of the A/D converter 414 by the in-
phase component of the LO 422. The digital output word is then communicated from the multiplier 416 to the lowpass
filter 421. Similarly, the multiplier 418 is configured to receive a digital word as input from the A/D converter 414 and a
digital word from the quadrature-phase component of the LO 422. The multiplier 418 multiplies the output of the A/D
converter 414 by the quadrature-phase component of the LO 422. The digital output word is then communicated from
the multiplier 418 to the lowpass filter 423. Notably, the lowpass filters 421 and 423 are identical digital lowpass filters
which pass one sideband of the baseband IF signal while attenuating the other sideband. This has the effect of forming
a quadrature form of the IF signal at the output of the IF translator 471.
[0071] The LO 422 generates a complex quadrature amplitude-and-time-discrete digital sinusoid at a frequency which
translates the first IF to baseband and remove detected frequency and phase offsets in the resulting quadrature baseband
signal. The LO 422 accepts as its inputs a binary phase control word and a binary frequency control word from the loop
control circuit 420.
[0072] As noted above, the IF translator 471 is configured to mix the digital input signal to a preferred IF for processing
at the digital complex multipliers 460, 462, 464 and correlator 428. The IF translator 471 is also configured to communicate
a digital input signal to the digital complex multipliers 460, 462, 464 and correlator 428. As will be appreciated by those
having ordinary skill in the art, the output of the IF translator 471 can include an in-phase ("I") data and quadrature phase
("Q") data. As such, the IF translator 471 can communicate I and Q data to the digital complex multipliers 460, 462, 464
and correlator 428.
[0073] Each of the digital complex multipliers 460, 462, 464 is configured to perform a complex multiplication in the
digital domain. Although three (3) digital complex multipliers 460, 462, 464 are shown in FIG. 4A, embodiments of the
present invention are not limited in this regard. The receiver 104 can include any number of digital complex multipliers
suitable for a particular application. For example, the receiver 104 can have the same number of digital complex multipliers
as the number of sequence generators (e.g., sequence generators 240, 242, 244 of FIG. 2) employed by the transmitter
(e.g., the transmitter 102 of FIG. 1), "H". In this scenario, the receiver 104 generally de-spreads a digital input signal
received from the IF translator 471 using replicas of the statistically orthogonal chaotic sequences generated at the
transmitter (e.g., the transmitter 102 of FIG. 1). The de-spreading of the digital input signal is accomplished by the digital
complex multipliers 460, 462, 464. More particularly, in each of the digital complex multipliers 460, 462, 464, the digital
input signal is multiplied by a digital representation of a respective statistically orthogonal chaotic sequence. The results
of the multiplication operations are communicated from the digital complex multipliers 460, 462, 464 to the HMM detector
466.
[0074] The HMM detector 466 is generally configured to utilize an HMM to select one of the observation signals on a
symbol-by-symbol basis. HMMs are well known to persons skilled in the art, and therefore will not be described in detail
herein. However, it should be understood that the selected observations are the signal(s) that the HMM detector 466
determines were transmitted from the transmitter (e.g., transmitter 102 of FIG. 1). This determination can generally be
made by: (a) calculating or determining correlation values for the observation signals; (b) identifying the correlation value
that has the highest value of the values of the calculated correlation values; (c) and utilizing the identified correlation
value in a deterministic process to determine that the observation signal associated with the identified correlation value
represents the signal transmitted from the transmitter. The correlation values can be defined by the magnitudes and
phases of symbols of the observation signals, respectively. The deterministic process can include, but is not limited to,
an HMM deterministic process, a decision tree based deterministic process and/or a fractal evolution based deterministic
process. The selected observation signal is(are) then communicated from the HMM detector 466 to the loop control
circuit 420 for utilization in at least one phase, frequency and time tracking loop of the receiver 104. The observation
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signal communicated from the HMM detector 466 to the loop control circuit 420 can also be used to adjust the sequence
generator 470, 472, 474 parameters in order to support a time or state dependant evolution to the receiver 104 processing.
The selected observations are also communicated from the HMM detector 466 to the symbol timing recovery circuit 426
for subsequent processing. The HMM detector 466 will be described in more detail below in relation to FIG. 5.
[0075] The statistically orthogonal chaotic sequences are generated by the sequence generators 470, 472, 474.
Although three (3) sequence generators 470, 472, 474 are shown in FIG. 4A, embodiments of the present invention are
not limited in this regard. The receiver 104 can include any number of sequence generators suitable for a particular
application. For example, the receiver 104 can include the same number of sequence generators 470, 472, 474 as the
number of sequence generators (e.g., sequence generators 240, 242, 244 of FIG. 2) employed by the transmitter (e.g.,
the transmitter 102 of FIG. 1), "H".
[0076] Each of the sequence generators 470, 472, 474 is configured to process a chaotic sequence received from the
chaos generator 468 so as to generate a statistically orthogonal chaotic sequence. Notably, the chaos generator 468 is
controlled by the receiver controller 438 so that it generates a chaotic sequence with the correct initial state when the
receiver 104 is in an acquisition mode and a tracking mode. Acquisition and tracking modes of receivers are well known
to those having ordinary skill in the art, and therefore will not be described herein.
[0077] Each of the sequence generators 470, 472, 474 utilizes a basis function algorithm configured to preserve the
uniform statistics of the chaotic sequence generated at the chaos generator 468. The chaos generator 468 will be
described in detail below in relation to FIGS. 8-10. Notably, the sequence generators 470, 472, 474 can utilize the same
or different basis function algorithms. The basis function algorithm(s) can be selected to ensure that the outputs of the
sequence generators 470, 472, 474 are statistically orthogonal chaotic sequences. The basis function algorithms include,
but are not limited to, bijective functions, rotation algorithms in which the bits of bit words are reorganized (e.g., the first
"d" bits become the last "d" bits of the bit word), scrambling algorithms in which the bits of bit words are scrambled, XOR
algorithms in which the bits of bit words are XOR’ed with known values, and encryption algorithms (e.g., a Galois
extension field multiplication algorithm). The basis function algorithms can also include, but are not limited to, uniform
statistic preserving transformations, statistical shaping transformation, time-delayed shaping transformations, and fractal
evolution statistical shaping transformations. Notably, the basis functions and/or parameters of one or more of the basis
function algorithms utilized by the sequence generators 470, 472, 474 can change as a function of time. In this scenario,
the loop control circuit 420 can communicate with the sequence generators 470, 472, 474 for updating the basis functions
and/or parameters at particular times.
[0078] For example, in one embodiment of a fractal evolution statistical shaping transformation, the transmitter 102
of FIG. 1 will adjust the basis functions and/or parameters of sequence generators 240, 242, 244 shown in FIG 2 via
controls from the transmitter controller 210 (connections not shown in FIG. 2). These changes in basis function parameters
are data dependent, shown as the formatted data communicated from the symbol formatter 206 to sequence selector
246 of FIG. 2. As large amounts of data are transmitted, the possible range of basis function parameters is extremely
large, helping ensure that the evolution of resulting chaotic basis function helps embed the history of communicated
data. The downside of this evolution is that the search space grows exponentially as the string of unknown symbols
increases. In a specific implementation of this embodiment, the basis function parameters in sequence generators 240,
242, 244 are adjusted after each data symbol. The receiver processing as shown in FIG. 4 duplicates the evolution of
sequence generator 470, 472, 474 parameters based on receiver processing of the received chaotic communication
signal. If the receiver has the capability to perform processing on a signal in non-real-time, then the received signal may
be processed using a distinct subset of all possible parameter evolutions, narrowing the search space quickly when
symbols are received correctly. However, the present invention is not limited in this regard.
[0079] Each of the sequence generators 470, 472, 474 communicates a statistically orthogonal chaotic sequence to
a respective basis function sequence processor 4911, 4912, 4913. A detailed block diagram of the basis function sequence
processor 4911 is provided in FIG. 4B. The basis function sequence processor 4912, 4913 are the same as or similar to
the basis function sequence processor 4911. As such, the following discussion of the basis function sequence processor
4911 is sufficient for understanding the basis function sequence processor 4912, 4913.
[0080] As shown in FIG. 4B, the basis function sequence processor 4911 includes an RUQG 476, a re-sampling filter
482, multiplexors 488, 490 and a complex multiplier 401. The RUQG 476 is generally configured to statistically transform
a statistically orthogonal chaotic sequence into a transformed chaotic sequence. The transformed chaotic sequence can
have a characteristic form including combinations of real, complex, or quadrature, being of different word widths, and
having different statistical distributions. One such statistical transformation is a bivariate Gaussian distribution that con-
verts two (2) independent uniformly distributed random variables to a pair of quadrature Gaussian distributed variables.
The RUQG 476 is further configured to communicate a transformed chaotic sequence to the re-sampling filter 482.
[0081] The re-sampling filter 482 is a filter configured for adjusting the digital sample times of the statistically transformed
chaotic sequence provide by the RUQG 476. In particular, the re-sampling filter 482 is configured to compensate for
transmit and receive clock offsets with less than a certain level of distortion when the receiver 104 is in a steady state
demodulation mode. The amplitude-and-time discrete chaotic sequence represents a periodic sampling of a continuous



EP 2 365 653 B1

13

5

10

15

20

25

30

35

40

45

50

55

waveform. The re-sampling filter 482 adjusts the periodic rate that samples are taken from the notional continuous
waveform to compensate for transmit and receive clocks offsets and drifts. In this regard, it should be appreciated that
the re-sampling filter 482 is configured to convert a sampling rate of in-phase ("I") and quadrature-phase ("Q") data
sequences from a first sample set to a second sample set without changing the spectrum of the data contained in therein.
The re-sampling filter 482 is further configured to communicate in-phase ("I") and quadrature-phase ("Q") data sequences
to complex multipliers 401, 460 and multiplexors 488, 490.
[0082] The digital complex multiplier 401 generally performs a complex multiplication in the digital domain using a
modulated acquisition sequence received from the CEADG 450 of FIG. 4A. This complex multiplication includes multi-
plying the modulated acquisition sequence by a digital representation of a transformed chaotic sequence to yield a
reference for a digital input signal. The reference signal is communicated from the digital complex multiplier 401 to
multiplexers 488, 490.
[0083] The multiplexer 488 is configured to route the quadrature-phase part of a reference signal to the correlator 428
of FIG. 4A. The multiplexer 490 is configured to route the in-phase part of a reference signal to the correlator 428. In
this regard, it should be appreciated that the multiplexers 488, 490 are coupled to the receiver controller 438 of FIG. 4A.
The receiver controller 438 is configured to control the multiplexers 488, 490 in tandem so that the multiplexers 488,
490 route the reference signal to the correlator 428 while the receiver 104 is in an acquisition mode.
[0084] Referring again to FIG. 4A, the correlator 428 correlates a locally generated statistically orthogonal chaotic
sequence with a digital input signal. This correlation is performed at a symbol rate on symbol boundaries or at a symbol
rate offset from symbol boundaries. As should be understood, a "symbol rate" is a bit rate divided by the number of bits
transmitted in each symbol. The symbol rate is measured in symbols-per-second. The phrase "symbol boundary", as
used herein, refers to a beginning of a symbol and an end of a symbol.
[0085] Notably, the sense of the real and imaginary components of the correlation is directly related to the values of
the real and imaginary components of the symbols of a digital input signal. The sense of the real and imaginary components
of the correlation can be directly related to the values of the real and imaginary components of the PSK symbols of a
digital input signal. Thus, when the correlator 428 is in a steady state demodulation mode, the output of the correlator
428 is PSK symbol soft decisions. In this regard, it should be appreciated that soft information refers to soft-values (which
are represented by soft-decision bits) that comprise information about the symbols contained in a sequence. In particular,
soft-values are values that represent the probability that a particular symbol in a sequence is an estimate of its ideal
value(s). For example, if a binary symbol is a BPSK symbol, then a soft-value for a particular bit can indicate that a
probability of a bit being a one (1) is p(1)=0.3. Conversely, the same bit can have a probability of being a zero (0) which
is p(0)=0.7. Notably, any such amplitude-and-time discrete modulation type may be used without limitation.
[0086] The correlator 428 is also configured to communicate soft decisions to the hard decision device 430 for final
symbol decision making. The hard decision device 430 is configured to process the soft decisions to form hard symbol
decision and communicate the hard symbol decisions to the S/B converter 432. The S/B converter 432 converts symbols
to a binary form. The binary data sequence is communicated from the S/B converter 432 to the source decoder 434.
The source decoder 434 decodes FEC applied at the transmitter and communicates the decoded bit stream to one or
more external devices (not shown) utilizing the decoded data.
[0087] The correlator 428 is also configured to acquire initial timing information associated with a basis function chaotic
sequence, to acquire initial timing associated with a data sequence, and to track phase and frequency offset information
between the basis function chaotic sequence and a digital input signal. The correlator 428 is also configured to track
input signal magnitude information between the basis function chaotic sequence and a digital input signal. Various
methods for acquisition of initial timing information and tracking of input signal magnitude, phase and frequency offset
information are known by persons having ordinary skill in the art. Any such method can be used with the present invention
without limitation.
[0088] Referring now to FIG. 5, there is provided a more detailed block diagram of the HMM detector 466 described
above in relation to FIGS. 4A-4B. In general, the HMM detector 466 is configured to utilize an HMM to process the
observations 550, 552, 556 received from complex multipliers 460, 462, 464 of the receiver 104. HMMs are well known
to persons having ordinary skill in the art, and therefore will not be described in detail herein. However, a brief description
is provided to facilitate a discussion with respect to the HMM detector 466.
[0089] HMMs are generally constructed to quantify the observation probabilities of a traditional Markov process with
states that are only observable via a secondary process. Traditional Markov processes are well known to persons having
ordinary skill in the art, and therefore will not be described in detail herein. However, it should be understood the
memoryless property of a Markov process allows accurate prediction of the probabilities of entering all future states
given an initial state and set of initial state probabilities. Transitions between states follow a set of state transition
probabilities, allowing calculation of future state probabilities as conditional probabilities of the state transition probabilities
and the current state. An HMM is abstracted from the traditional Markov process by observing only a probabilistically
dependant characteristic or observation of a hidden state in the traditional Markov process with decisions based on
these observations of the secondary probabilistic process.
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[0090] As it pertains to the present discussion of the HMM detection in a chaotic communication system, the underlying
Markov process may be viewed as the last received data symbol (a "state") that may or may not be known with certainty.
The potential lack of certainty derives from signal perturbations that occur during transmission through a wireless com-
munications medium. Each data symbol, or Markov model state, is known to occur with a fixed probability given the
previous state of the system. The quantifiable HMM observation is the result of the received signal at the receiver 104
after internal signal processing, namely de-spreading of a chaotic spreading sequence. This observation is perturbed
from the original state (data symbol) transmitted by the transmitter 102 by additive noise and other signal perturbations
that are common in the wireless transmission of data. Each observation is compared to an expected set of observations
to derive a prediction of the overall observation sequence. Notably, the expected set of observations may be time-varying
or state-dependant. The states of the underlying Markov process can also adapt based on the history of data transmitted.
Based on a sequence of these observations, the HMM detector 466 is capable of resolving which data symbols were
transmitted, possibly inferring non-detected state transitions from the overall sequence of observations.
[0091] In embodiments of the present invention, the transmitter 102 precedes data transmission by transmitting an a
priori known preamble to facilitate reception of the data at the receiver 104. This known sequence of transmitted symbols
may be used as a training sequence for the HMM detector 466, allowing real-time adaption of the expected observation
set based on comparison of the known Markov states and detected observations. Subsequent decisions of transmitted
data are interpreted based on known state transition probabilities and subsequent observations. Embodiments of the
present invention are not limited in this regard.
[0092] The preceding description gives one simple interpretation of an HMM as applied to a communication system.
However, it should be understood that any HMM process may be used without limitation. To provide further understanding
of the application of an HMM detector 466 to a chaotic communication system, a brief example of one embodiment of
the present invention is presented. Still, it should be understood that the present invention is not limited by this description.
[0093] As described with respect to FIG. 3, a first chaotic communications transmitter 300 is configured to adapt a
chaotic spreading sequence or communication basis functions on a symbol-by-symbol basis. A simple method to ensure
that the signal adapts is to choose the basis functions in a manner so that the basis functions do not repeat during any
reasonable interval. In this regard, sequence generators 240, 242 are configured to adapt their parameters based on
each of the preceding data symbols. If each data symbol represents a binary selection (one data bit), then the sequence
generator 240 will adapt its next selection of a basis function derived from the chaos generator 218 output to one (1) of
two (2) suitably orthogonal spreading sequences. The next interval will produce a selection between two (2) new suitably
orthogonal spreading sequences derived from the time-varying output of chaos generator 218. Notably, the parameter
modification in sequence generators 240, 242 occurs independently such that no appreciable correlations will exist
between the two (2) collected spreading sequences. Methods for adapting the sequence generator 240, 242 parameters
in time to produce sequences with similar statistical distributions are obvious to those having ordinary skill in the art.
[0094] By adapting the parameters of sequence generators 240, 242 on a symbol-by-symbol basis, the current pa-
rameter state of sequence generators 240, 242 depends on the recent history of data symbols, representing an expo-
nential growth in possible states. Since the number of states in a digital system is necessarily finite, a reduced set of
states may be constructed and combined algebraically in a manner similar to a trellis coding format. An example of this
method is a 1024-state system represented by ten (10) binary values. At the next symbol interval, the next data symbol
is used to update one (1) binary value in the representation, which is then used to define one (1) of 1024 states of the
parameters used in sequence generators 240, 242. The next data symbol is used to update the next binary value in the
representation, which is in turn used to define another one of the 1024 possible states (possibly the same state).
[0095] At the communications receiver 104, the chaotically spread communication signal is processed using a series
of coherent de-spreading sequences generated by sequence generators 470, 472. The number of de-spreading se-
quences defines the number of possible states of the sequence generators 240, 242 during the current symbol interval.
The observation signals are processed by the HMM detector 466 to detect a series of observations. The HMM detector
466 then makes a decision based on the series of observations. For example, the HMM detector 466 makes soft symbol
decisions based on the previous ten (10) observations and their probabilities of occurrence given the history of obser-
vations. Notably, the selected observation length may be chosen at the receiver based on channel conditions, thereby
improving computational efficiency at relatively high signal-to-noise ratios.
[0096] As shown in FIG. 5, the HMM detector 466 includes a plurality of HMM processors 502, 504, 506 and an HMM
adjudicator 508. Each of the HMM processors 502, 504, 506 is generally configured to calculate or determine a correlation
value for the respective observation signal 550, 552, 554. The correlation value can be defined by the magnitude and
phase of a symbol of the respective observation signal 550, 552, 554. The correlation values computed or determined
by the HMM processors 502, 504, 506 are communicated to the HMM adjudicator 508. Each of the HMM processors
502, 504, 506 is also generally configured to estimate a probability that a candidate symbol was received during a symbol
interval as well as other potential signal metrics. The candidate symbol is chosen from an a priori known set of possible
symbols (possibly time-varying symbols) consistent with the coherent chaotic de-spreading sequence routed to the
preceding complex multiplier 460, 462, 464. The estimated symbol probability and signal metrics determined by the



EP 2 365 653 B1

15

5

10

15

20

25

30

35

40

45

50

55

HMM processors 502, 504, 506 are communicated to the HMM adjudicator 508.
[0097] At the HMM adjudicator 508, the correlation values are compared against each other to identify which correlation
value is the largest thereof. The identified correlation value is used by the HMM adjudicator 508 in a deterministic process
to determine that the observation signal associated therewith represents the signal transmitted from a transmitter (e.g.,
transmitter 102 of FIG. 1). The deterministic process can include, but is not limited to, a decision tree based deterministic
process and/or a trellis diagram based deterministic process. If the observation signal associated with the identified
correlation value is determined to represent the signal transmitted from the transmitter, then it is communicated from
the HMM adjudicator 508 to demodulation circuitry (e.g., components 426-434 of FIGS. 4A-4B). If the observation signal
associated with the identified correlation value is determined not to represent the signal transmitted from the transmitter
and a transmitted signal was expected from the transmitter, then the HMM adjudicator 508 extends its search to a greater
duration of observations to attempt improvement in the transmitted signal detection. This process continues recursively
until a symbol that represents an expected data evolutionary pattern is located. After such a symbol is located, the HMM
adjudicator 508 communicates the located symbol to demodulation circuitry (e.g., symbol timing recovery device 426 of
FIG. 4A) and/or the phase, frequency and tracking loop circuitry (e.g., Loop Control Circuit 420 of FIG. 4A). If the HMM
adjudicator 508 is unable to locate a symbol that represents an expected data evolutionary pattern, then the HMM
adjudicator 508 communicates information indicating the inability to locate the symbol to the phase, frequency and
tracking loop circuitry (e.g., Loop Control Circuit 420 of FIG. 4A). At the phase, frequency and tracking loop circuitry
(e.g., Loop Control Circuit 420 of FIG. 4A), a determination is made as to whether to reacquire the signal transmitted
from the transmitter.
[0098] In some embodiments of the present invention, the observation signal associated with the identified correlation
value is also communicated from the HMM adjudicator 508 to phase, frequency and tracking loop circuitry (e.g., Loop
Control Circuit 420 of FIG. 4A). Alternatively, in a pilot tone tracking scenario, a predesignated one of the observation
signals is communicated from the HMM adjudicator 508 to phase, frequency and tracking loop circuitry (e.g., Loop
Control Circuit 420 of FIG. 4A). Various method of pilot tone tracking for communication systems are well known to those
having ordinary skill in the art, and therefore will not be described herein. Any such pilot tone tracking method can be
used with the present invention without limitation. Notably, such pilot tone tracking methods typically allow a signal from
one of the de-spreading channels to be designated as a tracking signal. In this scenario, power and integration interval
adjustment can be easily integrated into a channel selection/optimization algorithm implemented in the receiver 104.
Consequently, radio cognition can be provided in the pilot tone tracking scenario.
[0099] It should be understood that conventional HMM adjudicators typically employ Viterbi algorithms. Viterbi algo-
rithms are constrained to relatively small sizes based on the communication system configuration (e.g., encoding poly-
nomial lengths and finite field sizes). In contrast, the HMM adjudicator 508 of the present invention is limited only by the
chaotic spreading sequence length, which is practically infinite and efficiently extendable. Moreover, the chaotic sequence
is a maximal entropy spreading sequence with impulsive autocorrelation, thereby ensuring that different data sequences
will produce signals with fractional evolutionary patterns.
[0100] The following example is provided to demonstrate a fractal evolutionary pattern of a communication system of
the present invention. In this example, the communication system receives two (2) data sequences "DS1" and "DS2".
The data sequence"DS 1" comprises the following ten (10) bits of data {0101010101}. The data sequence "D2" comprises
the following ten (10) bits of data {0 1 0 0 0 1 0 1 0 1 } . Notably, each bit of the data sequences "DS1" and "DS2"
indicates a binary evolution of a data signal. If two (2) chaotic data signals are constructed using the data bits of data
sequence "DS1" and "DS2", then a first modulated chaotic data signal associated with data sequence "DS I " correlates
with a second modulated chaotic data signal associated with data sequence "DS2" for the first three (3) symbols. The
fourth data symbol is different between "DS1" and "DS2", forcing the two (2) spreading sequences to diverge into different
evolutionary patterns. The remaining six (6) data symbols of the first and second modulated chaotic data signals are
identical, yet the resulting modulated signals are orthogonal with respect to each other. In effect, an exponential growth
in the number of possible observations occurs at the receiver, with any change in data symbol creating a new evolutionary
path. A linear time search of the observations allows the receiver to detect where evolutionary transitions occur, corre-
sponding to updated data symbols, based on preceding values. Consequently, the HMM based process employed by
the receiver is efficient.
[0101] It should be emphasized that, in poor signal environments, conventional Viterbi based processes irretrievably
fail once a signal misses a number of symbols greater than its encoding polynomial order. In contrast, the HMM based
process of the present invention allows a potential for further correction at the expense of greater receiver processing.
Therefore, the HMM based process is particularly valuable for communication application employing short bursts of high
value data, since the total energy required to digitally process the received signal can be significantly lower than that of
re-transmitting the signal through an RF amplifier. Further, the battery constraints of communication systems employing
the HMM based process of the present invention are improved as compared to that of conventional communication
systems by implementing asymmetric processing.
[0102] A person skilled in the art will appreciate that the architecture of receiver 104 shown in FIGS. 4A-5 is one
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example of an architecture for a communications system receiver. Embodiments of the present invention are not limited
in this regard. Any other receiver architecture can be used without limitation. For example, another exemplary architecture
600 for a communication system receiver is provided in FIG. 6.
[0103] The receiver 600 generally employs a plurality of demodulator circuits and fly-wheeled tracking loops. Each of
the demodulator circuits comprises a symbol timing recovery circuit 4261, 4262, 4263, a correlator 4281, 4282, 4283, a
hard decision device 4301, 4302, 4303, an S/B converter 4321, 4322, 4323 and a source decoder 4341, 4342, 4343. Each
of the fly-wheeled tracking loops comprises components 408-423, 4261, 4262, 4263, 4281, 4282, 4283, a complex multiplier
460, 462, 464 and an HMM processor 4991, 4992, 4993. Fly-wheeled tracking loops are well known to persons skilled
in the art, and therefore will not be described in detail herein. However, it should be understood that there are multiple
instantiations of the tracking loops. Each tracking loop corresponds to a possible evolution of the chaotic basis function.
Each tracking loop is updated based on the output of its corresponding complex multiplier 460, 462, 464 and HMM
processor 4991, 4992, 4993 if a signal is detected. When a signal is not detected, the particular tracking loop extrapolates
the last received results to "fly-wheel" the loop parameters during a next symbol interval. This "fly-wheel" of loop param-
eters allows the particular tracking loop to reject spurious data.

Embodiments of Methods For Processing Data Signals

[0104] Referring now to FIG. 7, there is provided a flow diagram of an exemplary method 700 for processing data
signals in a communication system (e.g., the communication system 100 of FIG. 1) that is useful for understanding the
present invention. The method 700 generally involves generating a spread spectrum signal at a transmitter (e.g., the
transmitter 102 of FIG. 1). The spread spectrum signal is then communicated from the transmitter to a receiver (e.g.,
the receiver 104 of FIG. 1). At the receiver, the spread spectrum signal is processed to obtain data therefrom.
[0105] As shown in FIG. 7, the method 700 begins with step 702 and continues with step 704. In step 704, a first
chaotic sequence is generated at the transmitter (e.g., the transmitter 102 of FIG. 1) of a first communication device
(e.g., a radio console or a handheld radio). Next, step 706 is performed. In step 706, basis function algorithms are
performed using the chaotic sequence to generate first statistically orthogonal chaotic sequences. The basis function
algorithms can include, but are not limited to, bijective functions, rotation algorithms, scrambling algorithms, XOR algo-
rithms and encryption algorithms. The basis function algorithms can also include, but are not limited to, uniform statistics
preserving transformations, statistical shaping transformations, time-delayed statistical shaping transformations and
fractal evolution statistical shaping transformations.
[0106] After completing step 706, step 708 is performed where at least one chaotic sequence is selected from the first
statistically orthogonal chaotic sequences for combining with a data signal. This selection can be based on at least one
bit value of symbol formatted data. The symbol formatted data can be obtained by processing a data signal received at
the transmitter from a data source. In a next step 710, the selected chaotic sequence is combined with the data signal
to obtain a modulated chaotic communication signal with a wide frequency bandwidth. Thereafter, step 712 is performed
where the modulated chaotic communication signal is transmitted to the receiver of a second communication device
(e.g., a radio console or a handheld radio).
[0107] The modulated chaotic communication signal is received at the receiver in step 714. At the receiver, the received
modulated chaotic communication signal is processed to obtain data therefrom. This processing generally involves
performing steps 716-722 of FIG. 7A and steps 724-744 of FIG. 7B.
[0108] As shown in FIG. 7A, step 716 involves generating a second chaotic sequence. The second chaotic sequence
is a time synchronized replica of the first chaotic sequence generated at the transmitter in the previous step 704. More
particularly, the first and second chaotic sequences are the same numerical sequences which are time synchronized to
the received analog chaotic signal, i.e., a sampling rate of each of the first and second chaotic sequences is the same
as a sampling rate of a transmitted analog chaotic signal and is synchronized with a clock of the transmitter.
[0109] In step 718, second basis function algorithms are performed using the second chaotic sequence to generate
second statistically orthogonal chaotic sequences. Each second statistically orthogonal chaotic sequence is a time
synchronized replica of a respective one of the first statistically orthogonal chaotic sequences generated at the transmitter
in previous step 706. The second statistically orthogonal algorithms can include, but are not limited to, bijective functions,
rotation algorithms, scrambling algorithms, XOR algorithms and encryption algorithms. The second statistically orthog-
onal algorithms can also include, but are not limited to, uniform statistics preserving transformations, statistical shaping
transformations, time-delayed statistical shaping transformations and fractal evolution statistical shaping transformations.
[0110] After completing step 718, the method 700 continues with step 720. In step 720, observation signals are
generated by combining the received modulated chaotic communication signal with each of the second statistically
orthogonal chaotic sequences. Each of the observation signals includes a plurality of observations. Subsequent to step
720, step 722 is performed where correlation values for each observation of the observation signals are determined.
Each correlation value is defined by at least the magnitude and/or phase of a respective observation symbol of the
respective observation signal. Thereafter, the method 700 continues with step 724 of FIG. 7B.
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[0111] As shown in FIG. 7B, step 724 generally involves selecting a plurality of correlation values. Each selected
correlation value is associated with a particular (e.g., a first, second, third, ect ...) observation of a respective observation
signal. In a next step 726, the largest correlation value of the selected correlation values is identified. The identified
largest correlation value is used in a deterministic process as shown by step 728. The deterministic process is generally
performed to determine if the observation symbol associated with the largest correlation value represents the respective
symbol of a data signal transmitted from the transmitter.
[0112] If the observation symbol associated with the largest correlation value is determined to represent the respective
symbol of a data signal transmitted from the transmitter [730:YES], then the method 700 continues with step 732. In
step 732, the observation symbol is processed to demodulate the same. Thereafter, step 744 is performed where the
method 700 returns to step 724 or other processing is performed. Other processign as referred to in step 744 can include,
but is not limited to, tracking loop processing.
[0113] If the observation symbol associated with the largest correlation value does not represent the respective symbol
of a data signal transmitted from the transmitter [730:NO], then the method 700 continues with a decision step 734. If
a transmitted signal is not expected from the transmitter [734:N0], then step 744 is performed where the method 700
returns to step 724 or other processing is performed. If a transmitted signal is expected from the transmitter [734:YES],
then step 736 is performed where a search is extended to a greater duration of observations of an HMM model for
locating a symbol in an expected data evolutionary pattern of the transmitted signal. After the duration of observations
has expired, a decision step 738 is performed. If a symbol has been located during the search of the HMM model
observations [738:YES], then step 740 is performed where the located symbol is communicated to demodulation circuitry
and/or phase, frequency and tracking loop circuitry. If a symbol was not located during the search of the HMM model
observations [738:NO], then an optional step 742 is performed. Step 742 can involve: (a) reacquiring a signal transmitted
from the transmitter; (b) adjusting a correlation window to increase a sequence length of an observation signal associated
with the largest correlation value; and/or (c) adjusting the deterministic process. After completing step 742, step 744 is
performed where the method 700 returns to step 724 or other processing is performed.

Chaos Generators and Digital Chaotic Sequence Generation

[0114] Referring now to FIG. 8, there is provided a conceptual diagram of a chaos generator 218, 468 (described
above in relation to FIGS. 2-6). As shown in FIG. 8, generation of the chaotic sequence begins with polynomial equations
f0(x(nT)), ..., fN-1(x(nT)). The polynomial equations f0(x(nT)), ..., fN-1(x(nT)) can be selected as the same polynomial
equation or as different polynomial equations. According to an aspect of the invention, the polynomial equations
f0(x(nT)), ..., fN-1(x(nT)) are selected as irreducible polynomial equations having chaotic properties in Galois field arith-
metic. Such irreducible polynomial equations include, but are not limited to, irreducible cubic polynomial equations and
irreducible quadratic polynomial equations. The phrase "irreducible polynomial equation", as used herein, refers to a
polynomial equation that cannot be expressed as a product of at least two nontrivial polynomial equations over the same
Galois field (f). For example, the polynomial equation f(x(nT)) is irreducible if there does not exist two (2) non-constant
polynomial equations g(x(nT)) and h(x(nT)) in x(nT) with rational coefficients such that f(x(nT)) = g(x(nT))·h(x(nT)).
[0115] Each of the polynomial equations f0(x(nT)), ..., fN-1(x(nT)) can be solved independently to obtain a respective
solution. Each solution can be expressed as a residue number system (RNS) residue value using RNS arithmetic
operations, i.e., modulo operations. Modulo operations are well known to persons having ordinary skill in the art, and
therefore will not be described herein. However, it should be appreciated that an RNS residue representation for some
weighted value "a" can be defined by following mathematical equation (7). 

where R is an RNS residue N-tuple value representing a weighted value "a" and m0, m1, ..., mN-1 respectively are the
moduli for RNS arithmetic operations applicable to each polynomial equation f0(x(nT)), ..., fN-1(x(nT)). R(nT) can be a
representation of the RNS solution of a polynomial equation f(x(nT)) defined as R(nT) = {f0(x(nT)) modulo m0, f1(x(nT))
modulo m1, ..., fN-1(x(nT)) modulo mN-1}.
[0116] From the foregoing, it will be appreciated that the RNS employed for solving each of the polynomial equations
f0(x(nT)), ..., fN-1(x(nT)) respectively has a selected modulus value m0, m1, ..., mN-1 The modulus value chosen for each
RNS moduli is preferably selected to be relatively prime numbers p0, p1, ..., pN-1. The phrase "relatively prime numbers",
as used herein, refers to a collection of natural numbers having no common divisors except one (1). Consequently, each
RNS arithmetic operation employed for expressing a solution as an RNS residue value uses a different relatively prime
number p0, p1, ..., pN-1 as a moduli m0, m1,..., mN-1.
[0117] The RNS residue value calculated as a solution to each one of the polynomial equations f0(x(nT)), ..., fN-1(x(nT))
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will vary depending on the choice of prime numbers p0, p1, ..., pN-1 selected as a moduli m0, m1, ..., mN-1. Moreover, the
range of values will depend on the choice of relatively prime numbers p0, p1, ..., pN-1 selected as a moduli m0, m1, ...,
mN-1 For example, if the prime number five hundred three (503) is selected as modulus m0, then an RNS solution for a
first polynomial equation f0(x(nT)) will have an integer value between zero (0) and five hundred two (502). Similarly, if
the prime number four hundred ninety-one (491) is selected as modulus m1, then the RNS solution for a second polynomial
equation f1(x(nT)) has an integer value between zero (0) and four hundred ninety (490).
[0118] According to an embodiment of the invention, each of the polynomial equations f0(x(nT)), ..., fN-1(x(nT)) is
selected as an irreducible cubic polynomial equation having chaotic properties in Galois field arithmetic. Each of the
polynomial equations f0(x(nT)), ..., fN-1(x(nT)) can also be selected to be a constant or varying function of time. The
irreducible cubic polynomial equation is defmed by the following mathematical equation (8). 

where:

x is a variable defining a sequence location;

n is a sample time index value;

k is a polynomial time index value;

L is a constant component time index value;

T is a fixed constant having a value representing a time interval or increment;

Q, R, and S are coefficients that define the polynomial equation f(x(nT)); and

C is a coefficient of x(nT) raised to a zero power and is therefore a constant for each polynomial characteristic.

[0119] In a preferred embodiment, a value of C is selected which empirically is determined to produce an irreducible
form of the stated polynomial equation f(x(nT)) for a particular prime modulus. For a given polynomial with fixed values
for Q, R, and S more than one value of C can exist, each providing a unique iterative sequence. Embodiments of the
present invention are not limited in this regard.
[0120] According to another embodiment of the invention, the polynomial equations f0(x(nT)) ... fN-1(x(nT)) are identical
exclusive of a constant value C. For example, a first polynomial equation f0(x(nT)) is selected as f0(x(nT)) = 3x3(nT) +
3x2(nT) + x(nT) + C0. A second polynomial equation f1(x(nT)) is selected as f1(x(nT)) = 3x3(nT) + 3x2(nT) + x(nT) + C1.
A third polynomial equation f2(x(nT)) is selected as f2(x(nT)) = 3x3(nT) + 3x2(nT) + x(nT) + C2, and so on. Each of the
constant values C0, C1, ..., CN-1 is selected to produce an irreducible form in a residue ring of the stated polynomial
equation f(x(nT)) = 3x3(nT) + 3x2(nT) + x(nT) + C. In this regard, it should be appreciated that each of the constant values
C0, C1, ..., CN-1 is associated with a particular modulus m0, m1, ..., mN-1 value to be used for RNS arithmetic operations
when solving the polynomial equation f(x(nT)). Such constant values C0, C1, ..., CN-1 and associated modulus m0, m1, ...,
mN-1 values which produce an irreducible form of the stated polynomial equation f(x(nT)) are listed in the following Table
(1).

TABLE 1

Moduli values m0, m1, ..., MN-1: Sets of constant values C0, C1, ..., CN-1:

3 {1, 2}

5 {1,3}

11 {4,9}

29 {16, 19}

47 {26,31}

59 {18,34}
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Embodiments of the present invention are not limited in this regard.

[0121] The number of discrete magnitude states (dynamic range) that can be generated with the system shown in
FIG. 8 will depend on the quantity of polynomial equations N and the modulus values m0, m1, ..., mN-1 values selected
for the RNS number systems. In particular, this value can be calculated as the product M = m0 m1, · m3 · m4 ·...· mN-1.
[0122] Referring again to FIG. 8, it should be appreciated that each of the RNS solutions No. 1, ..., No. N is expressed
in a binary number system representation. As such, each of the RNS solutions No. 1, ..., No. N is a binary sequence of
bits. Each bit of the sequence has a zero (0) value or a one (1) value. Each binary sequence has a bit length selected
in accordance with a particular moduli.
[0123] According to an embodiment of the invention, each binary sequence representing a residue value has a bit
length (BL) defined by the following mathematical equation (9).

where m is selected as one of moduli m0, m1, ..., mN-1. Ceiling[u] refers to a next highest whole integer with respect to
an argument u.
[0124] In order to better understand the foregoing concepts, an example is useful. In this example, six (6) relatively

(continued)

Moduli values m0, m1, ..., MN-1: Sets of constant values C0, C1, ..., CN-1:

71 {10,19,20,29}

83 {22,26,75,79}

101 {27,38,85,96}

131 {26, 39, 77, 90}

137 {50, 117}

149 {17, 115, 136, 145}

167 {16, 32, 116, 132}

173 {72, 139}

197 {13, 96, 127, 179}

233 {52, 77}

251 {39, 100, 147, 243}

257 {110, 118}

269 {69, 80}

281 {95, 248}

293 {37, 223}

311 {107, 169}

317 {15, 55}

347 {89, 219}

443 {135, 247, 294, 406}

461 {240, 323}

467 {15, 244, 301, 425}

479 {233, 352}

491 {202, 234}

503 {8, 271}
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prime moduli are used to solve six (6) irreducible polynomial equations f0(x(nT)), ..., f5(x (nT)). A prime number p0
associated with a first modulus m0 is selected as five hundred three (503). A prime number p1 associated with a second
modulus m1 is selected as four hundred ninety one (491). A prime number p2 associated with a third modulus m2 is
selected as four hundred seventy-nine (479). A prime number p3 associated with a fourth modulus m3 is selected as
four hundred sixty-seven (467). A prime number p4 associated with a fifth modulus m4 is selected as two hundred fifty-
seven (257). A prime number p5 associated with a sixth modulus m5 is selected as two hundred fifty-one (251). Possible
solutions for f0(x(nT)) are in the range of zero (0) and five hundred two (502) which can be represented in nine (9) binary
digits. Possible solutions for f1(x(nT)) are in the range of zero (0) and four hundred ninety (490) which can be represented
in nine (9) binary digits. Possible solutions for f2(x(nT)) are in the range of zero (0) and four hundred seventy eight (478)
which can be represented in nine (9) binary digits. Possible solutions for f3(x(nT)) are in the range of zero (0) and four
hundred sixty six (466) which can be represented in nine (9) binary digits. Possible solutions for f4(x(nT)) are in the range
of zero (0) and two hundred fifty six (256) which can be represented in nine (9) binary digits. Possible solutions for
f5(x(nT)) are in the range of zero (0) and two hundred fifty (250) which can be represented in eight (8) binary digits.
Arithmetic for calculating the recursive solutions for polynomial equations f0(x(nT)), ..., f4(x (nT)) requires nine (9) bit
modulo arithmetic operations. The arithmetic for calculating the recursive solutions for polynomial equation f5(x(nT))
requires eight (8) bit modulo arithmetic operations. In aggregate, the recursive results f0(x(nT)), ..., f5(x (nT)) represent
values in the range from zero (0) to M-1. The value of M is calculated as follows: p0 · p1 · p2 · p3 · p4 · p5 = 503 · 491 ·
479 · 467 · 257 · 251 = 3,563,762,191,059,523. The binary number system representation of each RNS solution can be
computed using Ceiling[Log2(3,563,762,191,059,523)] = Ceiling[51.66] = 52 bits. Because each polynomial is irreducible,
all 3,563,762,191,059,523 possible values are computed resulting in a sequence repetition time of every M times T
seconds, i.e., a sequence repetition times an interval of time between exact replication of a sequence of generated
values. Embodiments of the present invention are not limited in this regard.
[0125] Referring again to FIG. 8, the RNS solutions No. 1, ..., No. N are mapped to a weighted number system
representation thereby forming a chaotic sequence output. The phrase "weighted number system", as used herein,
refers to a number system other than a residue number system. Such weighted number systems include, but are not
limited to, an integer number system, a binary number system, an octal number system, and a hexadecimal number
system.
[0126] According to an aspect of the invention, the RNS solutions No. 1, ..., No. N are mapped to a weighted number
system representation by determining a series of digits in the weighted number system based on the RNS solutions No.
1, ..., No. N. The term "digit", as used herein, refers to a symbol of a combination of symbols to represent a number. For
example, a digit can be a particular bit of a binary sequence. According to another aspect of the invention, the RNS
solutions No. 1, ..., No. N are mapped to a weighted number system representation by identifying a number in the
weighted number system that is defined by the RNS solutions No. 1, ..., No. N. According to yet another aspect of the
invention, the RNS solutions No. 1, ..., No. N are mapped to a weighted number system representation by identifying a
truncated portion of a number in the weighted number system that is defined by the RNS solutions No. 1, ..., No. N. The
truncated portion can include any serially arranged set of digits of the number in the weighted number system. The
truncated portion can also be exclusive of a most significant digit of the number in the weighted number system. The
truncated portion can be a chaotic sequence with one or more digits removed from its beginning and/or ending. The
truncated portion can also be a segment including a defined number of digits extracted from a chaotic sequence. The
truncated portion can further be a result of a partial mapping of the RNS solutions No. 1, ..., No. N to a weighted number
system representation.
[0127] According to an embodiment of the invention, a mixed-radix conversion method is used for mapping RNS
solutions No. 1, ..., No. N to a weighted number system representation. "The mixed-radix conversion procedure to be
described here can be implemented in" [modulo moduli only and not modulo the product of moduli.] See Residue
Arithmetic and Its Applications To Computer Technology, written by Nicholas S. Szabo & Richard I. Tanaka, McGraw-
Hill Book Co., New York, 1967. To be consistent with said reference, the following discussion of mixed radix conversion
utilizes one (1) based variable indexing instead of zero (0) based indexing used elsewhere herein. In a mixed-radix
number system, "a number x may be expressed in a mixed-radix form: 

where the R; are the radices, the ai are the mixed-radix digits, and 0 ≤ ai < Ri. For a given set of radices, the mixed-radix
representation of x is denoted by (an, an-1, ..., a1) where the digits are listed in order of decreasing significance." See
Id. "The multipliers of the digits ai are the mixed-radix weights where the weight of ai is 



EP 2 365 653 B1

21

5

10

15

20

25

30

35

40

45

50

55

[0128] For conversion from the RNS to a mixed-radix system, a set of moduli are chosen so that mi = Ri. A set of
moduli are also chosen so that a mixed-radix system and a RNS are said to be associated. "In this case, the associated
systems have the same range of values, that is 

The mixed-radix conversion process described here may then be used to convert from the [RNS] to the mixed-radix
system." See Id.
[0129] "If mi = Ri, then the mixed-radix expression is of the form: 

where ai are the mixed-radix coefficients. The ai are determined sequentially in the following manner, starting with a1."
See Id. 

is first taken modulo m1. "Since all terms except the last are multiples of m1, we have 〈 x〉m1 = a1. Hence, a1 is just the
first residue digit." See Id.
[0130] "To obtain a2, one first forms x-a1 in its residue code. The quantity x-a1 is obviously divisible by m1. Furthermore,
m1 is relatively prime to all other moduli, by definition. Hence, the division remainder zero procedure [Division where the
dividend is known to be an integer multiple of the divisor and the divisor is known to be relatively prime to M] can be
used to find the residue digits of order 2 through N of 

Inspection of 

shows then that x is a2. In this way, by successive subtracting and dividing in residue notation, all of the mixed-radix
digits may be obtained." See Id.
[0131] "It is interesting to note that 



EP 2 365 653 B1

22

5

10

15

20

25

30

35

40

45

50

55

and in general for i>1 

." See Id. From the preceding description it is seen that the mixed-radix conversion process is iterative. The conversion
can be modified to yield a truncated result. Still, the invention is not limited in this regard.
[0132] According to another embodiment of the invention, a Chinese remainder theorem (CRT) arithmetic operation
is used to map the RNS solutions No. 1, ..., No. N to a weighted number system representation. The CRT arithmetic
operation can be defined by a mathematical equation (9) [returning to zero (0) based indexing]. 

where Y(nT) is the result of the CRT arithmetic operation;

n is a sample time index value;
T is a fixed constant having a value representing a time interval or increment;
x0-xN-1 are RNS solutions No. 1, ..., No. N;
p0, p1, ..., pN-1 are prime numbers;
M is a fixed constant defined by a product of the relatively prime numbers p0, p1, ... pN-1; and
b0, b1, ..., bN-1 are fixed constants that are chosen as the multiplicative inverses of the product of all other primes
modulo p0, p1, ..., pN-1, respectively.

Equivalently, 

[0133] The bj’s enable an isomorphic mapping between an RNS N-tuple value representing a weighted number and
the weighted number. However without loss of chaotic properties, the mapping need only be unique and isomorphic. As
such, a weighted number x can map into a tuple y. The tuple y can map into a weighted number z. The weighted number
x is not equal to z as long as all tuples map into unique values for z in a range from zero (0) to M-1. Thus for certain
embodiments of the present invention, the bj’s can be set to unity.
[0134] In such embodiments of the present invention, all bj’s can be set equal to one (1) without loss of the chaotic
properties resulting in mathematical equation (11). 
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The invention is not limited in this regard.
[0135] Referring again to FIG. 8, the chaotic sequence output Y(nT) can be expressed in a binary number system
representation. As such, the chaotic sequence output Y(nT) can be represented as a binary sequence. Each bit of the
binary sequence has a zero (0) value or a one (1) value. The chaotic sequence output Y(nT) can have a maximum bit
length (MBL) defined by the following mathematical equation (12). 

where M is the product of the relatively prime numbers p0, p1, ..., pN-1 selected as moduli m0, m1, ..., mN-1. In this regard,
it should be appreciated the M represents a dynamic range of a CRT arithmetic operation. The phrase "dynamic range",
as used herein, refers to a maximum possible range of outcome values of a CRT arithmetic operation. It should also be
appreciated that the CRT arithmetic operation generates a chaotic numerical sequence with a periodicity equal to the
inverse of the dynamic range M. The dynamic range requires a Ceiling[Log2(M)] bit precision.
[0136] According to an embodiment of the invention, M equals three quadrillion five hundred sixty-three trillion seven
hundred sixty-two billion one hundred ninety-one million fifty-nine thousand five hundred twenty-three
(3,563,762,191,059,523). By substituting the value of M into Equation (11), the bit length (BL) for a chaotic sequence
output Y expressed in a binary system representation can be calculated as follows: BL = Ceil-
ing[Log2(3,563,762,191,059,523)] = 52 bits. As such, the chaotic sequence output Y is a fifty-two (52) bit binary sequence
having an integer value between zero (0) and three quadrillion five hundred sixty-three trillion seven hundred sixty-two
billion one hundred ninety-one million fifty-nine thousand five hundred twenty-two (3,563,762,191,059,522), inclusive.
Still, the invention is not limited in this regard. For example, chaotic sequence output Y can be a binary sequence
representing a truncated portion of a value between zero (0) and M-1. In such a scenario, the chaotic sequence output
Y can have a bit length less than Ceiling[Log2(M)]. It should be noted that while truncation affects the dynamic range of
the system it has no effect on the periodicity of a generated sequence.
[0137] As should be appreciated, the above-described chaotic sequence generation can be iteratively performed. In
such a scenario, a feedback mechanism (e.g., a feedback loop) can be provided so that a variable "x" of a polynomial
equation can be selectively defined as a solution computed in a previous iteration. Mathematical equation (7) can be
rewritten in a general iterative form: f(x(nT)) = Q(k)x3((n-1)T) + R(k)x2((n-1)T) + S(k)x((n-1)T) + C(k,L). For example, a
fixed coefficient polynomial equation is selected as f(x(n·1ms)) = 3x3((n-1)·1ms) + 3x2((n-1)·1ms) + x((n-1))·1ms) + 8
modulo 503. n is a variable having a value defined by an iteration being performed. x is a variable having a value allowable
in a residue ring. In a first iteration, n equals one (1) and x is selected as two (2) which is allowable in a residue ring. By
substituting the value of n and x into the stated polynomial equation f(x(nT)), a first solution having a value forty-six one
(46) is obtained. In a second iteration, n is incremented by one and x equals the value of the first solution, i.e., forty-six
(46) resulting in the solution 298, 410 mod 503 or one hundred thirty-one (131). In a third iteration, n is again incremented
by one and x equals the value of the second solution.
[0138] Referring now to FIG. 9, there is provided a flow diagram of a method 900 for generating a chaotic sequence
according to an embodiment of the invention. As shown in FIG. 9, method 900 begins with step 902 and continues with
step 904. In step 904, a plurality of polynomial equations f0(x(nT)), ..., fN-1(x(nT)) are selected. The polynomial equations
f0(x(nT)), ..., fN-1(x(nT)) can be selected as the same polynomial equation except for a different constant term or different
polynomial equations. After step 904, step 906 is performed where a determination for each polynomial equation
f0(x(nT)), ..., fN-1(x(nT)) is made as to which combinations of RNS moduli m0, m1, ..., mN-1 used for arithmetic operations
and respective constant values C0, C1, ..., CN-1 generate irreducible forms of each polynomial equation f0(x(nT)), ...,
fN-1(x(nT)). In step 908, a modulus is selected for each polynomial equation f0(x(nT)), ..., fN-1(x(nT)) that is to be used
for RNS arithmetic operations when solving the polynomial equation f0(x(nT)), ..., fN-1(x(nT)). The modulus is selected
from the moduli identified in step 906. It should also be appreciated that a different modulus is advantageously selected
for each polynomial equation f0(x(nT)), ..., fN-1(x(nT)).
[0139] As shown in FIG. 9, method 900 continues with a step 910. In step 910, a constant Cm is selected for each
polynomial equation f0(x(nT)), ..., fN-1(x(nT)) for which a modulus is selected. Each constant Cm corresponds to the
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modulus selected for the respective polynomial equation f0(x(nT)), ..., fN-1(x(nT)). Each constant Cm is selected from
among the possible constant values identified in step 906 for generating an irreducible form of the respective polynomial
equation f0(x(nT)), ..., fN-1(x(nT)).
[0140] After step 910, method 900 continues with step 912. In step 912, a value for time increment "T" is selected.
Thereafter, an initial value for the variable "x" of the polynomial equations is selected in step 914. Notably, the initial
value of the variable "x" defines a sequence starting location, i.e., the initial value of the variable "x" defines a static
offset of a chaotic sequence Y(nT). In step 916, RNS arithmetic operations are used to iteratively determine RNS solutions
for each of the stated polynomial equations f0(x(nT)), ..., fN-1(x(nT)). In step 918, a series of digits in a weighted number
system are determined based in the RNS solutions. Step 918 can involve performing a mixed radix arithmetic operation
or a CRT arithmetic operation using the RNS solutions to obtain a chaotic sequence output.
[0141] After step 918, the method 900 continues with a decision step 920. If a chaos generator is not terminated
(820:NO), then step 924 is performed where a value of "x" in each polynomial equation f0(x(nT)), ..., fN-1(x(nT)) is set
equal to the RNS solution computed for the respective polynomial equation f0(x(nT)), ..., fN-1(x(nT)) in step 916. Subse-
quently, method 900 returns to step 916. If the chaos generator is terminated (920:YES), then step 922 is performed
where method 900 ends.
[0142] Referring now to FIG. 10, there is illustrated one embodiment of chaos generator 1000. Notably, the chaos
generators 218, 468 described above can be the same as or similar to the chaos generator 1000. As such, the following
discussion of the chaos generator 1000 is sufficient for understanding the chaos generators 218, 468.
[0143] Chaos generator 1000 is generally comprised of hardware and/or software configured to generate a digital
chaotic sequence. Accordingly, chaos generator 1000 is comprised of computing processors 10020,...,1002N-1. Chaos
generator 1000 is also comprised of a mapping processor 1004. Each computing processor 10020, ..., 1002N-1 is coupled
to the mapping processor 1004 by a respective data bus 10060, ..., 1006N-1. As such, each computing processor 10020, ...,
1002N-1 is configured to communicate data to the mapping processor 1004 via a respective data bus 10060, ..., 1006N-1.
The mapping processor 1004 can be coupled to an external device (not shown in FIG. 9) via a data bus 1008. The
external device (not shown in FIG. 9) includes, but is not limited to, a communications device configured to combine or
modify a signal in accordance with a chaotic sequence output.
[0144] Referring again to FIG. 9, the computing processors 10020, ...,1002N-1 are comprised of hardware and/or
software configured to solve the polynomial equations f0(x(nT)), ..., fN-1(x(nT)) to obtain a plurality of solutions. The
polynomial equations f0(x(nT)), ..., fN-1(x(nT)) can be irreducible polynomial equations having chaotic properties in Galois
field arithmetic. Such irreducible polynomial equations include, but are not limited to, irreducible cubic polynomial equa-
tions and irreducible quadratic polynomial equations. The polynomial equations f0(x(nT)), ..., fN-1(x(nT)) can also be
identical exclusive of a constant value. The constant value can be selected so that a polynomial equation f0(x(nT)), ...,
fN-1(x(nT)) is irreducible for a predefined modulus. The polynomial equations f0(x(nT)), ..., fN-1(x(nT)) can further be
selected as a constant or varying function of time.
[0145] Each of the solutions can be expressed as a unique residue number system (RNS) N-tuple representation. In
this regard, it should be appreciated that the computing processors 10020, ...,1002N-1 employ modulo operations to
calculate a respective solution for each polynomial equation f0(x(nT)), ..., fN-1(x(nT)) using modulo based arithmetic
operations. Each of the computing processors 10020, ..., 1002N-1 are comprised of hardware and/or software configured
to utilize a different relatively prime number p0, p1, ..., pN-1 as a moduli m0, m1, ..., mN-1 for modulo based arithmetic
operations. The computing processors 10020, ..., 1002N-1 are also comprised of hardware and/or software configured
to utilize modulus m0, m1, ..., mN-1 selected for each polynomial equation f0(x(nT)), ..., fN-1(x(nT)) so that each polynomial
equation f0(x(nT)), ..., fN-1(x(nT)) is irreducible. The computing processors 10020, ..., 1002N-1 are further comprised of
hardware and/or software configured to utilize moduli m0, m1, ..., mN-1 selected for each polynomial equation f0(x(nT)), ...,
fN-1(x(nT)) so that solutions iteratively computed via a feedback mechanism 10100, ..., 1010N-1 are chaotic. In this regard,
it should be appreciated that the feedback mechanisms 10100, ..., 1010N-1 are provided so that the solutions for each
polynomial equation f0(x(nT)), ..., fN-1(x(nT)) can be iteratively computed. Accordingly, the feedback mechanisms
10100,..., 1010N-1 are comprised of hardware and/or software configured to selectively define a variable "x" of a polynomial
equation as a solution computed in a previous iteration.
[0146] Referring again to FIG. 10, the computing processors 10020, ...,1002N-1 are further comprised of hardware
and/or software configured to express each of the RNS residue values in a binary number system representation. In
this regard, the computing processors 10020,..., 1002N-1 can employ an RNS-to-binary conversion method. Such methods
are generally known to persons skilled in the art and therefore will not be described in great detail herein. However, it
should be appreciated that any such method can be used without limitation. It should also be appreciated that the residue
values expressed in binary number system representations are hereinafter referred to as moduli solutions No. 1, ..., No.
N comprising the elements of an RNS N-tuple.
[0147] According to an embodiment of the invention, the computing processors 10020, ..., 1002N-1 are further comprised
of memory based tables (not shown) containing pre-computed residue values in a binary number system representation.
The address space of each memory table is at least from zero (0) to mm-1 for all m, mo through mN-1. On each iteration,
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the table address is used to initiate the sequence. Embodiments of the present invention are not limited in this regard.
[0148] Referring again to FIG. 10, the mapping processor 1004 is comprised of hardware and/or software configured
to map the moduli (RNS N-tuple) solutions No. 1, ..., No. N to a weighted number system representation. The result is
a series of digits in the weighted number system based on the moduli solutions No. 1, ..., No. N. For example, the
mapping processor 904 can be comprised of hardware and/or software configured to determine the series of digits in
the weighted number system based on the RNS residue values using a Chinese Remainder Theorem process. In this
regard, it will be appreciated by those skilled in the art that the mapping processor 1004 is comprised of hardware and/or
software configured to identify a number in the weighted number system that is defined by the moduli solutions No. 1, ...,
No. N.
[0149] According to an aspect of the invention, the mapping processor 1004 can be comprised of hardware and/or
software configured to identify a truncated portion of a number in the weighted number system that is defmed by the
moduli solutions No. 1, ..., No. N. For example, the mapping processor 1004 can also be comprised of hardware and/or
software configured to select the truncated portion to include any serially arranged set of digits of the number in the
weighted number system. Further, the mapping processor 1004 can include hardware and/or software configured to
select the truncated portion to be exclusive of a most significant digit when all possible weighted numbers represented
by P bits are not mapped, i.e., when M-1 < 2P. P is a fewest number of bits required to achieve a binary representation
of the weighted numbers. Embodiments of the present invention are not limited in this regard.
[0150] Referring again to FIG. 10, the mapping processor 1004 is comprised of hardware and/or software configured
to express a chaotic sequence in a binary number system representation. In this regard, it should be appreciated that
the mapping processor 1004 can employ a weighted-to-binary conversion method. Weighted-to-binary conversion meth-
ods are generally known to persons having ordinary skill in the art, and therefore will not be described herein. However,
it should be appreciated that any such weighted-to-binary conversion method can be used without limitation.
[0151] It should be noted that the transmitter 102 is configured to generate a chaotic sequence using the chaotic
sequence generation method described above in relation to FIGS. 8-10. The transmitter 102 is also configured to process
the chaotic sequence for generating a plurality of orthogonal basis function chaotic sequences. At least one of the plurality
of basis function chaotic sequences is selected for spreading a signal over a large frequency band. The spread spectrum
signal can be transmitted from the transmitter 102 to a receiver (e.g., the receiver 104 described above in relation to
FIG. 1). At the receiver, at least one appropriate basis function chaotic sequence(s) is used to recover the original signal
intended for a particular user. Accordingly, the receiver is configured to generate replicas of the plurality of orthogonal
basis function chaotic spreading codes using the chaotic sequence generation method described above in relation to
FIGS. 8-10.

Claims

1. A method for processing a modulated chaotic spread spectrum communication signal at a receiver (104) of a
communications system (100), comprising the steps of:

receiving (714), at said receiver (104), said modulated chaotic communication signal transmitted from a trans-
mitter (102);
generating (716) a first chaotic sequence which is a time synchronized replica of a second chaotic sequence
generated at said transmitter (102);
performing at least two basis function algorithms (718) using said first chaotic sequence to generate at least
two first statistically orthogonal chaotic sequences, each of said first statistically orthogonal chaotic sequence
being a time synchronized replica of a respective one of a plurality of second statistically orthogonal chaotic
sequences generated at said transmitter (102);
generating (720) at least two observation signals by combining said received modulated chaotic communication
signal with each of said first statistically orthogonal chaotic sequences, wherein each observation signal includes
a plurality of observation symbols;
determining (722) a plurality of correlation values for said observation symbols, each said correlation value
associated with a respective one of said observation symbols;
selecting (724) a set of correlation values from said plurality of correlation values;
identifying (726) a largest correlation value from said set of correlation values; and
performing a deterministic process (728) using at least said largest correlation value to determine if an obser-
vation symbol associated with said largest correlation value represents a symbol of said first data signal;
characterized in that the step of determining a plurality of correlation values utilizes a Hidden Markov Model
wherein each observation symbol is compared to an expected set of observation symbols to derive a prediction
of the overall observation sequence.
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2. A communication system (100), comprising
a receiver (104) configured to receive a modulated chaotic spread spectrum communication signal transmitted from
a transmitter (102), the receiver comprising:

at least one processing device (470,...,474) configured for generating a first chaotic sequence which is a time
synchronized replica of a second chaotic communication sequence generated at said transmitter (102),
basis function sequence processors (491) configured for performing at least two first basis function algorithms
using said first chaotic sequence to generate at least two first statistically orthogonal chaotic sequences, each
said first statistically orthogonal chaotic sequence being a time synchronized replica of a respective one of
second statistically orthogonal chaotic sequences generated at said transmitter (102), and
processors (460,...464) for combining said received modulated chaotic spread spectrum communication signal
with each of said first statistically orthogonal chaotic sequences to generate at least two observation signals
each including a plurality of observation symbols characterized in that said receiver (104) comprises a Hidden
Markov Model based detector (466) adapted to compare each observation symbol to an expected set of ob-
servation symbols to derive a prediction of the overall observation sequence.

3. The communication system (100) according to claim 2, wherein the basis function sequence processors (491) are
configured such that each of said first basis function algorithms is selected from the group consisting of a bijective
function, a rotation algorithm, a scrambling algorithm, an XOR algorithm, an encryption algorithm, a uniform statistics
preserving transformation, a statistical shaping transformation, a time-delayed statistical shaping transformation,
and a fractal evolution statistical shaping transformation.

4. The communication system (100) according to claim 2, wherein the Hidden Markov Model based detector (466)
further comprises means (502,...;506) configured for determining a plurality of correlation values for said observation
symbols, each said correlation value associated with a respective one of said observation symbols.

Patentansprüche

1. Verfahren zum Verarbeiten eines modulierten chaotischen Spreizspektrum-Kommunikationssignals in einem Emp-
fänger (104) eines Kommunikationssystems (100), das die Schritte umfasst:

- Empfangen (714) des modulierten chaotischen Kommunikationssignals, das von einem Sender (102) gesendet
wird, im Empfänger (104),
- Generieren (716) einer ersten chaotischen Sequenz, die eine zeitsynchronisierte Nachbildung einer zweiten
chaotischen Sequenz ist, die im Sender (102) generiert wird,
- Ausführen von wenigstens zwei Basisfunktionsalgorithmen (718) unter Verwendung der ersten chaotischen
Sequenz, um zumindest zwei erste statistisch orthogonale chaotische Sequenzen zu generieren, wobei jede
der ersten statistisch orthogonalen chaotischen Sequenzen eine zeitsynchronisierte Nachbildung einer jewei-
ligen einer Mehrzahl zweiter statistisch orthogonaler chaotischer Sequenzen ist, die im Sender (102) generiert
wird,
- Generieren (720) von wenigstens zwei Observationssignalen durch Kombinieren des empfangenen modu-
lierten chaotischen Kommunikationssignals mit jeder der ersten statistisch orthogonalen chaotischen Sequen-
zen, wobei jedes Observationssignal eine Mehrzahl Observationssymbole enthält,
- Bestimmen (722) einer Mehrzahl Korrelationswerte für die Observationssymbole, wobei jeder Korrelationswert
einem jeweiligen der Observationssymbole zugeordnet ist,
- Auswählen (724) eines Satzes Korrelationswerte aus der Mehrzahl Korrelationswerte,
- Ermitteln (726) eines größten Korrelationswerts aus dem Satz Korrelationswerte, und
- Durchführen eines deterministischen Prozesses (728) unter Verwendung des größten Korrelationswerts, um
zu bestimmen, ob ein dem größten Korrelationswert zugeordnetes Observationssymbol ein Symbol des ersten
Datensignals repräsentiert,
- dadurch gekennzeichnet, dass der Schritt des Bestimmens einer Mehrzahl Korrelationswerte ein Hidden-
Markov-Modell nutzt, wobei jedes Observationssymbol mit einem erwarteten Satz Observationssymbole ver-
glichen wird, um eine Vorhersage der gesamten Observationssequenz abzuleiten.

2. Kommunikationssystem (100), das umfasst:

- einen Empfänger (104), der dafür konfiguriert ist, ein moduliertes chaotisches Spreizspektrum-Kommunikati-
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onssignal zu empfangen, das von einem Sender (102) gesendet wird, wobei der Empfänger umfasst:
- wenigstens eine Verarbeitungseinrichtung (470, ..., 474), die dafür konfiguriert ist, eine erste chaotische Se-
quenz zu generieren, die eine zeitsynchronisierte Nachbildung einer zweiten chaotischen Kommunikationsse-
quenz ist, die im Sender (102) generiert wird,
- Basisfunktionssequenzprozessoren (491), die dafür konfiguriert sind, wenigstens zwei erste Basisfunktions-
algorithmen unter Verwendung der ersten chaotischen Sequenz auszuführen, um zumindest zwei erste statis-
tisch orthogonale chaotische Sequenzen zu generieren, wobei jede der ersten statistisch orthogonalen chao-
tischen Sequenzen eine zeitsynchronisierte Nachbildung einer jeweiligen zweiter statistisch orthogonaler cha-
otischer Sequenzen ist, die im Sender (102) generiert werden, und
- Prozessoren (460, ..., 464) zum Kombinieren des empfangenen modulierten chaotischen Spreizspektrum-
Kommunikationssignals mit jeder der ersten statistisch orthogonalen chaotischen Sequenzen, um wenigstens
zwei Observationssignale zu generieren, von denen jedes eine Mehrzahl Observationssymbole enthält,
- dadurch gekennzeichnet, dass der Empfänger (104) einen auf einem Hidden-Markov-Modell basierenden
Detektor (466) umfasst, der dafür ausgelegt ist, jedes Observationssymbol mit einem erwarteten Satz Obser-
vationssymbole zu vergleichen, um eine Vorhersage der gesamten Observationssequenz abzuleiten.

3. Kommunikationssystem (100) nach Anspruch 2, wobei die Basisfunktionssequenzprozessoren (491) derart konfi-
guriert sind, dass jeder der ersten Basisfunktionsalgorithmen aus einer Gruppe ausgewählt wird, die aus einer
bijektiven Funktion, einem Rotationsalgorithmus, einem Scrambling-Algorithmus, einem XOR-Algorithmus, einem
Verschlüsselungsalgorithmus, einer gleichmäßigen Statistikerhaltungstransformation, einer Statistikformungstrans-
formation, einer zeitverzögerten Statistikformungstransformation und einer Fraktalevolutions-Statistikformungs-
transformation besteht.

4. Kommunikationssystem (100) nach Anspruch 2, wobei der auf dem Hidden-Markov-Modell basierende Detektor
(466) ferner Einrichtungen (502, ..., 506) umfasst, die dafür konfiguriert sind, eine Mehrzahl Korrelationswerte für
die Observationssymbole zu bestimmen, wobei jeder der Korrelationswerte einem jeweiligen der Observationssym-
bole zugeordnet ist.

Revendications

1. Procédé de traitement d’un signal de communication à spectre étalé chaotique modulé au niveau d’un récepteur
(104) d’un système (100) de communications, comprenant les étapes de :

réception (714), au niveau dudit récepteur (104), dudit signal de communication chaotique modulé transmis
par un émetteur (102) ;
génération (716) d’une première séquence chaotique qui est une réplique temporellement synchronisée d’une
deuxième séquence chaotique générée au niveau dudit émetteur (102) ;
exécution d’au moins deux algorithmes (718) de fonctions de base en utilisant ladite première séquence chao-
tique pour générer au moins deux premières séquences chaotiques statistiquement orthogonales, chacune
desdites premières séquences chaotiques statistiquement orthogonales étant une réplique temporellement
synchronisée d’une respective parmi une pluralité de deuxièmes séquences chaotiques statistiquement ortho-
gonales générées au niveau dudit émetteur (102) ;
génération (720) d’au moins deux signaux d’observation en combinant ledit signal de communication chaotique
modulé reçu avec chacune desdites premières séquences chaotiques statistiquement orthogonales, dans lequel
chaque signal d’observation inclut une pluralité de symboles d’observation ;
détermination (722) d’une pluralité de valeurs de corrélation pour lesdits symboles d’observation, chaque dite
valeur de corrélation associée avec un respectif parmi lesdits symboles d’observation ;
sélection (724) d’un ensemble de valeurs de corrélation à partir de ladite pluralité de valeurs de corrélation ;
identification (726) d’une valeur de corrélation la plus grande à partir dudit ensemble de valeurs de corrélation ; et
mise en oeuvre d’un processus déterministe (728) en utilisant au moins ladite valeur de corrélation la plus
grande pour déterminer si un symbole d’observation associé avec ladite valeur de corrélation la plus grande
représente un symbole dudit premier signal de données ;
caractérisé en ce que l’étape de détermination d’une pluralité de valeurs de corrélation utilise un modèle caché
de Markov dans lequel chaque symbole d’observation est comparé à un ensemble attendu de symboles d’ob-
servation pour dériver une prédiction de la séquence d’observation globale.

2. Système (100) de communication, comprenant
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un récepteur (104) configuré pour recevoir un signal de communication à spectre étalé chaotique modulé transmis
par un émetteur (102), le récepteur comprenant :

au moins un dispositif de traitement (470, ..., 474) configuré pour générer une première séquence chaotique
qui est une réplique temporellement synchronisée d’une deuxième séquence chaotique générée au niveau
dudit émetteur (102),
des processeurs (491) de séquences de fonctions de base configurés pour exécuter au moins deux premiers
algorithmes de fonctions de base en utilisant ladite première séquence chaotique pour générer au moins deux
premières séquences chaotiques statistiquement orthogonales, chaque dite première séquence chaotique sta-
tistiquement orthogonale étant une réplique temporellement synchronisée d’une respective parmi des deuxiè-
mes séquences chaotiques statistiquement orthogonales générées au niveau dudit émetteur (102), et
des processeurs (460, ..., 464) pour combiner ledit signal de communication à spectre étalé chaotique modulé
reçu avec chacune desdites premières séquences chaotiques statistiquement orthogonales pour générer au
moins deux signaux d’observation incluant chacun une pluralité de symboles d’observation
caractérisé en ce que ledit récepteur (104) comprend un détecteur (466) basé sur un modèle caché de Markov
adapté à comparer chaque symbole d’observation à un ensemble attendu de symboles d’observation pour
dériver une prédiction de la séquence d’observation globale.

3. Système (100) de communication selon la revendication 2, dans lequel les processeurs (491) de séquences de
fonctions de base sont configurés de telle manière que chacun desdits premiers algorithmes de fonctions de base
est choisi parmi le groupe consistant en une fonction bijective, un algorithme de rotation, un algorithme de brouillage,
un algorithme XOR, un algorithme de cryptage, une transformation de préservation de statistiques uniformes, une
transformation de mise en forme statistique, une transformation de mise en forme statistique à retard temporel, et
une transformation de mise en forme statistique à évolution fractale.

4. Système (100) de communication selon la revendication 2, dans lequel le détecteur (466) basé sur un modèle caché
de Markov comprend en outre des moyens (502, ..., 506) configurés pour déterminer une pluralité de valeurs de
corrélation pour lesdits symboles d’observation, chaque dite valeur de corrélation associée avec un respectif parmi
lesdits symboles d’observation.
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