
Coding a signal with a shuffled-Hadamard function CROSS-REFERENCE TO
RELATED APPLICATIONS [0001] This application claims priority to U.S.
Application serial number 12/356,791 , filed on January 2 1, 2009, which is
a continuation-in-part of U.S. application serial number 10/943,677, filed
September 16, 2004, which is a continuation U.S. application serial number
09/730,697, filed December 5, 2000, now U.S. Patent 6,829,289; and a
continuation-in-part of U.S. application serial number 10/402,878, filed
March 28, 2003. TECHNICAL FIELD [0002] This document relates generally to
communication systems and methods and, more particularly, to wireless
communications systems and methods. BACKGROUND [0003] Some wireless
communications systems employ code division multiple access (CDMA)
protocols. CDMA systems may receive digital data, encode the data in one
step and spread the frequency of the encoded data in a second step. The
encoding and spreading steps in such systems may consume a finite amount of
time and processing power, and the ability with which a resulting coded and
spread signal can communicate the received digital data over a medium may
depend on various factors, such as physical characteristics of the medium,
available processing power, and process gain that is applied in the
encoding and spreading steps. SUMMARY [0004] This document describes
systems, apparatus and methods for efficiently communicating data from a
transmitter to a receiver over a medium. In particular, a transmitter can
receive data in short units that correspond to one of a predetermined
number of data values that are each associated (e.g., uniquely) with a
corresponding number of codes. The transmitter can send the code that is
associated with the received unit of data, in place of thereceived unit of
data itself. In some implementations, the codes are drawn from columns of a
2N x 2N Hadamard matrix whose rows have been randomly 



shuffled. Only certain columns of the shuffled matrix may be stored at the
transmitter, such as, for example, columns having power-of-two indices; and
a column to be transmitted may be dynamically generated at the transmitter
by application of a logical function (e.g., bit-wise application of an
exclusive-OR function) to one or more of the stored columns. The receiver
may employ a number of correlators that calculate correlations between
received data and each possible code employed by the transmitter. Based on
the strongest calculated correlation, the receiver may determine which of
the predetermined number of data values the transmitter sent. Process gain
may be set such that data can be communicated between the transmitter and
receiver at very low signal-to-noise ratios. [0005] In some
implementations, a method includes receiving, at an electronic transmitter
device, for communication to an electronic receiver device, a first data
value corresponding to one of a plurality of predetermined data values;
identifying, from a matrix of data bits in the form of a 2N x 2N Hadamard
matrix whose rows have been randomly or pseudo-randomly shuffled, a column
of data bits that is associated with the first data value; and transmitting
to the electronic receiver device, in place of the first data value, the
identified column of data bits. [0006] The method can further include
receiving data at the electronic receiver; correlating the received data to
the identified column of data bits; and providing the first data value for
further processing by the electronic receiver. In some implementations,
correlating the received data to the identified column of data bits can
include calculating a correlation between the received data and each column
in the matrix of data bits to which is associated one of the predetermined
data values; and determining that the received data is most strongly
correlated to the identified column of data bits. Calculating can include
calculating a sign of the correlation, and determining comprises
determining based on the calculated sign. Correlating the received data to
the identified column of data bits can include calculating a Hadamard 



transform or fast Hadamard transform.[0007] The method can further include
associating the first data value to the column of data bits in a manner
that the first data value can be determined by the electronic receiver,
from the transmitted column of data bits, in discrimination to other data
transmitted by the electronic transmitter device. Identifying the column of
data bits can include applying a logical function to two or more columns of
bits from the matrix of data bits. Each column in the two or more columns
can have a power-of-two column index. Applying the logical function can
include applying, bit-wise, an exclusive-OR function to the two or more
columns. [0008] In some implementations, identifying the column of data
bits can include identifying the mth column, and applying the logical
function comprises applying, bit-wise, an exclusive-OR function to each
power-of-two column in the matrix of bits whose mth row has a value equal
to a first predetermined value. The method can further include storing in a
memory device included in each of the electronic transmitter device and the
electronic receiver device, a 2N x N matrix corresponding to columns of the
matrix of data bits having power-of-two indices. [0009] Transmitting the
identified column of data bits can include transmitting, in order and one
bit at a time, each bit contained in the identified column. Each of the
predetermined data values can have a fixed number of one or more data bits.
[0010] In some implementations, a method can include receiving, at an
electronic transmitter device, for communication to an electronic receiver
device, a first data value corresponding to one of a plurality of
predetermined data values; identifying, from a matrix of data bits in the
form of a 2N x 2N Hadamard matrix whose rows have been randomly or
pseudo-randomly shuffled, an mth column of data bits that is associated
with the first data value; generating the mth column of bits, including
applying, bitwise, an exclusive-OR function to one or more power-of-two
columns from the matrix of bits whose mth row has a value equal to a first
predetermined value; and transmitting to 



the electronic receiver device, in place of the first data value, the
dynamically generated mth column of data bits. [001 1] The method can
further include storing the 2N x 2N Hadamard matrix of data bits in a
compressed 2N x N matrix in which only columns of thematrix of data bits
having power-of-two column indices are stored in the electronic transmitter
device. Generating the mth column of bits can include determining one or
more columns in the compressed 2N x N matrix whose mth row has a value
equal to the first value, and applying, bitwise, an exclusive- OR function
to the one or more columns. [0012] In some implementations, a system can
include an electronic receiver; and an electronic transmitter that receives
for communication to the electronic receiver a first data value
corresponding to one of a plurality of predetermined data values. The
electronic transmitter can identify, from a matrix of data bits in the form
of a 2N x 2N Hadamard matrix whose rows have been randomly or
pseudo-randomly shuffled, a column of data bits that is associated with the
first data value, and transmit to the electronic receiver device, in place
of the first data value, the identified column of data bits. The electronic
receiver can receive data, correlate the received data to the identified
column of data bits, and provide to circuitry within the electronic
receiver the first data value for further processing. [0013] The electronic
transmitter can include a memory device that stores the 2N x 2N Hadamard
matrix of data bits in a compressed 2N x N matrix in which only columns of
the matrix of data bits having power-of-two column indices are stored. In
some implementations, the identified column of data bits is the mth column
of the matrix of data bits; and the electronic transmitter includes
circuitry for generating the mth column from the compressed 2N x N matrix
by applying, bitwise, an exclusive-OR function to one or more columns in
the compressed 2N x N matrix whose mth row has a first value. [0014] The
electronic receiver can include a number of correlators that calculate
correlations between the received data and each of a corresponding 



plurality of columns of the matrix of data bits to which data values in the
plurality of predetermined data values are associated. The electronic
receiver can further include circuitry that (a) determines which of the
corresponding columns from the matrix of data bits has the strongest
calculated correlation to the received data and (b) outputs a data value
from the plurality of predetermined data values that is associated with the
determined corresponding column.[0015] In some implementations, a system
can include an electronic receiver; and an electronic transmitter that
receives a first data value corresponding to one of a plurality of
predetermined data values for communication to the electronic receiver; and
a means for transmitting from the transmitter data bits from a matrix
having the form of a 2N x 2N Hadamard matrix whose rows have been randomly
or pseudo-randomly shuffled, in place of the first data value. The can
further include a means for receiving data at the electronic receiver and
for determining that the received data is correlated to the first data
value. [0016] In some implementations, a system includes an electronic
receiver; and an electronic transmitter that receives for communication to
the electronic receiver a first data value corresponding to one of a
plurality of predetermined data values. The transmitter can identify, from
a matrix of data bits having the form of a 2 x 2N Hadamard matrix whose
rows have been randomly or pseudo-randomly shuffled, a column of data bits
that is associated with one of the plurality of predetermined data values,
and transmit to the electronic receiver device, in place of and based on
the first data value, the identified column of data bits or a complement of
the identified column of data bits. The electronic receiver can receive
data, correlate the received data to the identified column of data bits or
the complement, and provide to circuitry within the electronic receiver the
first data value for further processing. [0017] The details of one or more
implementations are set forth in the accompanying drawings and the
description below. Other features, objects, 



and advantages will be apparent from the description and drawings, and from
the claims. DESCRIPTION OF DRAWINGS [0018] FIG. 1 shows an example prior
art wireless transmitter that employs separate channel and PN codes. [0019]
FIG. 2 is a block diagram of an example system that can have a high process
gain. [0020] FIGS. 3A and 3B illustrate an example Hadamard matrix and
certain properties thereof.[0021] FIG. 4 illustrates additional detail of
the example system shown in FIG. 2 . [0022] FIG. 5 illustrates an example
method of correlating a received block of data to a symbol that may
correspond to the data. [0023] Like reference symbols in the various
drawings indicate like elements. DETAILED DESCRIPTION [0024] This document
describes systems, apparatus and methods for efficiently communicating data
from a transmitter to a receiver over a medium. In particular, a
transmitter can receive data in short units that correspond to one of a
predetermined number of data values that are each associated (e.g.,
uniquely) with a corresponding number of codes. The transmitter can send
the code that is associated with the received unit of data, in place of the
received unit of data itself. In some implementations, the codes are drawn
from columns of a 2N x 2N Hadamard matrix whose rows have been randomly
shuffled. Only certain columns of the shuffled matrix may be stored at the
transmitter, such as, for example, columns having power-of-two indices; and
a column to be transmitted may be dynamically generated at the transmitter
by application of a logical function (e.g., bit-wise application of an
exclusive-OR function) to one or more of the stored columns. The receiver
may employ a number of correlators that calculate correlations between
received data and each possible code employed by the transmitter. Based on
the strongest 



calculated correlation, the receiver may determine which of the
predetermined number of data values the transmitter sent. Process gain may
be set such that data can be communicated between the transmitter and
receiver at very low signal-to-noise ratios. [0025] For context, FIG. 1
shows an example prior art wireless transmitter 10 1 that employs separate
channel and pseudo-noise (PN) codes. User data signals 103A and 103B are
shown (e.g., speech signals), which can, in some implementations, be
digitized by a vocoder 106 and encoded by a convolutional encoder 109. The
vocoder 106 can both digitize and compress the voice signal 103A in various
ways, and the convolutionalencoder 109 can add information that can be
subsequently employed for error correction. [0026] In some implementations,
each n bits of vocoded data that are input into the convolutional encoder
109 are translated into m symbols. For example, every two bits may be coded
as a four-bit symbol; as another example, every four bits may be coded as
an eight-bit symbols; etc. Symbols output from the convolutional encoder
109 can be further processed by a channel coder 112. In some
implementations, each stream of data 103A and 103B can be coded with a
different channel code by a channel coder (e.g., channel coder 112, which,
in some implementations, is a Hadamard-Walsh coder). Channel coding each
data stream with a different channel code can facilitate a system that
accommodates many users on the same frequency, at the same time. In many
implementations, each channel of data is assigned an orthogonal code, which
can minimize the interference between channels. Once channel coded, the
frequency content of each stream of data can be further spread, for example
by a PN (pseudo-noise) spreader 118. [0027] Multiple channels of
information can be combined at a combiner 12 1, and the output of the
combiner 121 can be used to modulate a carrier signal 124, which can be
used to communicate the information through a physical medium. In other
implementations (not shown), a single channel of data can transmitted, and
the combiner 12 1 can be omitted. 



[0028] An antenna and air interface are depicted in FIG. 1, but
communication across other media are possible. For example, a carrier light
signal could be modulated by the combined signal and driven through a fiber
optic interface. Other carriers and media are possible. [0029] In some
implementations, incoming user data 103A may be already digitized data.
(That is, the incoming data may be in a digital form, rather than in analog
or pre-sampled audio form.) In such implementations, the vocoder 106 and/or
convolutional encoder 109 may be bypassed, and the digitized data may be
routed directly (e.g., along path 115) to the channel coder 112. [0030] In
the above-described example process, each step may add additional data, or
process gain, to the original signal. For example 9,600 bits per second
(bps) of data may be output by the vocoder 106, but every two bitsfrom the
vocoder 106 may be represented by a four bit symbol by the convolutional
encoder 109, such that the convolutional encoder 109 outputs symbol data at
a rate of 19,200 bps. Similarly, each bit of the symbol data may be
combined with a 64-bit Walsh code, such that the resulting channelcoded
symbols are part of a 1,228,800 bps ( 1 .2 Mbps) stream of data. [0031] In
some implementations, channel-coded data is combined with a spreading code
having the same data rate. For example, a 1.2 Mbps stream of channel -coded
data can be combined on a bit-by-bit basis (e.g., with an exclusive-OR
function) with a 1.2 Mbps PN spreading code. In other implementations that
employ a spreading code, the spreading code can add additional data, or
process gain, to the output data stream. That is, in such implementations,
each bit in the channel-coded data stream can be combined with multiple PN
bits (e.g., 2 bits, 4 bits, 5 bits, 64 bits, etc.). [0032] Overall process
gain can be represented as a logarithm of a spreading ratio (e.g., the
ratio of the bandwidth of the final processed signal (e.g., the spread,
coded signal) to the bandwidth of the unprocessed input signal), and may be
expressed in decibels. Thus, in one of the above examples, the process gain
can be expressed as 1,228,800/9,600 = 128, or 



10 logio (128) = 2 1 dB. [0033] In some contexts, process gain can provide
a useful indication of how effectively an output signal will convey the
underlying information through a medium. Put another way, process gain can
provide an indication of how resistant to noise and interference the output
signal will be. Generally, the higher the process gain, the more noise in a
medium a signal can tolerate as it is propagated through the medium. In
addition, higher process gain may also indicate that a signal more closely
resembles noise, spectrally, than a signal with a lower process gain.
[0034] As one will understand from the above example, process gain and
data-carrying bandwidth are generally inversely related at the individual
channel level. Thus, output signals that are very immune to noise or
interference may have less data-carrying bandwidth than signals that are
less immune to noise or interference. To put this more concretely, an
output signal with twice the data-carrying bandwidth and half the spreading
ratio (e.g., a spreading ratio of 64, rather than 128-or 10 logio(64) = 18
dB, rather than 10logio(1 28) = 2 1 dB) may be less immune to noise and
interference. By balancing process gain with data-carrying bandwidth
parameters, a system designer can design a communication system to achieve
particular reliability, noise or throughput specifications. [0035] FIG. 2
is a block diagram of an example system that can have a high process gain.
The high process gain can enable reliable communication over a very noisy
medium. In addition, the high process gain can add security to the
communication by making the transmitted information look, spectrally, very
close to the ambient noise in the medium. [0036] As depicted in one
example, the system 201 includes a transmitter 202 that receives user data
203, processes the user data and communicates representative data over a
medium 206 (e.g., an air interface, water interface, fiber optic interface,
etc.); and a receiver 208 that receives the representative data and
processes that representative data to recover the user data. 



[0037] In the example of FIG. 2, one of a number of different symbols (21
OA-21 ON) is communicated over the medium 206 at any given time (e.g., at
each symbol time), and the particular symbol that is communicated at each
given time is selected by an encoding function 2 13 that processes the user
data 203. For example, the user data 203 can be processed by the encoding
function 213 to control a multiplexer 216 that communicates a specific,
unmodified symbol 2 1OA-21 ON over the medium 206, via a transmission
circuit 2 19 . [0038] In some implementations, one of two symbols are
transmitted for each bit of data in the user data stream 203. That is,
during a symbol time, each bit in the symbol is clocked out, at a chip
time, to the transmission circuit 2 19 . The specific symbol that is
clocked out can be selected based on the corresponding value of the bit of
data. (Throughout this description, examples are provided with binary data
values (i.e., values of either "T or O'), but the reader will appreciate
that each bit of data may have more than two possible values. For example,
multistate circuitry or devices may employ three, four, or some other
number of possible values for each data bit.) For example, the first symbol
2 10A may be clocked out for a bit in the user data 203 that has a value of
'0/ and the second symbol 2 10B may be clocked outfor a bit in the user
data 203 that has a value of ' 1 .' In other implementations, one of
sixteen different symbols is clocked out for every four bits of data in the
user data stream 203; the particular symbol that is that is clocked out may
be selected based on the values the corresponding four data bits. That is,
each set of four data bits may take on one of a number of different
predetermined or expected values, and each data value may be uniquely
associated with a different code or symbol. For example, "0000" in the user
data 203 may result in the first symbol 2 10A being selected and clocked
out; "0001 " may result in the second symbol 210B being selected and
clocked out" " 1001" may result in the tenth symbol being selected and
clocked out; etc. Various implementations may employ different numbers of
symbols, and the different symbols may be selected in various manners. 



[0039] The symbol time can depend on the rate at which the user data 203 is
supplied to the encoding function 2 13, and the chip time can depend on
both the symbol time and the number of bits in the symbol. For example, for
a user data stream 203 that supplies bits to the encoding function at
19,200 bps, the symbol period may be 1/19,200 second, or about 52 ms . If
each symbol has 16 bits (corresponding to a process gain of 16), then
individual bits can be clocked out every 1/(19,200 * 16) second, or every
3.26 ms, at a frequency of 307.2 KHz. If the user data stream 203 supplies
bits to the encoding function at 19,200 bps, but each symbols is 8192 bits
long, then the symbol period can again be 52 ms, but the individual symbol
bits can be clocked out at a chip rate of 1/(19,200 * 8 192) second, or
every 6.4 ns, at a frequency of 157 MHz. [0040] Various symbol rates, chip
rates and process gains are possible. As indicated above, process gain, and
bandwidth-which can be functions of the symbol rate and the relationship
between the symbol and the underlying data it encodes-can be varied to
achieve specific system design goals. In some implementations, it may be
advantageous to have a chip rate that is at or below 30 MHz. In some
locales, this frequency may be a threshold frequency below which
governmental entities exercise less restrictive controls and/or in which
there is less competition for bandwidth. Because signals at this frequency
may be more susceptible to interference than signals at much higher
frequencies, a very large process gain may also be desirable.[0041] The
table below illustrates various example data rates having a relatively low
chip rate and a relatively high process gain. Table 1. Example
data/symbol/chip rates [0042] In some implementations, data may be
transmitted in binary form, without the need for a carrier signal. For
example, binary data may be converted to an analog signal (e.g., a one-volt
signal), and the analog signal may be used to directly drive an antenna, as
is described in more detail in U.S. application serial number 09/772,1 10,
filed January 26, 2001 , now U.S. Patent No. 6,982,945. Data may be
transmitted in other ways, including, for 



example, in ways described in co-pending U.S. application serial number
10/943,677 and in co-pending U.S. application serial number 10/402,878,
both of which are herein incorporated by reference. [0043] At the receiver
208, symbol data can be received at a receive circuit 222, and the symbol
data can be correlated against each possible symbol (i.e., the symbols 2
10A-21 0N that may have been transmitted by the transmitter 202) by
corresponding correlators 225A-225N. The symbol that is determined to
correlate most closely to the received symbol data can be deemed to
represent the underlying user data. This user data can then be directly
provided by a circuit, which, for purposes of illustration, is
representedas a symbol selector 226 and multiplexer 227. Additional details
of example correlation processes are provided below with reference to FIG.
5. [0044] The above description is provided in the context of the
transmitter 202 and receiver 208 employing a common set of symbols. Various
methods of selecting and coordinating symbols between the transmitter and
receiver are possible, and any suitable method can be employed. By
employing different sets of codes for different transmitterreceiver pairs,
simultaneous communications between pairs may be possible. Moreover, by
replicating multiple transmitters 202 (each employing a different set of
codes) within a first device and multiple corresponding receivers 208
within a second device, parallel communications between the first device
and second device may be effectively increased (e.g., aggregated) without a
reduction in process gain. More specifically, for example, each
transmitter/receiver device pair can include multiple transmit/receive
circuits, each circuit employing a different set of codes and/or a
different antenna to form multiple communication channels. Each channel can
employ a relatively high process gain, as described above, but different
data (e.g., different portions of a single input stream) can be sent
through each of the multiple channels, such that data-carrying bandwidth
across all of the (aggregated) multiple channels is increased, even though
each channel's process gain is fixed (e.g., at a relatively high value). 



[0045] Several advantages may follow from the system shown in FIG. 2 . As
one example, process gain may be readily adjusted. More particularly, by
changing the length of each symbol, or the ratio of the number of bits in
the user data that are used to select a symbol and the number of bits in
the symbol itself, the process gain can be readily adjusted, as is
exemplified in Table 1 above. In implementations in which the symbols are
drawn from a Hadamard matrix (e.g., as described in more detail below),
increasing process gain may include employing a larger Hadamard matrix, or
portion of a Hadamard matrix. [0046] As another example, a modulation step
may be eliminated. That is, as mentioned above, the symbol data may be used
to directly drive an antenna in a binary manner, without requiring a
carrier signal and theassociated process and circuitry of modulating the
carrier signal on the transmit side and demodulating the carrier signal on
the receive side. [0047] As another example, multiple user data may be
effectively coded and spread simultaneously. That is, the specific group of
symbols that are used for any given channel may differ from the group of
symbols employed in other channels, such that the group itself serves to
code a given channel. Moreover, if the length and spectral content of each
channel is carefully selected, the symbol itself can provide enough
spreading of the underlying user data that no additional spreading may be
desired. For example, as is described in greater detail below, a symbol
that is 8K bits long (e.g., with bits that are randomly or pseudo-randomly
distributed) may serve to effectively spread the spectral content of an
underlying data signal. (Note that for purposes of clarity, bits are
described throughout this document as being "randomly" shuffled. Unless
explicitly noted otherwise, randomly shuffled bits can include bits that
have been shuffled through a pseudo random process.) [0048] In some
implementations, Walsh or Hadamard codes provide useful initial symbols.
The bits in Hadamard codes can be randomly or pseudo-randomly shuffled,
which may improve the usefulness of such 



functions as symbols for coding data as is described above. [0049] Hadamard
codes can be generated using an iterative process of constructing a
Hadamard matrix. Starting with Hi=[O], the Hadamard matrix can be built by:
[0050] For example, the Hadamard codes of lengths two and four are shown
respectively as: 2 0 1[0051] From the corresponding matrices shown above,
the Hadmard codes are given by the columns (or rows, given that an
unshuffled Hadamard matrix is symmetrical about its main diagonal). These
Hadamard codes can be useful given that they are orthogonal to each other.
As such, different signals can be coded by different orthogonal Hadamard
codes, then transmitted over the same frequency channel, and the different
signals can be recovered at the receiving end using the same orthogonal
Hadamard codes. [0052] Two additional properties of Hadamard codes and
matrices are now described. First, Hadamard matrices have a property that
enables them to be stored in compressed form. In particular, as is
described in more detail below, only the power-of-two columns need to be
stored; the rest of the columns can be dynamically determined from the
power-of-two columns. Second, although short Hadamard codes have not
typically been employed as spreading codes, longer Hadamard codes can be so
employed, particularly after the bits have been shuffled, as described in
more detail below. [0053] Storing Hadamard matrices in compressed form is
now described. Any column of a Hadamard matrix can be dynamically generated
from the power-of-two columns of the Hadamard matrix, as is depicted in
FIGS. 3A and 3B. For purposes of referencing particular columns in this
description, an 8 x 8 Hadamard matrix is shown in FIG. 3A, and this matrix
can be generated in the iterative manner described above, or in any other
appropriate manner. Each column and row is indexed from 0 to 7, and the
power-of-two columns (i.e., the columns having an index that is a power of
two) are indicated as such. 



[0054] To generate a column having a particular index from the powerof- two
column(s), an exclusive-OR function can be applied to the power-oftwo
columns whose values are "T in the row corresponding to the particular
index of the desired column. Thus, with reference to FIG. 3B, to generate
column[5], the rows corresponding to row index 5 in each of the
power-of-twocolumns can be inspected, and an excusive-OR function can be
applied to those power-of-two columns having a ' 1 ' in the [5] row. In
this example, the "2" and "22" columns have a ' 1 ' in row [5], so an
exclusive-OR function can be applied (e.g., cell-by-cell, in each row) to
these columns to dynamically generate column[5], as shown. This same
process can be applied to generate any other column of the matrix. [0055]
In the preceding example, the Hadamard matrix is small, and relative to the
small size, it may be efficient to store all columns of the matrix, rather
than dynamically generating columns that are not power-of-two columns. For
larger Hadamard matrices, however, storing the Hadamard matrix in
compressed form can significantly reduce the size of memory needed to store
the matrix. For example, a Hadamard matrix having dimensions 2N x 2N can be
stored as a 2N x N matrix. For L/=1 3, compressing the Hadamard matrix as
described above results in a matrix having 8 192 x 13 entries (e.g., just
under 128 K entries), rather than the 8 192 x 8 192 entries (-56 M entries)
that the matrix would have in uncompressed form. Compression in this manner
with L/=1 3 results in a matrix that is about 630 times smaller than its
uncompressed counterpart. [0056] Modifying the above-described Hadamard
matrix in a manner that improves its ability to perform a spreading
function is now described. As indicated above, Hadamard codes (e.g., the
columns of a Hadamard matrix) are not generally employed to spread the
spectral content of a data signal. In part, this may be because the
spectral density of many standard Hadamard codes is concentrated in a small
number of discrete frequencies-as may be evident from inspection of the
example 4 x 4 and 8 x 8 Hadamard matrices above and in FIG. 3A,
respectively-and more particularly, from the 



observation from these matrices that several columns have regular patterns
of bits (resulting in a concentration of energy at discrete corresponding
points within the frequency domain). However, by randomly, or
pseudo-randomly shuffling the rows of the Hadamard matrix, desirable
properties of the Hadamard matrix can be maintained (e.g., the orthogonal
nature of the columns relative to each other, as is described in greater
detail below), and the spreading ability of the matrix can be
improved-resulting in a shuffled- Hadamard matrix that can be used for both
coding and spreading.[0057] Properties of a Hadamard matrix whose rows have
been randomly shuffled are now briefly discussed. First, with respect to
the compressibility described above, because any column of a Hadamard
matrix can be dynamically generated by applying an exclusive-OR function to
certain power-of-two columns on a row-by-row basis, and since shuffling
rows affects each column in the row, shuffling has no impact on the column
values, relative to each other, within any given row. Accordingly, whether
the rows are shuffled or not, the Hadamard matrix can be compressed as
described above. [0058] Second, with respect to the orthogonality of the
columns in the Hadamard matrix relative to each other (which can enable the
columns to be used as channel codes), shuffling the rows affects each
column, such that each column code is modified but in a manner that
maintains the orthogonality of the columns relative to each other. [0059]
Third, randomly shuffling the rows has a similar effect as modulating with
a PN a channel-coded signal in a conventional system- namely the random
shuffling can introduce considerable spectral diversity to the code, and
that diversity can increase as the length of the code increases (i.e., as
the number of rows in the Hadamard matrix increases). Thus, by using a
sufficiently long code (e.g., on the order of 8K, 4K, 1K, 5 12 bits, 256
bits, 128 bits, etc.), drawn from a correspondingly dimensioned Hadamard
matrix with randomly shuffled rows, a data signal can be effectively
channelcoded and spread simultaneously. [0060] FIG. 4 illustrates
additional detail of the system shown in FIG. 2, 



which can be used to receive, process and communicate user data over a
medium. In particular, FIG. 4 depicts a concrete example of a user data
stream being processed by the encoder 2 13 to select particular symbols to
transmit, which themselves may be drawn from a Hadamard matrix such as the
one shown in FIG. 3A. [0061] As depicted in the example of FIG. 4, a user
data stream 203 is provided to the encoder 2 13, and in particular a
sequence of bits " 1 1," "01 ," "01 ," and "00" are provided to the encoder
(elements 4 11, 4 12, 4 13 and 4 14, respectively). (The bits are grouped
for purposes of explanation, but the reader will appreciate that that
encoder can receive the bits in a continuous stream of data (e.g., " 1 110
1000.")) In the example implementation shown,every two bits can be used to
directly control the symbol multiplexer 206. More particularly, for
example, the processing by the encoder 2 13 of the stream of data 203 can
result in Symboln ("001 11100") being selected first, followed by Symboloi
("00001 111") during the next symbol period, followed by Symboloi again and
Symboloo ("001 1001 1") in subsequent symbol periods. In other
implementations, a different encoding scheme 213 can be employed. [0062] In
an implementation such as the one depicted, in which data bits are used to
directly control the multiplexer 206, the encoder 2 13 can include
circuitry, such as a shift register (not shown), to receive the serial data
stream 203 and hold an appropriate number of bits (e.g., two) of the serial
data stream 203 for a sufficient period of time (e.g., a symbol time) to
allow the appropriate symbol to be clocked out. The encoder 213 can be
synchronized to a chip clock (not shown) that actually clocks out the
symbol data. In this context, clocking out symbol data can include
transmitting, in order and one bit at a time, each bit in the symbol (e.g.,
each bit in the column of a matrix of bits, such as a column from a
Hadamard matrix with randomly shuffled rows). [0063] The symbol data that
is clocked out at a chip rate can be transmitted through the medium 206 by
the transmit circuit 2 19 . For purposes of illustration, data that is
transmitted through the medium 206 is represented 



as data blocks 421 , 422, 423 and 424 (corresponding to Symboln, Symboloi,
modified Symboloi and Symboloo, respectively). [0064] As depicted, the
symbols can be drawn from columns of a matrix of bits (e.g., from columns
of a Hadamard matrix (as shown), which may have its rows randomly shuffled
(random shuffling not shown in FIG. 4)). In some implementations, a large
Hadamard matrix can be stored (e.g., in compressed form) in a memory device
in the transmitter 202 and the receiver 208, and circuitry (not shown) can
be employed at each end to select a subset of columns to use as symbols by
a particular transmitter-receiver pair. The set of symbols (e.g., columns)
may be dynamically determined, and may be periodically and dynamically
changed. As indicated above, the appropriate set of symbols can be
coordinated in various ways between a paired transmitter and
receiver.[0065] As the data is transmitted through the medium 206, it may
be susceptible to interference. An example of one kind of interference,
which causes individual data bits to be flipped, is depicted in data block
423. In particular, the lightning bolt graphics indicate that two bits that
have been flipped in the data block 423, relative to the originally
transmitted symbol (i.e., the data is shown in the medium 206 as " 1 1001
111," rather than the originally transmitted "00001 111"). Because of the
correlation process that is used to recover the underlying user data, and
the process gain that is advantageously employed in the correlation
process, the interface may enable the receiver 208 to still recover the
underlying data from the user data stream 203. Other systems may tolerate
even more interference than what is depicted in FIG. 4 . [0066] At the
receiver 208, a receive circuit 222 receives various signals, including the
data blocks 421 , 422, 423 and 424. In some implementations, the receive
circuit 222 is synchronized with the transmit circuit 2 19, such that the
receive circuit can identify the start and end of each of the data blocks
421 , 422, 423, and 424. Various methods of synchronizing the receiver 208
and transmitter 202 are possible, and these methods are not described in
any detail herein; rather, for purposes of this description, it is 



assumed that synchronization has been established, such that the
correlators 225A-225D can subsequently compare each received data block 421
, 422, 423 and 424 to each symbol that may have been transmitted by the
transmitter 202. [0067] To decode received signals, such as the data blocks
421 , 422, 423 and 424, some implementations employ a correlator for each
possible symbol to which received data can correspond. In the example of
FIG. 4, any one of four possible symbols-Symboloo, Symboloi, Symbol 10 and
Symboln - are transmitted by the transmitter 202 and received (possibly in
corrupted form) by the receiver 208; accordingly, the receiver can employ
four correlators 225A-D-one for each of the four possible symbols. [0068]
In some implementations, each correlator operates in parallel with the
other correlators. That is, once a data block is fully received, the data
block can be compared concurrently (or nearly concurrently) to each of the
possible symbols. Based on the comparison (e.g., based on an output of each
correlator, as described in one implementation with reference to FIG. 5),a
symbol selector 226 can cause appropriate decoded data to be provided,
based on each received symbol. In the example of FIG. 4, the symbol
selector 226 may control a multiplexer 227 that selects appropriate data
based on the decoded symbol and outputs the selected data into an output
stream 235. For example, upon receipt of the data block 423, the receiver
208 may determine that Symboloi was transmitted and may accordingly output
"01 ." [0069] FIG. 5 provides a pictorial representation of one example
method of correlating a received block of data to possible symbols that may
correspond to the received block of data. The reader will appreciate that
this description represents a conceptual simplification to graphically
illustrate one of many possible mathematical and algorithmic methods of
correlating two different signals. Any appropriate correlation method can
be employed. For example, some implementations can employ a Hadamard
transform, fast Hadamard transform, or other suitable algorithm to
correlate received data to 



a corresponding symbol. [0070] As depicted in the example of FIG. 5,
incoming data (e.g., the data block 423 ("1 1001 111"), which was described
above as being subjected to interference) is received by the receive
circuit 222. The incoming data can be provided to each correlator as shown,
and each correlator can compare the incoming data to a different symbol. As
shown in this example, correlator 225A compares the incoming data to
Symboloo ("001 1001 1"); correlator 225B compares the incoming data to
Symboloi ("1 1001 111"); and so on. In one implementation, each correlator
225A-D may determine how many bits of the incoming data match corresponding
bits in the possible symbol (e.g., the correlator may determine a magnitude
of the correlation); in other implementations, a more complex correlation
process is performed. For purposes of illustration, a simple
number-of-matching-bits-compahson is depicted (e.g., a magnitude). In this
illustration, the six bits of incoming data match corresponding bits in
Symboloi , while only four or two bits of the incoming data match any of
the other symbols. [0071] In some implementations, a sign for the
correlation can also be employed to encode and decode data. For purposes of
illustration, sign is depicted by the (+) and (-) indicators next to the
output of each correlator.Some transmitters can send a single symbol or its
complement; on the receiver end, the receiver can employ one or more
correlators and decode the data based on the sign of the output(s)-a
positive correlation with a particular symbol can indicate one data value,
and a negative correlation with the same symbol can indicate a second data
value; magnitude can be employed as described above to distinguish between
multiple possible symbols, or as a way of determining whether there is a
sufficient match with one particular symbol. [0072] In implementations that
employ multiple correlators at the receiver, encoding information based on
sign can increase the communication bandwidth. For example, FIG. 5 depicts
a system in which two bits of information can be effectively communicated
(i.e., effectively, two bits decode 



one of the four symbols-Symboloo, Symboloi, Symbol^ and Symboln). By
employing sign, an additional bit of information can be encoded (i.e.,
three bits effectively decode one of eight "symbols"- (+)Symbol 0o, (-)
Symboloo, (+)Symboloi, (-) Symboloi, (+)Symbolio, (-) Symbols, (+)Symboln,
and (- )Symbolii, where (+) represents the symbol itself and (-) represents
the symbol's complement (e.g., one's complement)). [0073] In systems that
employ correlation sign, the transmitter can be configured accordingly.
That is, a symbol's complement (e.g., one's complement) can also be
associated with a particular data value and transmitted when that data
value is received. For purposes of illustration, the one's complement 510
of the received data 423 is depicted, along with a correlation value 5 13
of similar absolute magnitude but opposite sign for Symbol io. [0074]
Output corresponding to the number of matching bits (or based on some other
value in a system employing more complex correlators) can be provided to
the symbol selector 227 (see FIGS. 2 and 4), and based on a comparison of
outputs of each correlator, the strongest match can be determined (e.g., as
a means of predicting which symbol was correlated to the incoming data, at
the transmitter 202, before the data may have been corrupted in the medium
206). [0075] As the above example illustrates, adding process gain to a
data stream 203 can facilitate recovery of data, even after the data is
transmittedthrough a noisy medium 206. By encoding the data 203 as one of
four possible symbols (e.g., using a shuffled Hadamard function), sending
the symbols through the medium 206, and correlating data received at the
receiver 208 to each of the possible symbols, data may be accurately
recovered-even if individual bits of transmitted symbols are corrupted in
the medium. Thus, in the above example, data block 423 is accurately
correlated to Symboloi, even though two bits (25% of the bits in the
symbol) were flipped during transmission through the medium. The reader
will appreciate that the concepts of this example can be readily extended
to much longer symbols. 



For example, symbols having 128 bits may accurately convey data through a
noisier medium, in which more than 25% of the bits are corrupted; symbols
having even more bits (e.g., 1K, 2K, 8K bits, etc.) may convey data through
even noisier media. [0076] A number of implementations have been described.
Nevertheless, it will be understood that various modifications may be made.
For example, various forms of the flows shown above may be used, with steps
re-ordered, added, or removed. Accordingly, other embodiments are within
the scope of the following claims.WHAT IS CLAIMED IS: 1. A method
comprising: receiving, at an electronic transmitter device, for
communication to an electronic receiver device, a first data value
corresponding to one of a plurality of predetermined data values;
identifying, from a matrix of data bits in the form of a 2N x 2N Hadamard
matrix whose rows have been randomly or pseudo-randomly shuffled, a column
of data bits that is associated with the first data value; and transmitting
to the electronic receiver device, in place of the first data value, the
identified column of data bits. 2 . The method of claim 1, further
comprising: receiving data at the electronic receiver; correlating the
received data to the identified column of data bits; and providing the
first data value for further processing by the electronic receiver. 3 . The
method of claim 2, wherein correlating the received data to the identified
column of data bits comprises: calculating a correlation between the
received data and each column in the matrix of data bits to which is
associated one of the predetermined data values; and determining that the
received data is most strongly correlated to the identified column of data
bits. 



4 . The method of claim 3, wherein calculating comprises calculating a sign
of the correlation, and determining comprises determining based on the
calculated sign. 5 . The method of claim 2, wherein correlating the
received data to the identified column of data bits comprises calculating a
Hadamard transform or fast Hadamard transform.6 . The method of claim 1,
further comprising associating the first data value to the column of data
bits in a manner that the first data value can be determined by the
electronic receiver, from the transmitted column of data bits, in
discrimination to other data transmitted by the electronic transmitter
device. 7 . The method of claim 1, wherein identifying the column of data
bits comprises applying a logical function to two o r more columns of bits
from the matrix of data bits. 8 . The method of claim 7 , wherein each
column in the two o r more columns has a power-of-two column index. 9 . The
method of claim 7 , wherein applying the logical function comprises
applying, bit-wise, a n exclusive-OR function to the two o r more columns.
10 . The method of claim 7 , wherein identifying the column of data bits
comprises identifying the mth column, and applying the logical function
comprises applying, bit-wise, a n exclusive-OR function to each
power-of-two ccoolluummnn iinn tthhee mmaattrriixx cof bits whose mth row
has a value equal to a first predetermined value. 1 1 . The method of claim
7 , further comprising storing in a memory device included in each of the
electronic transmitter device and the electronic receiver device, a 2N x N
matrix corresponding to columns of the matrix of data bits having
power-of-two indices. 12 . The method of claim 1, wherein transmitting the
identified column of data bits comprises transmitting, in order and one bit
at a time, each bit contained in the identified column. 13 . The method of
claim 1, wherein each of the predetermined data values 



has a fixed number of one o r more data bits.14. A method comprising:
receiving, at an electronic transmitter device, for communication to an
electronic receiver device, a first data value corresponding to one of a
plurality of predetermined data values; identifying, from a matrix of data
bits in the form of a 2N x 2N Hadamard matrix whose rows have been randomly
or pseudo-randomly shuffled, an mth column of data bits that is associated
with the first data value; generating the mth column of bits, including
applying, bitwise, an exclusive-OR function to one or more power-of-two
columns from the matrix of bits whose mth row has a value equal to a first
predetermined value; and transmitting to the electronic receiver device, in
place of the first data value, the dynamically generated mth column of data
bits. 15 . The method of claim 14, further comprising storing the 2N x 2N
Hadamard matrix of data bits in a compressed 2N x N matrix in which only
columns of the matrix of data bits having power-of-two column indices are
stored in the electronic transmitter device. 16 . The method of claim 15,
wherein generating the mth column of bits comprises determining one or more
columns in the compressed 2N x N matrix whose mth row has a value equal to
the first value, and applying, bitwise, an exclusive-OR function to the one
or more columns.17 . A system comprising: an electronic receiver; and an
electronic transmitter that receives for communication to the electronic
receiver a first data value corresponding to one of a plurality of
predetermined data values; wherein the electronic transmitter identifies,
from a matrix of data bits in the form of a 2N x 2N Hadamard matrix whose
rows have been randomly or pseudo-randomly shuffled, a column of data bits
that is associated with the first data value, and transmits to the
electronic receiver device, in place of the first data value, the
identified column of data bits; and wherein the electronic receiver
receives data, correlates the received 



data to the identified column of data bits, and provides to circuitry
within the electronic receiver the first data value for further processing.
18 . The system of claim 17, wherein the electronic transmitter comprises a
memory device that stores the 2N x 2N Hadamard matrix of data bits in a
compressed 2N x N matrix in which only columns of the matrix of data bits
having power-of-two column indices are stored. 19. The system of claim 17,
wherein: the identified column of data bits comprises the mth column of the
matrix of data bits; and the electronic transmitter further comprises
circuitry for generating the mth column from the compressed 2N x N matrix
by applying, bitwise, an exclusive-OR function to one or more columns in
the compressed 2N x N matrix whose mth row has a first value. 20. The
system of claim 17, wherein the electronic receiver comprises a plurality
of correlators that calculate correlations between the received data and
each of a corresponding plurality of columns of the matrix of data bits to
which data values in the plurality of predetermined data values are
associated.2 1. The system of claim 20, wherein the electronic receiver
further comprises circuitry that (a) determines which of the corresponding
columns from the matrix of data bits has the strongest calculated
correlation to the received data and (b) outputs a data value from the
plurality of predetermined data values that is associated with the
determined corresponding column. 22. A system comprising: an electronic
receiver; and an electronic transmitter that receives a first data value
corresponding to one of a plurality of predetermined data values for
communication to the electronic receiver; a means for transmitting from the
transmitter data bits from a matrix having the form of a 2N x 2N Hadamard
matrix whose rows have been randomly or pseudo-randomly shuffled, in place
of the first data value. 



23. The system of claim 22, further comprising a means for receiving data
at the electronic receiver and for determining that the received data is
correlated to the first data value. 24. A system comprising: an electronic
receiver; and an electronic transmitter that receives for communication to
the electronic receiver a first data value corresponding to one of a
plurality of predetermined data values; wherein the transmitter identifies,
from a matrix of data bits having the form of a 2N x 2N Hadamard matrix
whose rows have been randomly or pseudo-randomly shuffled, a column of data
bits that is associated with one of the plurality of predetermined data
values, and transmits to the electronic receiver device, in place of and
based on the first data value, the identified column of data bits or a
complement of the identified column of data bits; and wherein the
electronic receiver receives data, correlates the received data to the
identified column of data bits or the complement, and provides to circuitry
within the electronic receiver the first data value for further processing.


