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COMMUNICATION SYSTEM USING A MODULATION METHOD BASED ON RESIDUE NUMBER
SYSTEMS Field of the Invention The present invention relates to modulation
methods used in communciation systems. More particularly, the present
invention relates to a communication system using a modulation method based
on residue number systems to thereby improve bandwidth efficiency.
Background  In code-division multiple access (CDMA) systems, multiple usage
at the same time causes multiple access interference {MAI). Consequently,
MAI limits the capacity and the performance of such systems as
communications between users are adversely affected by undesired
interferences. A solution to reduce MAI in such CDMA systems is obtained by
applying M-ary orthogonal signaling. Generally, Mary orthogonal signaling
provides a set of orthogonal functions to represent a set of symbols used
for transmission. M-ary orthogonal-based systems have been proposed in the
art. For example, U.S. Patent Number 5,103,459, issued to Gilhousen et al
on 7t" April 1992 and assigned to Qualcomm Incorporated, describes a system
in which a base station spreads data signals destined for different mobile
stations by mutually orthogonal codes, while each mobile station uses all
of the orthogonal codes for M-ary encoding of data to be transmitted to the
base station. Recently, as specified in TMIA/IS-95 Interim Standard (July
1993) entitled "Mobile.station - Base station compatibility standard for
dual mode wideband spread spectrum cellular system", the Telecommunication
Industry Association (TIA) has adopted M-ary orthogonal-based signaling
using Walsh functions in direct sequence CDMA (DS-CDMA) systems as a
standard. In an M-ary orthogonal-based system, Ic   VVO 02/0(19C2  PCT/SGOI
/01I1111 data bits are mapped into one of M (=2~) Walsh functions having
fixed durations. A transmitter and a receiver of an M-ary orthogonal-based
system are respectively illustrated in FIGS. 1 and 2. At the transmitter,
information bits are first modulated using a Walsh Hadamard modulator. The
resulting signal is scrambled using a user's long code and then separately
multiplied in both I and Q channels by short pseudo-random noise (PIV)
codes to derive spread signals. The spread signals are then up-converted to
radio frequency (RF) signals fox transmission. M-ary orthogonal signaling
is typically used for uplinking transmissions from a mobile communication
unit to a base station. The mobile communication unit operates within a
mobile communication environment that disperses transmitted signals through
different physical paths. The mobile communication environment therefore
provides a multipath environment for the transmitted signals. A receiver of
the base station receives multipath signals corresponding to transmitted
signals from a11 users. Thus, signals received at the receiver from the
multipath environment are the sum of such multipath signals and noise. The
multipath components of a transmitted signal are independent due to
considerable path delays that can extend to a few microseconds.
Consequently, time diversity due to independent multipath delay components
of the transmitted signal can be exploited by appropriate processing
components at the receiver. A RAKE receiver is an example of a receiver
that exploits this time diversity by collecting and combining energy tom
the multipath signals. The RAKE receiver has a receiver finger for each
multipath signal component. After descrambling, a received signal is
correlated by a despreading code in each RAKE finger, which is time aligned
with the delay component of a multipath signal. This is done using all
possible orthogonal codes having the same processing gain such as
Walsh-Hadamard codes. After despreading, signals corresponding to the same
despreading code are combined. The receiver uses a maximum likelihood
decision rule. With this method, a despread 



WO (12/0(19G2 P~T/scol/uunl l variable with maximum amplitude is selected.
The index of the largest despread variable denotes the transmitted symbol.
M-ary signaling uses symbol-by-symbol spreading and despreading. As such,
more bits are processed for a given processing cycle than bit by bit
processing of conventional methods and this thereby improves bandwidth
efficiency. The bandwidth efficiency in the M-ary orthogonal-based system
is also improved by increasing the number of bits per symbol. However,
increasing the number of bits per symbol (k) increases spreading factor and
this, unfortunately, exponentially increases the number of correlators or
matched filters required at the receiver. Hence, to simplify a receiver
that would otherwise require an undesirable number of correlators or
matched filters, the length of transmitted bits/symbol needs to be limited.
For example, to receive a transmitted symbol having 16 bits per symbol that
is transmitted from a set of 216 (=65536) orthogonal codes, the receiver
requires 21s correlators or matched filters. In addition, the receiver has
to simultaneously acquire and track 65536 spread codes and this is not
practical for existing mobiles and base stations. On the other hand,
bandwidth efficiency can be enhanced by multi-coded (DMA systems, in which
data bits are transmitted in parallel using orthogonal spread codes.
However, increasing the number of bits per symbol also increases the number
of parallel channels and this undesirably increases the likelihood of
signal interferences of a desired signal by undesired signals in a
mufti-path environment. Such signal interferences are more severe in a
mufti-user environment. Considering the problem of complexity of receivers
in M-ary orthogonal based systems due to an increase in the number of bits
per symbol, L. L. Yang and L. Hanzo proposed an alternative method of
modulating information bits that uses a residue number system (RNS).
("Performance of a residue number system based DSCDMA over multipath
channel using orthogonal sequences" by L. L. Yang and L. Hanzo , European
Transactions on Communications, Vol. 9, No. 6, Nov-Dec 1998,   WO
02111f19(2 4 PCTISG01/1111011 pp. S2S-S36.) In this alternative method, any
information symbol Xto be transmitted, can be uniquely and unambiguously
represented as: a set of residues: X=~~-l, ~~2, ... r"f~ with respect to a
set of moduli anal, naz, ...na"}, where rl = rem(X,m~ for i = I to u,
ren~(xy) being the remainder ofx with respect to y, provided X is less than
the product of a11 moduli. The elements of the moduli set should be
pair-wise relatively prime. The product of a11 moduli provides a dynamic
range and determines the maximum number of bits possible in a symbol. The
residues are mapped into a set of orthogonal sequences and are transmitted
in parallel. Operations on individual residue channels are mutually
independent due to the carry-free nature of residue arithmetic. Also, some
residue digits can be discarded without affecting the result, provided a
sufficient number of residue digits are retained for the reconstniction of
the symbol. These RNS properties ai~e exploited further by introducing
redundant moduli for the enhancement of system performance in an RNS-based
CDMA system. Inserting redundant moduli can enhance error detection and/or
correction properties for RNS. A redundant residue number system (RRNS) is
obtained by appending v-a pair-wise relatively prime moduli to the
non-redundant moduli. The redundant moduli should obey the condition
yn"+r... m,~ > naax ynl, m2, ... ni"~. The error detection and correction
properties of RNS are well established. In general, v-a redundant moduli
can detect v-as errors and can correct up to (v-u)l2 errors. These fault
tolerant features are suitable for communication systems in which
performance is severely limited by channel conditions, such as multipath
interference, multiple access interference and various other channel noise
conditions. Even though it is possible to increase bandwidth efficiency of
an M-ary orthogonal based DS-CDMA system by increasing the number of bits
per symbol, the complexity required by a receiver of such a system
increases linearly with M and exponentially with the number of bits per
symbol. Consequently, both the maximum   WO 02/fIGl9G2 



PCT/SGfl1/11f1011 number of orthogonal sequences and an acceptable
complexity of the receiver limit achievable bandwidth efficiency of such a
system. Hence, the maximum possible data transfer rate is also limited. On
the other hand, the number of parallel channels used and, correspondingly,
the maximum possible data transfer rate limits the performance of existing
multi-coded CDMA systems. Also, the average performance of existing
mufti-coded CDMA systems is inferior to a normal M-ary orthogonal based
DS-CDMA system of equal data rate due to a higher presence of MAI. Using
residue number representation, the number of orthogonal codes required for
transmission can be reduced from M (=2~ ) to the sum of all moduli, which
is much less. This therefore reduces the number of correlators or matched
filters and, hence, achieves a reduction in computational complexity at the
receiver. Unlilte existing mufti-coded CDMA systems, the number of parallel
channels required for transmission remains the same (that is, equals the
number of residues used) irrespective of the number of bits per symbol.
However, the RNS-CDMA system proposed by Yang and Hanzo does not fully
exploit the potential of maximum bandwidth efficiency using orthogonal
modulation in which residue values are directly mapped onto orthogonal
spread codes without any modification and all the orthogonal spread codes
corresponding to a symbol are transmitted in parallel. Furthermore, in
multicarrier modulation systems, an entire channel is divided into many
narrow band sub-channels via which a spread signal is transmitted in
parallel. Consequently, duration of symbols encoded within the spread
signal increases. This is significant in high data rate transmission where
the ability to achieve higher bit rates at lower error rates is limited by
the propagation characteristics of a wireless communication environment
such as inter-symbol interference due to large delay spread of different
receiving paths and fast fading caused by velucular movement. The
performance in multicarrier modulation systems is thus comparable to narrow
band radio frequency channel due to frequency nonselective fading in
sub-carriers. To overcome this and to reduce the bit error rates, a
combination of multicarrier modulation systems and CDMA is proposed in
prior art communication systems. In such systems, the energy of each
information symbol is   WO U2/UC>>19h2 PC'C/SGU1/IIIIU11 6 spread over
several sub-cancers, which leads to a diversity gain in a broadband fading
channel. Moreover, a spread signal can be transmitted and received using a
fast Fourier transform (FFT) device without increasing transmitter or
receiver complexity. As such, a multicarrier CDMA system is potentially
robust to channel frequency selectivity with good frequency utilization
efficiency. However, the symbol rate in each sub-carrier of such a system
is reduced to allow longer symbol duration which is easier to
quasi-synchronize spread signals. Such reduction of the symbol rate
adversely affects bandwidth efficiency. In view of the above limiitations
to existing multi-coded or RNS-based CDMA systems, a need clearly exists
for a modulation method to further improve bandwidth efficiency in existing
RNS-based CDMA systems. Summary In accordance with one aspect of the
invention, there is disclosed a method for modulating a binary input signal
to form a spread signal for transmission, the method comprising the steps
of deriving one or more residue sets from a plurality of bits provided by
the binary input signal, each of the residue sets having one or more
residues, corresponding to a residue symbol, and having at least one
non-redundant residue; converting each of the residues to binary bits;
modulating one or more least significant bits of the binary bits to form a
modulated symbol fox each of the residues; selecting an orthogonal code
sequence associated with remaining bits of the binary bits for each of the
residues;   W'O U2/UC1912 



7 and PCT/SGO 1/00U 11 spreading the modulated symbol for each of the
residues using the selected orthogonal code sequence to form a residue
channel for each of the residues for transmission. Generally, the
converting step can comprise the step of grouping the residue sets to form
a symbol frame. More generally, the converting step can further comprise
the step of interleaving the residues from the symbol frame to form an
interleaved residue frame. Yet more generally, the interleaving step can
comprise the step of arranging the residues based upon an interleaving
depth of the interleaved residue frame and the number of the residue
channel. Still more generally, the arranging step can comprise the step of
setting the interleaving depth based upon the number of the one or more
residue sets. Optionally, the method can further comprise the step of
combining output from each residue channel to form the spread signal.
Generally, the combining step can be carried out in parallel.
Alternatively, the combining step can comprise the step of serially
concatenating the output. More optionally, the method can further comprise
the step of scrambling the spread signal using a predetermined scrambling
code.   VVO U2/11(i19(i2 s Generally, the method can further comprise the
steps of: converting the spread signal to parallel outputs; and PCT/SGfll
/(1(1f11 1 inverse Fast Fourier transforming the parallel outputs to form
transformed outputs. More generally, the converting step can comprise the
step of interleaving the spread signal. 



Yet more generally, the method can further comprise the step of scrambling
the spread signal using a predetermined scrambling code prior to the
converting step. Still more generally, the method can further comprise the
step of inserting a guard interval between the transformed outputs prior to
transmission. In accordance with another aspect of the invention, there is
disclosed a method for demodulating a spread signal received within a
communication environment, the method comprising the steps of: despreading
the spread signal with one or more code sequences associated with each of
at least one residue channel to determine a code sequence, the code
sequence being associated with one or more most significant bits and used
for transmitting the spread signal for each residue channel; demodulating
despread output corresponding to the determined code sequence to form an
estimated modulated symbol and subsequently derive one or more least
significant bits for the each of at least one residue channel; combining
the one or more most significant bits and the one or more least significant
bits to form a residue associated with each residue channel   V4'O 112/11(i
19(i 2 9 and PCT/SG(I1 /(1(1011 deriving a binary output signal from one or
more residue symbols, each of the one or more residue symbols being based
upon a plurality of residues associated with the at least one residue
channel, the plurality of residues corresponding to one or more residue
sets. Generally, the despreading step can comprise the step of applying a
ratio static test on each of the despread output to obtain test statistics
for each of the one or more residues. More generally, the deriving step can
comprise the step of choosing non redundant residues for each of the one or
more residue sets based on corresponding the test statistics for each of
the one or more residues. Optionally, the despreading step can comprise the
step of estimating channel status information associated with each residue
channel. More optionally, the despreading step can comprise the step of the
demodulating step comprises the step of forming the estimated modulated
symbol using the despread output of selected spread code and estimated
channel status information associated with the each of at least one residue
channel. Generally, the method can further comprise the step of forming an
interleaved 



residue frame from the plurality of residues. More generally, the forming
step can comprise the step of deinterleaving the interleaved residue frame
to form a symbol frame, the symbol frame having one or more residue sets
based upon the plurality of residues, each of the residue sets representing
a symbol.   WO 02/l)111912 10 PC'T/SG01 /0U(111 Yet more generally, the
deinterleaving step can further comprise the step of setting an interleaved
depth for the interleaved residue flame based upon the number of the one or
more residue sets. Optionally, the method can further comprise the step of
descrambling the spread signal using a predetermined scrambling code.
Generally, the method can further comprise the steps of converting the
spread signal to parallel outputs; and Fast Fourier transforming the
parallel outputs to form transformed outputs. More generally, the method
can further comprise the step of descrambling the spread signal using a
predetermined scrambling code prior to the converting step. Optionally, the
converting step can comprise the step of deinterleaving the spread signal.
In accordance with yet another aspect of the invention, there is disclosed
a communication system having a transmitting section for modulating a
binary input signal to form a spread signal for transmission, the
communication system comprising: means for deriving one or more residue
sets from a plurality of bits provided by the binary input signal, each of
the residue sets having one or more residues, corresponding to a residue
symbol, and having at least one non-redundant residue; means for converting
each of the residues to binary bits;   wo n2/ocl~c2 11 



PCT/SGU 1 /f111011 means for modulating one or more least significant bits
of the binary bits to form a modulated symbol for each of the residues;
means for selecting an orthogonal code sequence associated with remaining
bits of the binary bits for each of tile residues; and means for spreading
the modulated symbol for each of the residues using the selected orthogonal
code sequence to form a residue channel for each of the residues for
transmission. Generally, the converting means can comprise means for
grouping the residue sets to form a symbol frame. More generally, the
converting means can further comprise means for interleaving the residues
from the symbol frame to form an interleaved residue fram e. Yet more
generally, the interleaving means can comprise means for arranging the
residues based upon an interleaving depth of the interleaved residue frame
and the number of the residue channel. Still more generally, the arranging
means can comprise means for setting the interleaving depth based upon the
number of the one or more residue sets. Optionally, the communication
system can further comprise means for combining output from each residue
channel to form the spread signal.   VI'O 02/0C 19G2 12 PCT/SG(I1/00(I11
Generally, the combining means can comprise means for carrying out the
combining in parallel. Alternatively, the combining means can comprise
means for serially concatenating the output. More optionally, the
communication system can further comprise means for scrambling the spread
signal using a predetermined scrambling code. Generally, the communication
system can further comprise: means for converting the spread signal to
parallel outputs; and 



means for inverse Fast Fourier tranforming the parallel outputs to form
transformed outputs. More generally, the converting means can comprise
means for interleaving the spread signal. Yet more generally, the
communication system can further comprise means for scrambling the spread
signal using a predetermined scrambling code prior to the converting. Still
more generally, the communication system can further comprise means for
inserting a guard interval between the transformed outputs prior to
transmission.   VVO U2/U(i1912 13 PC'I'/SG01 /f1111111 In accordance with a
further aspect of the invention, there is disclosed a communication system
having a receiving section for demodulating a spread signal received within
a communication environment, the communication system comprising: means for
despreading the spread signal with one or more code sequences associated
with each of at least one residue channel to determine a code sequence, the
code sequence being associated with one or more most significant bits and
used for transmitting the spread signal for each residue channel; means for
demodulating despread output corresponding to the determined code sequence
to form estimated modulated symbol and subsequently derive one or more
least significant bits for each residue channel; means for combining the
one or more most significant bits and the one or snore least significant
bits to form a residue associated with each residue channel; and means for
deriving a binary output signal from one or more residue symbols, each of
the one or more residue symbols being based upon a plurality of residues
associated with the at least one residue channel, the plurality of residues
corresponding to one or more residue sets. Generally, the despreading means
can comprise means for applying a ratio static test on each of the despread
output to obtain test statistics for each of the one or more residues.   WO
112/(1(i19(2 



14 PCT/sGnlnlool l More generally, the deriving means can comprise means
for choosing non redundant residues for each of the one or more residue
sets based on corresponding the test statistics for each of the one or more
residues. Optionally, the despreading means can comprise means for
estimating channel status information associated with each residue channel.
More optionally, the demodulating means can comprise means for forming the
estimated modulated symbol using the despread output of selected spread
code and estimated channel status information associated with the each of
at least one residue channel. Generally, the communication system case
further comprise means for forming an interleaved residue frame from the
plurality of residues. More generally, the forming means can comprise means
for deinterleaving the interleaved residue frame to form a symbol frame,
the symbol frame having one or more residue sets based upon the plurality
of residues, each of the residue sets representing a symbol. Yet more
generally, the deinterleaving means can comprise means for setting an
interleaved depth for the interleaved residue frame based upon the number
of the residue sets. Optionally, the communication system can further
comprise means for descrambling the spread signal using a predetermined
scrambling code. Generally, the communication system can further comprise:
means for converting the spread signal to parallel outputs; and   WO
02/0l19(2 15 PCT/SG01/OOOt 1 means for Fast Fourier transforming the
parallel outputs to form transformed outputs. More generally, the
communication system can further comprise means for descrambling the spread
signal using a predetermined scrambling code prior to the 



converting. Optionally, the converting means can comprise means for
deinterleaving the spread signal. Brief Description of the Drawings
Preferred embodiments of the invention are described hereinafter with
reference to the drawings, in which: FIG. 1 is a general block diagram of a
prior art transmitter; and FIG. 2 is a general block diagram of a prior art
receiver. FIG. 3 is a general block diagram illustrating a communication
system having a transmitting section and a receiving section in accordance
with a preferred embodiment of the invention; FIG. 4 is a general block
diagram illustrating a part of the transmitting section of FIG. 3; FIGS.
5(a) and 5{b) illustrate an example of an interleaving pattern of a residue
interleaves of the communication system of FIG. 3; FIG. 6 is a general
block diagram of a sub-modulator of an nth residue channel of the modulator
of FIG. 4;   VVO 02/0C1902 16 PCT/SGII l /110011 FIG. 7 is a general block
diagram illustrating a part of the receiving section of FIG. 3; FIG. 8 is a
general block diagram of a sub-demodulator of an nth residue channel of the
demodulator of FIG. 7; FIG. 9 is a general block diagram illustrating a
spread code selection and ratio statistic measurement module within the
sub-demodulator of FIG. 8; FIG. 10 is a general block diagram of a
correlator bank for an nt'' path of the spread code selection module of
FIG. 9; FIG. 11 is a general flow chart of a method for modulating based on
residue number systems by the communication system of FIG. 3; FIG. 12 is a
general flow chart of a method for demodulating based on 



residue number systems by the communication system of FIG. 3; FIG. 13 is a
comparative graph of minimum spreading factor required with number of bits
per symbol in the communication system of FIG. 3 and prior art systems;
FIG. 14 is a comparative graph of computational complexities in the
communication system of FIG. 3 and prior art systems; FIG. 15(a) is a
comparative graph of performance of the communication system of FIG. 3 for
parallel representation of residue channels and a processing gain of 64 in
a Rayleigh fading channel of 16 bits/symbol and a moduli set; FIG. 15(b) is
a comparative graph of performance of the communication system of FIG. 3
for serial concatenation of residue codes and a processing gain of 16*5 in
the Rayleigh fading channel of FIG. 13a;   w0 (12111(il~G2 17
PCTISGII1/(1(1111 l FIG. 16 is a comparative graph of performance of the
communication system of FIG. 3 with alternative modulation methods based
upon a processing gain of 256 and a Rayleigh fading channel of 16
bits/symbol and yet another moduli set; FIG. 17 is a comparative graph of
performance of the communication system of FIG. 3 with alternative
modulation methods based upon a reduced processing gain of 64 and differing
channel bits/symbol and moduli sets; FIG. 18 is a general block diagram
illustrating a part of the transmitting section of FIG. 3 in accordance
with an alternate embodiment of the invention; FIG. 19 is a general block
diagram illustrating a part of the receiving section of FIG. 3 in
accordance with the alternate embodiment of the invention and FIG. 20 is a
general block diagram of a sub-demodulator of an nth residue channel of a
demodulator of the alternate embodiment. Detailed Description A
communication system, a modulation method and a demodulation method based
on residue number system (RNS) for the communication system are described
in accordance with preferred embodiments of the invention. In the
following, numerous details are provided for a more thorough description.
It shall be apparent to one skilled in the art, however, that the invention
may be practiced without such details. In other instances, well-known
details have not been described at length so as not to obscure the
invention. 



The advantages of the preferred embodiments of the invention are manifold.
One advantage of the preferred embodiments of the invention is that a
lesser   V1'0 (12/(1(i l O62 PCT/SG01 /0l1(1 l l 18 spreading factor is
required compared to existing residue number system (RNS) code-division
multiple access (CDMA) systems of the same capacity. Thus, since bits per
symbol can be increased without changing spreading factor, considerable
improvement in bandwidth efficiency can be obtained. Another advantage of
the preferred embodiments of the invention is that a faster data
transmission using a lesser processing gain is achieved without affecting
the performance of transmitters or receivers of the communication system
for the same n number of bits per symbol compared to existing communication
systems. A further advantage of the preferred embodiments of the invention
is that the number of sub-Garners required for representing a symbol in an
RNS-based multi carrier CDMA system can be reduced. Yet another advantage
of the preferred embodiments of the invention is that bandwidth efficiency
is enhanced in multicarrier CDMA systems without increasing the number of
sub-carriers. Yet a further advantage of the preferred embodiments of the
invention is that, unlike multi-coded communication systems, the number of
parallel or serial channels does not change with the number of bits per
symbol. Still a further advantage of the preferred embodiments of the
invention is that residues are mutually independent due to carry-free
nature and, therefore, residue channels of the communication system can be
implemented in parallel. One more advantage of the preferred embodiments of
the invention is that inherent error detection and correction properties of
residue numbers can be enhanced further to improve error correction
abilities of the communication system.   W O 02111C 1962 19 PCT/SG(I1
/1111(111 



Another further advantage of the preferred embodiment of the invention is
that the number of orthogonal codes required for representing a set of
objects in a classification method can be reduced. This is because a group
of objects can share the same orthogonal code by assigning distinct data
values for each object in the group. The reduction in the number of
orthogonal codes is exponentially related to the number of bits used for
the representation of objects. Hence, the preferred embodiment of the
invention is especially advantageous in communication systems with smaller
spreading factor in which the number of available orthogonal codes is
limited and is useful in communication systems like home networks.
Referring now to FIG. 3, a general block diagram of a communication system
30 in accordance with a preferred embodiment of the invention is shown. The
communication system 30 comprises a transmitting section 31 and a receiving
section 32. The transmitting section 31 receives and processes an
information bit stream as an input signal. This input signal is then
processed for transmission as a spread signal. The spread signal is
transmitted to the receiving section 32 via a communication resource 33
such as, for example, a radio frequency (RF) channel. The spread signal is
processed by the receiving section 32 to derive the information bit stream.
The transmitting section 31 comprises an outer encoder 34, a binary
interleaves 35, a binary-to-residue number system (RNS) converter 36, a
residue interleaves 37 and a modulator 38. The information bit stream is
encoded by the outer encoder 34 and interleaved by the binary interleaves
35 before conversion to residue values by the binary-to-RNS converter 36.
Specifically, the number of bits per symbol, corresponding to M-ary
symbols, is selected and converted to the residue values using modulo
operations known in the art. Thereafter, the residue values are grouped
into frames and interleaved, in frames, by the residue interleaves 37. From
the residue interleaves 37, the frames of residue values are provided to
the modulator 38 for spread modulating onto the communication resource 33
to thereby provide the spread signal.   V4'O 02/U(~19G2 20
PCT/SG~~1/111~1~11 The receiving section 32 comprises a demodulator 39, a
residue deinterleaver 40, a residue number system (RNS}-to-binary converter
41, a binary deinterleaver 42 and an outer decoder 43. Upon reception at
the receiving section 32, the spread signal is demodulated by the
demodulator 39 to obtain the residue values. The residue values are then
deinterleaved by the residue deinterleaver 40, converted to binary data by
the RNS-tb-binary converter 41 and provided as input to the binary
deinterleaver 42. Output from the binary deinterleaver 42 is decoded by the
outer decoder 43 to obtain the information bit stream. In the communication
system 30, the outer encoder 34, the binary interleaver 35, the outer
decoder 43 and the binary deinterleaver 42 are considered outside the scope
of the invention as described in this specification. Henceforth, these
elements are not elaborated upon. The M-ary symbols are processed into
parallel residue channels within the transmitting section 31. To optimize
the transmitting section 31, selection of the residue values is important.
In addition to satisfying the basic requirements of RNS representation, the
dynamic range of a residue set, which is the product of nonredundant
residues, should be higher than 2k, Where k is the number of bits per
symbol. The difference between the dynamic range and 2k should be kept to a
minimum. Keeping this difference to a minimum helps to maintain the lowest
possible spreading factor in the spread signal and reduces search time when
an inverse RNS transform and error correction is subsequently performed in
the receiving section 32. FIG. 4 shows a general block diagram illustrating
a part of the transmitting section 31 having the RNS converter 36, the
residue interleaver 37 and the modulator 38 for parallel modulation of
residue channels by a plurality of sub-modulators 45. A fixed set of data
symbols, corresponding to an M-ary symbol is converted to residue values by
an RNS transform with respect to a fixed moduli set. Residue values   VVO
112/O11912 PCT/SG(I1/11(Illl 1 21 



corresponding to an M-ary symbol is termed hereinafter as a residue set.
Each residue set represents a symbol and a fixed number of symbols,
representing one or more residue sets, are grouped together to form a
symbol frame. The residue channels are independently interleaved frame-wise
such that each residue channel belonging to the same modulus is not
repeated in an interleaved symbol. After interleaving, the binary data of
each residue value is modulated and spread by a respective sub-modulator
45. The outputs of the sub-modulators 45 are summed by a combines 46 and
then scrambled with a scrambler 47 to form a spread signal. The scrambler
47 uses a user-specific pseudo random code as the scrambling code. The
spread signal is then transmitted out via the conununication resource 33.
An example of how residues are interleaved within the residue interleaves
37 is shown in FIGS. 5a and 5b, in which the interleaves depth is nine (9)
and is for five residue channels. The residue, x"",, corresponds to the
nt~' residue of the mth symbol. Each column in FIGS. 5a and Sb corresponds
to a symbol. FIG. 5a shows positions of the residues before interleaving
and FIG. 5b shows positions of the residues after interleaving. From FIGS.
Sa and 5b, it can be seen that a11 columns have unique representations of
residue sets. In other words, residues with respect to a modulus are not
repeated in the same column. This feature enhances error correction of RNS
representation especially when errors occur in bursts. A general block
diagram of a sub-modulator 45 of an nth residue channel of the modulator 3
8 is shown in FIG. 6. Information hits are spread and modulated within the
sub-modulator 45. Each residue channel in the modulation method proposed
for the communication system 30 has spread code information and data. In
order to extxact both the spread code information and the data, a residue
channel in the communication system 30 is converted by a binary converting
module 55 to binary representation having, for example, k bits. Of these k
bits, i least significant bits (LSB) are considered as data and modulated
by a modulating module 56 using M-phase shift keying (MPSK)/M-quadrature
amplitude modulation (MQAM), where M = 2"'. For example, the modulation
method is BPSK for na=l and QPSK for n7=2.   V1-'O ll2/O(i19G2
PCT/SGII1/1111(Il l Integers are obtained from the remailung bits (!c-na
bits) for mapping into a set of orthogonal codes based on the
Walsh-Hadamard transfonn at a selected processing gain using a spread code
module 57. The MPSK/MQAM modulated symbol for each residue channel is
spread with a corresponding spread code and mixed using a mixer module 58
for subsequent transmission. The modules y,56,57 of the sub-modulator 45
correspond to various stages of modulation and spreading of residues of a
residue chamiel. Mathematically, the spread signal can be expressed as
follows. Assume ~l'1, y, ..., nu) are the residue digits corresponding to
moduli (nal, na2, ..., na"} . Since redundant residues are important only
for error con ection, such redundant residues are not considered for
mathematical representation. However, a simple substitution with >> (total
number of moduli) for a (total number of non-redundant moduli) in the
following equations is true for a redundant case. After removing m LSB for
MPSK/MQAM modulation, the residue bits are converted to a new set of
integers (xl, x~, ..., x"~ such that nac~x(x") _ [nz"lM], where [x]
represents the smallest integer greater than x (a ceiling operation) and
M=2"'. These integers are then mapped into a set of orthogonal codes
{CIXI(t), C2,;2(t),... Cux"(t)}. The total number of such orthogonal codes
are nearly ~ ~M , where i =1 to a and represented as follows: Clot) C11(t)
..... C1 ~"'1 ' ~ ~ (t) M 020(t) C21 (t) . . ... C2 ~ m2 - 1 ~ (t) M Cu0(t)
Cult) .. ... Cu ~ mu - 1 ~t) M These sets of orthogonal codes are used for
spreading na LSB for transmission. Each row in the above equation
represents the possible set of (1) orthogonal codes corresponding to a
particular modulus. The number of rows   WO 02/(1(i192 23 PCT/SG(I1
/1101I11 represents the number of parallel residue channels required for
transmission of an information symbol, which is confined within the limit
of the dynamic range. This dynamic range is def ned as the pr oduct of a11
non-redundant residues. A spread signal for transmission can be represented
as follows: s(t) _ ~ U~r. (t} exp( j2~j'~t) .................. (2} r=~ for
0 St < T, where f~ is the can-ier frequency. U;r (t) corresponds to the
spread output of modulated data d", with selected orthogonal code CAL; (t)
of processing gain G for the residue channel i. The following equation
represents this operation: .r=+oo c LI~r, (t} _ ~ ~ d",(~a)C~r (k)P~(t -
kT~ - iTs ) ................................ ~,_-~ ~;=i 



where T~ is the chip duration and TS (=T~*G) is the symbol duration. The
modulated data d", is represented as follows: n=+oo (271(n1-1>> d", (t) _ ~
ej "f z~(t - nTs }, for MPSK modulation w~-wwwww~ (4) "_ ~,_+~ d,n (t) _ ~
(A",~ + jA",s hc(t - ~aTs ), for MQAM modulation ~~~~~~~~~~~~~~~~~~ (5)
where m=1,2,...M; Am~ and Ams are the information bearing signal amplitudes
of the quadrature carriers, and the signal pulse 1(0 < t < TS ) u(t) =
0(otherrvise) Similarly, the chip pulse waveform p~ (t) = 1(0 S t < T~ )
0(othe~~tvise) The spread signal transmitted via the communication resource
33 is scattered by many obstacles before reception by the receiving section
32. This creates a multi path channel for the spread signal. Due to
interference in different paths of the spread signal each with a different
time delay, the spread signal suffers from frequency   V1~'O (12/Ull')62
PCT/SG(I1/(1(11111 24 selective mufti-path fading and transmission
performance is thus sig~uficantly degraded. Assuming that the mufti-path
channel has P (>1) resolvable frequency selective paths, the spread signal
received over a multipath channel r(t) can be represented as: p=-1 p I r(t)
_ ~ rp (t) - ~ czp (t)s(t _ z-p ) + N(t) ................... (6) p=0 p=0
where N(t) represents a stationary zero-mean Gaussian random process with
single-sided power spectral density of No, and ap and ip are the complex
valued channel gain and time delay ofpth path (p=0,1, ...P-1),
respectively. A general block diagram of a part of the receiving section 32
having the demodulator 39, the residue deinterleaver 40 and the
RNS-to-binary converter 41 is illustrated in FIG. 7. In accordance with RNS
arithmetic, the residue operations belonging to different moduli are
mutually independent. In line with this, the demodulator 39 is split down
to a number of independent sub-demodulators 61 with each dedicated to
receive one residue digit associated with each of the residue channels.
Hence, the total number of such parallel sub-demodulators 61 is equal to
the total number of residue channels. Since the modulator 38 divides each
residue channel into spread code information and data, each residue channel
of the subdemodulators 61 is able to retrieve both the spread code
information and the data. A general block diagram of a sub-demodulator 61
is shown in FIG. 8. The subdemodulator 61 includes a spread code selection
and ratio statistic measurement module 65 and a MPSK/MQAM demodulation
block 66. As discussed earlier, (k-m) MSBs of the residue channel
corresponds to the spread code used for modulation. Hence by selecting the
spread code, the module 65 retrieves (k-m) most significant bits (MSBs) of
the residue channel. Once a spread code is determined, it is used for
despreading the data as shown in module 67. The data symbols are retrieved
by demodulator 66 and considered as m (where m= log2M) least significant
bits (LSBs) of the residue channel. The resulting binary sequence from
combining MSBs and LSBs are converted back to integers and is considered as
an estimated value of residue channel.   V1-'O U2/U(~19(~2 ~5 PcT/scolnu~o~
1 Modules in the sub-demodulator 61 have coherent RAKE fingers with an
order of diversity that equals the number of paths. FIG. 9 shows a general
block diagram of the spread code selection and ratio statistic measurement
module 65. The spread code selection and ratio statistic measurement module
65 comprises a multipath despreader 72 followed by a maximum likelihood
decision alld ratio statistic test module 73. The multipath despreader 71
coherently combines multiple residues of same received signal for a11
possible orthogonal codes. The channel information corresponding to the
multipath channel is estimated using the channel estimation block inside
despreader blocl: 71. The estimation can be done either by known data bits
(pilot symbols) or/and by known residues (pilot spread codes), Maximum
likelihood decision module 73 select the spread code with maximwn
amplitude. The ratio statistic parameter corresponding to this spread code
is determined as discussed in the following paragraph. FIG. 10 shows a
general block diagram of a correlator bank 72 of the multipath despreader
71. Assuming perfect synchronization, input to each of the sub-demodulator
61 is descrambled using corresponding scrambling codes and then correlated
with a set of orthogonal codes associated with a respective residue
channel. The residues obtained in an RNS-based DS-CDMA system are further
supported by a side information called a ratio static test (RST) that drops
erroneous residues if transmission of the spread signal uses redundant
residue channels. The RST is defined as the ratio of highest to next
highest correlator output within the 



same residue channel and represented as follows: lmax~ R;o,R;,,...R ~~~; 1
................................ -maXi RiQ,R~I,...R ~,i 1 ~~~rl where
~rrtaa:;~~ and Zniax;~~ represent the highest and the next Highest of the
correlator outputs {R;o,Ril,....R;tm~-1~~}, where R;" _ ~IR;;p~l and P is
the number of p--1   WO 112/OG19(i2 PCT/SG01 /11111I11 26 selected paths in
a multipath environment. The RST is based on the assumption that the
highest correlator output is significantly higher than the next highest.
Estimated residue values and ratio statistic measures are passed to an
error correctiouerasure module after a frame-wise de-interleaving. Each
symbol is reconstituted with appropriate residue chamiels. The residue to
binary transformation can be done either by a look-up table or by standard
methods such as the Chinese remainder theorem or mixed radix conversion.
The binary data is again outer deinterleaved and decoded using a suitable
error correction code. Residue numbers con~esponding to a symbol can be
represented either in parallel or serial. All residue channels
corresponding to an interleaved symbol is spread over the same symbol
interval for parallel representation. Hence, the total number of parallel
channels equals the number of elements in the moduli set. As shown in FIG.
4, a combiner 46 sums these parallel channels before transmission. Adjacent
channel interference is minimal due to the orthogonality of individual
residue channels. The total number of orthogonal codes required for this
method is equal to the sum of all moduli. Alternatively, the spreading code
corresponding to an individual residue is concatenated serially in the
symbol interval. In this case, the combiner 46 in FIG.4 is replaced with a
parallel to serial conversion module. There is no adjacent channel
interference in this case because residue numbers are represented serially.
The total number of orthogonal codes required for this method is equal to
the largest moduli value. If the spreading factor is the same whether in
parallel or serially, the chip rate for serial concatenation of the
spreading code is nmoa times higher than the first method, where nmoa is
the number of moduli. This has a direct implication in computational
complexity. On the other hand, if optimal spreading factors are selected
based on the sum of moduli for parallel representation and highest modulus
V1'O 112/11C 191r2 PC7`ISGOI /1111(111 2'7 value for serial representation,
then the chip rate is nearly the same. Mufti-path interference is minimized
in the serial concatenation of the spreading code because there is no
parallel channel as the orthogonal codes, corresponding to residue values,
are serially concatenated. This is more significant especially when the
number of symbols is less. Since the symbol spreading duration is nearly
same, both parallel representation and serial concatenation show similar
performance when the spreading factor is sufficiently high. For all further
complexity comparisons, parallel representation is used as a reference. The
modulation method can be used for mufti-carrier CDMA systems as well. In
mufti-carrier transmission, the symbol is spread in the frequency domain
and transmitted after inverse Fourier transform. A cyclic prefix is added
to reduce the effect of the mufti-path interference. At the receiving
section 32, the cyclic prefix is removed to detect the orthogonal code on
the Fourier transform of the received data. In mufti-carrier systems, each
sub-carrier represents a chip level information. For mufti-earner
representation of RNS-based CDMA systems, each symbol requires a minimum of
Em; (sum of a11 moduli) sub-carriers. By splitting down the residue
channels into data and a smaller spread code index, the number of
subearners required to represent each orthogonal code can be reduced
significantly. 



FIGS. 11 and 12 are two general flow charts illustrating the steps in
modulating and demodulating by, respectively, the transmitting section 31
and the receiving section 32 of the communication system. Referring now to
FIG. 11, the modulating method SO starts at step 81 when a binary input
signal is received. Thereafter, at step 82, the modulating method 80
continues to step 82 with deriving one or more residue sets from a
plurality of bits provided by the binary input signal. Each of the one or
more residue sets having one or more residues corresponding to a residue
symbol. Also, each of the one or more residue sets has at least one
non-redundant residue.   w0 02/0(19G2 PCT/SGOI I11(11111 28 Following step
82, converting each of the one or more residues to binary bits takes place
at step 83. Thereafter, at step 84, for each of the one or more residues,
one or more least significant bits of the binary bits is modulated to form
a modulated symbol. Thereafter, at step 85, an orthogonal code sequence
that is associated with remaining bits of the binary bits is selected for
each of the one or more residues. I11 step 86, the modulated symbol is then
spread using the orthogonal code sequence to form a residue channel for the
each of the one or more residues for transmission: Demodulating the spread
signal received from the transmitting section 31 is generally described in
the demodulating method 90 illustrated by the flow chart of FIG. 12.
Starting at step 91, the spread signal is received within the communication
environment of the commuiucation system 30. Thereafter, at step 92, the
spread signal is despread with one or more code sequences associated with
each of at least one residue channel to determine a code sequence. The code
sequence that is determined is associated with one or more most significant
bits and used for transmitting the spread signal for the each of at least
one residue channel. Following step 92, the demodulating method 90
continues to step 93 in which the despread output is demodulated to form an
estimated modulated symbol and to derive one or more least significant bits
for the each of at least one residue channel. Thereafter, at step 94, the
one or more most significant bits and the one or mor a least significant
bits are combined to form a residue associated with the each of the at
least one residue channel. A binary output signal is then derived from one
or more residue symbols at step 95. Each of the one or more residue symbols
is based upon a plurality of residues associated with the at least one
residue channel. The plurality of residues corresponds to one or more
residue sets. Table 1 below shows an example of selecting residue numbers
for different number of bits per symbol. This table assumes that the total
number of residue channels is five in which three moduli are non-redundant
(~nl, nt2 an c~ i3~ and the   VVO 02/(1(i19(2 ?9 PCT/SG(Il/1111011
remaining two moduli yn4 afad fnas) are used for error detection and
correction. While selecting moduli, two constraints are the lowest sum of
a11 possible moduli and the minimum difference between dynamic range and
2k, where k is the number of bits per symbol. The minimum moduli set
possible is ~2, 3, and 5~ and this can represent up to 4 bits per symbol.
Hence if the number of bits per symbol is less than 4, the moduli set of
~?, 3, and 5) needs to be used. Bits perModuliSum of
modulisymbolM1m2msm4n15log2(m,*mz*m3)(m;, i =1 to 5)42357114.9069.
28534S711S.906930625711I36.129338745711137.12934085789118.1293409591314179.
1293581091113141710.32986411111315171911.06687512131719202112.0358901319212
2232513.0997l1014252627293114.099213
S15313334353715.0681l7016394143444716.069221417505153596117.044227418636467
717318.043433819798182838519.00124102010110210310710920.017I522 Table 1: An
example foi: moduli selection for different number of bits per symbol.
Table 2 below shows an example of the modulation method. 16 bits per symbol
is selected and the selected moduli set is Q39, 41, 43, 44, 47}. For QPSK
modulation in the modulation method, these moduli are readjusted as below.
one extra orthogonal code is required for all moduli to accommodate an a11-
zero 



condition in the index. The total number of orthogonal codes can be reduced
further by a fine optimization in some cases. For example, for modulus 44,
the maximum residue value possible is 43. The binary representation for
modulus 44 is 101011 and the decimal value of the preamble portion is 10
for QPSK modulation. Hence the   VI~'O 02/U(1912 PCT/SGU1/OU(111 30 total
number of orthogonal codes required is 11 (to represent 0 to 10), not 12
{to represent 0 to 11) as given in Table 2. However, this hind of
optimization is not possible for a11 moduli values. Residue valuesProposed
MethodDecimalBinaryIndex to orthogonal
codeData391001l110019+11141101001101010+10143101011101010+11144101l00101111
+10047101111101l11+111Total: 214Number of orthogonal codes: 56  Table 2: An
example of the modulation method. Table 3 below shows the minimum
processing gain required to represent different number of bits per symbol.
As in Table l, Table 3 also assumes five residue channels in which two are
redundant. The calculation is also based on the moduli sets given in Table
1. For M-ary orthogonal based DS-CDMA systems, the minimum spreading gain
is two to the power of number of bits per symbol. For RNS-based CDMA
systems and for the modulation method, the number of orthogonal codes
required for the representation is different from the minimum processing
gain. This is because the processing gain of the spread code is a power of
two and the minimum number of orthogonal codes required is derived by
aritlunetic operations on moduli values. For simple RNS-based CDMA systems,
the minimum number of orthogonal codes required is the simple addition of
all moduli and for the modulation method, the number of orthogonal code is
determined after extracting the MPSK/MQAM data from moduli as discussed
previously. For Table 3, the modulation method assumes QPSK modulation and
hence the total number of orthogonal codes required is approximately '/4 of
RNS-based CDMA systems.   VVO (12/(1G 19(i2 31 PCT/SG(tl/001111 



Bits/M-aryRNS based CDMAPro osed MethodSymbolEm;ParallelSerialE m;
/I`~ParallelSerial416283216*59164*5532303216*59164*5664386416*512164*571254
0G416*512164*~8256406416*512164*59512586432*518328*5101024646432*519328*511
20487512832*521328*51240969012832*525328*513819211012832*530328*51416834138
25632*537648*5153276817025664*5456416*5166553621425664*5556416*517131072274
51264*57112816*518262144338512l28*58612832*519524288410512128*5l0512832*520
10485765221024128*513325632*5 Table 3: Relationship between processing gain
and number of bits per symbol for different modulation methods for the
moduli set given in Table 1. Table 3 also shows the processing gain
required if all residue digits are represented by serial concatenation of
spread codes. In this case, the spreading factor for each residue value
should be higher than the maximum moduii value. For the modulation method,
the maximum spreading factor is determined after separating data values
from moduli. Since the spread codes are serially concatenated, the
processing gain for each symbol is nmoa multiplied by the spreading factor,
where nmoa is the number of moduli. It is obvious from the table that the
spreading factor of M-ary orthogonal based DS-CDMA systems increases
exponentially with the number of bits per symbol. However, if the number of
bits p,er symbol is less than five, then a lesser number of orthogonal
codes is required in M-ary orthogonal based DS-CDMA systems than
alternative methods. Between parallel and serial concatenation of spread
codes, the processing gain is less for parallel channels. However, each
residue channel has a higher spreading gain. This difference decreases when
the number of symbol per bits increases. In some cases (for example, when
number of bits per   WO 02/0G1962 32 PCT/SG(111110f111 symbol is 17 or 20),
the processing gain of serially concatenated spread codes is less than
parallel spread code representation. For further complexity analysis, the
Yang and Hanzo modulation method is compared against the modulation method
with parallel channels applied in the conununication system 30. A graphical
representation of changes in the processing gain with number of bits per
symbol for M-ary orthogonal based DS-CDMA systems, the Yang and Hanzo
modulation method and the proposed modulation method is given in FIG. 13.
Only parallel representation of residue channels is given. The results
corresponding to serially concatenated spxead code also shows a similar
trend. It can be seen that for M-ary orthogonal based DS-CDMA systems, the
processing gain changes exponentially with the number of bits per symbol
wlule variation in the processing gain for the other modulation methods is
more or less linear. Also, the required number of orthogonal codes is the
least for the proposed modulation method. Data modulation witlun the
sub-modulator 45 determines the reduction of processing gain fox the
proposed modulation method. For example, for QPSK modulation, the
processing gain of the proposed modulation method is reduced by a factor of
four. These changes in spreading factor affect the complexity of the
receiver. The computational saving for an M-ary orthogonal based DS-CDMA
system using the proposed modulation method is significant. Table 4 below
compares the computational complexities of the receivers of the M-ary
orthogonal based DSCDMA system, the Yang and Hanzo modulation method and
the proposed modulation method. Table 4 assumes that each symbol consists
of k bits, and v residues are used to represent each symbol in an RNS
representation. The residues are anal, rnz~, m3, ..., ni,,~. For the
proposed modulation method, MPSK/MQAM modulation is used for data where A~=
2"'. The complexity of the RNS encoder and the RNS decoder are not
considered for this analysis. However, forward and reverse   V1'O
02/11119C2 



33 PCT/SG111 /111l1 1 conversion using RNS is minimal when considering the
total number of complex multiplication required per symbol and is well
documented. M-ary CDMAYang and Hanzo MethodProposed Method (parallel
representation)Number of Spread codes2"Em; , where i = 1 to vE[m;/M], where
i = 1 to vMinimum Processing gain2`'2" , where 2" > Em;>2"-'2'' , where 2''
>E [m;/M]>2y''DemodulationCoherent/ Non-coherentCoherent/
Non-coherentCoherent + MPSK demodulationData bits/symbolNilNilm =
logz(M)No. of parallel channels1vvError CorrectionExternalCan add redundant
residuesCan add redundant residuesCorrelator banks/symbol2"Em;E [m;/M]Min.
number of complex multiplication /symbol(2'`~ ` (2~`)E (m;) * (2")(r [m;
/M]) * (2'') Table 4: Comparison of computational complexities in the
receiver design of an Mary orthogonal based DS-CDMA system, the Yang and
Hanzo modulation method and the proposed modulation method. For example,
Table 5 below compares the computational complexity for a typical case
given in Table 1. For an RNS-based CDMA system having 16 bits per symbol,
the moduli set is Q39, 41, 43, 44, 47}. QPSK data modulation is used in the
transmitter.   ~~1~0 02/UC19(i2 PCT/SGII1 /(111(111 34 M-ary orthogonalYang
andProposedbased
DS-CDMAHanzomodulationsystemmodulationmethodmethod(parallel)Spread
codes6553621455Min. processing gain6553625664Data
bits/SymbolNilNil''Parallel Channels155Error con ectionNilone residueone
residuechannel can bechannel can becorrectedcorrectedCorrelator
banks6553621455symbolMin. no. of
complex65S36*65536256*21464*55multiplication /symbol(=54784)(=3520) Table
5: Comparison of computational complexities of a typical system using 16
bits per symbol and having the moduli set Q39, 41, 43, 44, 47~ FIG. 14 is a
comparative graph of computational complexities for the communication
system 30 with prior art systems. The number of floating 



point operations required per symbol is selected as a measure of
computational complexity. It is clearly evident that the M-ary orthogonal
based DS-CDMA system has exponential complexity with number of bits per
symbol. The proposed modulation method has the least computational
complexity than a11 other modulation methods discussed. It is partly
because of the lesser number of spread codes after data modulation. FIG. 14
assumes QPSK modulation for the proposed modulation method. Any change in
this modulation reflects in complexity also. The higher the number of data
bits modulated, the lesser the number of spread codes and hence the lesser
computational complexity. But the detection accuracy is affected when the
number of data bits (m) is more. The relation between computational
complexity and spread code is more obvious when FIG. 13 and FIG. 14 are
compared.   WO 02/11G1912 PCT/SGIII/flflfll l 35 Computer simulations
evaluate the bit-eixor-rate (BER) performance of the proposed modulation
method. Table 6 below shows simulation parameters. Total bandwidthSMHzChip
rate4.096 McpsProcessingMethod 11286432gainMethod 232*516*S8*5Symbol
rateMethod 13264128(Ksps)Method 225.651.2102.4Bits per symbol181612Channel
bitMethod 157610241536rate (Kbps)Method 2460.8819.2l228.8No. of residue
channels5 (3 non-redundant, 2 for error correction)ModulationQPSK + M-aiy
orthogonal modulationChannel modelL path Rayleigh channel with slow
fadingSpreadingShort codeOrthogonal Walsh sequencecodeLong codeRandom
sequenceRAKE diversity1-20 symbol time windowSymbol interleavingFrame wise
(16 slot/frame, 18 symbols/slot)ChannelInnerRNS codingcodingOuterNilPower
controlNil  Table 6: Simulation parameters for the proposed modulation
method. Method 1 uses parallel transmission residue channels and Method 2
uses serial concatenation of residue codes. The modulation method assumes
constant chip rate and is fixed at 4.096 Mcps. Since the modulation method
uses orthogonal modulation and constant chip rate, the spreading factor is
the most important design parameter that determines symbol rate, moduli
values and, thereby, channel bit rate. The computer simulations are carried
out for different spreading factors such as 128, 64 and 32. The proposed
VVO U2/fIG19C2 36 PCT/SG1I1111UU11 modulation method, with parallel and
serial representations, is compared for all these spreading factors. The
proposed modulation method can bring down the spreading factor to '/4 



times if the data is QPSIC modulated. The simulated communication system
uses five residue channels in which three are non-redundant. Also,
orthogonal Walsh sequence is used as short code and pseudo-random codes are
used as long codes for spreading. Rayleigh chamlel with slow fading is used
as a channel model. No other channel coding methods are employed except RNS
coding of channel bits. The simulated communication system assumes accurate
synchronization and accurate estimation of multipath channel conditions.
Power control methods are not considered. The following section summarizes
the simulation results. FIGS. 1 Sa and 15b compare performance of the
communication system 30 with prior art systems in a Rayleigh fading
channel. The perfornlance is compared for 16 bits per symbol and a
corresponding moduli set is Q39, 41, 43, 44, 47}. Here, QPSK modulation for
data is assumed. Compared with conventional RNS-based CDMA systems, the
modulation method is capable of bringing down the processing gain by about
'/4 of the original processing gain. In particular, FIG. 15a gives the
performance characteristics for the connnunication system 30 with parallel
representation of residue channels. By applying the modulation method, the
minimum processing gain can be reduced to 64 for the communication system
30. The system characteristics are plotted for single path, two paths and
three paths. The BER performance improves as the number of paths increases
due to the diversity gain in the combining. FIG. 15b shows the perforniance
corresponding to the serial concatenation of residue codes. The minimum
number of orthogonal codes required is the highest moduli value and the
corresponding spreading factor is the nearest power of two. The individual
spreading factor for each residue value is 16 in tlus case and the total
V1-'O 02/0(i1912 37 PCT/SGO1 /0(101 l number of clops per symbol is 16*5,
where 5 is the number of residue channels. The performance is plotted for a
multi-path environment. Since the spreading per symbol is nearly same in
both cases, the perfornance is more or less comparable. On the average, the
performance of the communication system 30 is better than the prior art
systems. For lower Eb/No regions, mufti-coded CDMA systems gives a better
performance. Tlus is largely because of the definiteness in the spread code
selection of the proposed modulation method whereas the spread code
selection in the alternative modulation methods is preceded by a decision
making process, which may not be accurate for low Eb/No. If the Eb/No is
sufficiently high, the per foimances of the alternative modulation methods
surpasses that of the multicoded CDMA systems. The communication system 30
outperfornis the RNS-based CDMA system proposed by Yang and Hanzo in a11
the cases. This is likely because of the hybrid nature of the
connnunication system 30 in which the modulation system is implemented. The
performance of the communication system 30 with reduced processing gain
compared to that with normal processing gain is to be noted. As shown, the
reduced processing gain does not affect the perfornlance of the
communication system. This clearly provides an indication of a high data
transfer rate using the conmnunication system 30 without affecting the
performance. In FIG. 16, it is seen that if the processing gain is
sufficiently high, the communication system 30 with reduced processing gain
sometimes outperforms another communication system with normal processing
gain. . In order to complete the comparison, the communication system 30
with reduced processing gain is compared against the alternative modulation
methods having lower processing gains. The performance results are given in
FIG. 17. The moduli and the number of bits in both the communication system
30 and other   VI~'O (12/1161912 3s 



PCT/SG01 /11111l11 communication systems using the alternative modulation
methods are different, In FIG. 17, the processing gain is 64 and the number
of bits per symbol is 16 for the communication system 30 and 9 for the Yang
and Hanzo prior art systems. In the mufti-coded CDMA system, the number of
bits per symbol is kept the same as the communication system 30. FIG. 17
clearly shows that the perforniance of the corninunication system 30 is far
superior to the prior art systems. Hence, from computer simulations, it can
be concluded that the communication system 30 in which the modulation
method is applied can give better throughput with better BER performance.
FIG. 18 is a general block diagram illustrating a part of the transmitting
section 31 in accordance with an alternate embodiment of the invention. It
is to be noted that the residue interleaves 37 is the same for both
embodiments and has been described earlier. However, the alternate
embodiment has a modulator 101 for multicarner modulation. The modulator
l01 has other elements in addition to that of the modulator 38. In the
alternate embodiment, residues are provided as binary input to the residue
interleaves 37 and then to the modulator 101. Each of the residues is
transmitted through a respective sub-modulator 45. Outputs from the
sub-modulators 45 are combined by the combines 46 a~ld then scrambled by
the scrambler 47 using a scrambling code. The scrambling code is usually a
pseudo-random code that is user specific. Scrambled output from the
scrambler 47 is converted into parallel by a serial-to-parallel converter
102 and provided to an inverse fast Fourier transform (IFFT) module 104.
Optionally, a sub-carrier interleaves 103 can be inserted before the IFFT
module 104 to reduce the effect of severe frequency-selective fading in the
channel. A guard interval is inserted by a timer l05 between symbols to
avoid intersymbol interference due to multipath fading. The signal thus
formed is then transmitted as a spread signal after radio frequency
up-conversion.   VVO 02/0G19(2 PCT/SG(I1/(1l1(I11 39 As discussed in the
preferred embodiment, parallel and serial representation of residues can be
used. In parallel representation of residues, the number of subcarriers
used for each individual residue will be higher than the sum of a11 moduli
and all residues axe transmitted in parallel using orthogonal spread code
mapping as discussed earlier. In serial representation, the number of
sub-carriers used for individual residues is higher than the largest moduli
value. Unlike the preferred embodiment where a11 sub-carriers are used for
all residues, each residue is transmitted through to a distinct set of
sub-carriers in the alternate embodiment. FIG. 18 corresponds to parallel
transmission of residues. For serial tralismission, the combiner 46 is
interchanged with a parallel to serial converter (not shown). Hence, for
serial transmission it is possible to directly provide output from the
submodulator 45 to the IFFT module 104 after scrambling each sub-carrier
since the scrambler 47 and the serial-to-parallel converter 102 follow the
combiner 46. Demodulation of a spread signal in the alternate embodiment
for a multicarner (DMA system is different from that of the preferred
embodiment. Such demodulation requires the receivilig section 32 to be
modified as shown in the general block diagram of FIG. 19. In the receiving
section 32 of the alternate embodiment, a demodulator 110 has different
elements compared to that of the demodulator 39. However, the residue
deinterleaver 40, the RNS-to-binary converter 41, the binary deinterleaver
42 and the outer decoder 43 remain the same as in the preferred embodiment.
In the alternate embodiment, the spread signal is down-converted from radio
frequency and then accurately synchroiuzed with symbol interval to provide
an output signal. The guard interval is removed from each symbol of the
output signal by a receiver timer 111 and the output signal is then
provided to a fast Fourier transform (FFT) module 112 to generate
sub-carrier signals. Thereafter, a parallel-toserial converter 114 converts
the sub-carrier signals for the sub-demodulators 115. Optionally, a
sub-carrier deinterleaver 113 can be inserted after the FFT module 112 if
the spread signal has sub-carriers that are interleaved. The sub-carrier
allocation in   WO 02/0(19G2 PCT/SGIl1 /1111(111 40 each of the
sub-demodulators 115 corresponds to the sub-carrier allocation in the
sub-modulators 45 of the modulator 10l . Residue deinterleaving and
RNS-to-binary conversion is applied to the output from the sub-demodulators
115. The structure of each of the sub-demodulators 115 of the alternate
embodiment is different from the sub-demodulators 61 of the preferred
embodiment. After removal of the guard interval, which eliminates
inter-symbol interference, the sub-demodulators 115 in the alternate
embodiment does not require multipath combining. Accordingly, a general
block diagram for the sub-demodulators 115 is shown in FIG 20. A pilot
symbol assisted channel estimation method is used to estimate channel
parameters in a channel estimation block 120 and an equalizer 121 adjusts
channel coefficients based on adaptive equalization algorithms for
compensating possible channel distortions. For a single path system, this
is similar to combining the general block diagrams of FIGS. 8 and 9 of.the
preferred embodiment. A correlator bank 122 shown in FIG 8A is similar to
the correlator bank 72 shown in FIG. 10. The path delay parameter i" in
FIG. 10 is assumed to be zero for a single path system. Other elements in
FIG. 20 corresponds to those of the preferred embodiment as illustrated in
FIGs. 8 and 9. The relationship between processing gain and number of bits
per symbol for different modulation methods given in Table 3 are true for
RNS-based multicarrier (DMA systems as well. Here the processing gain
corresponds to the number of subcarriers required for transmission. For
effective implementation of FFT, the number of sub-carriers is selected as
the nearest powers of two. This aspect needs to be considered when deciding
the number of moduli sets in residue number systems, especially for serial
representation. 



The communication system 30 provides an alternative for high-speed data
transmission, such as, high speed wireless local area networks (LANs).
Here, a fixed number of data symbols are converted to RNS representation
and then each residue is transmitted through parallel/serial channels after
appropriate modulation. Hence,   V1-'O (12/11C 19G2 PCT/SCnl/onot t 41 more
number of bits is used for data modulation, which can further increase the
data rate. The error correction abilities of RNS systems are exploited for
the possible error correction. Since this increases the data rate
significantly, the conunuiucation system 30 can be considered as a
candidate for the next generation of mobile communication systems and
high-speed wireless local area networking (WLAI~ systems. In the foregoing
description, communication system 30, a modulation method 80 and a
demodulation method 90 based on the residue number system (RNS) for the
communication system 30 are described. Although preferred embodiments are
described, it shall be apparent to one skilled in the art in view of these
preferred embodiments that numerous changes and/or modifications cazi be
made without departing from the scope and spirit of the invention.   WO
02/0(19O2 Claims: PCT/SGOl/011011 1. A method for modulating a binary input
signal to form a spread signal for transmission, said method comprising the
steps of: deriving one or more residue sets from a plurality of bits
provided by said binary input signal, each of said residue sets having one
or more residues, corresponding to a residue symbol, and having at least
one non-redundant r esidue; converting each of said residues to binary
bits; modulating one or more least significant bits of said binary bits to
form a modulated symbol for each of said residues; selecting an orthogonal
code sequence associated with remaining bits of said binary bits for each
of said residues; and spreading said modulated symbol for each of said
residues using said selected orthogonal code sequence to form a residue
channel for each of said residues for transmission. 2. The method as
claimed in Claim 1, wherein said converting step comprises the step of
grouping said residue sets to form a symbol frame. 3. The method as claimed
in Claim 2, wherein said converting step fiu~ther 



comprises the step of interleaving said residues from said symbol frame to
form an interleaved residue frame.   VVO U2/UG19(i2 PCT/SC(I1/U(1(I11 43 4.
The method as claimed in Claim 3, wherein said interleaving step comprises
the step of arranging said residues based upon an interleaving depth of
said interleaved residue firame and the number of said residue channel. 5.
The method as claimed in Claim 4, wherein said arranging step comprises the
step of setting said interleaving depth based upon the number of said
residue sets. 6. The method as claimed in Claim 1, and further comprising
the step of combining output from each residue channel to form said spread
signal. 7. The method as claimed in Claim 6, wherein said combining step is
carried out in parallel. 8. The method as claimed in Claim 6, wherein said
combining step comprises serially concatenating said output. 9. The method
as claimed in Claim 6, and further comprising the step of scrambling said
spread signal using a predetermined scrambling code. 10. The method as
claimed in Claim 6, and further comprising the steps of converting said
spread signal to parallel outputs; and inverse Fast Fourier transforming
said parallel outputs to form transformed outputs. 11. The method as
claimed in Claim 10, wlierein said converting step comprises the step of
interleaving said spread signal.   VVO 02/IIGl9G2 PCT/SG111/Ofllll 1 44 12.
The method as claimed in Claim 10, and further comprising the step of
scrambling said spread signal using a predetermined scrambling code prior
to said converting step. 



13. The method as claimed in Claim 10, and further comprising the step of
inserting a guard interval between said transformed outputs prior to
transmission.   V1'O 112/OG19G2 PcTisculnlool l 45 14. A method for
demodulating a spread signal received witlun a connnunication environment,
said method comprising the steps of: despreading said spread signal with
one or more code sequences associated with each of at least one residue
channel to deternline a code sequence, said code sequence being associated
with one or more most significant bits and used for transmitting said
spread signal for each residue channel; demodulating despread output
corresponding to the determined code sequence to form an estimated
modulated symbol and subsequently derive one or more least significant bits
for each residue channel; combining said one or more most significant bits
and said one or more least sigiuficant bits to form a residue associated
with each residue channel; and deriving a binary output signal from one or
more residue symbols, each of said one or more residue symbols being based
upon a plurality of residues associated with said at least one residue
channel, said plurality of residues corresponding to one or more residue
sets. 15. The method as claimed in Claim 14, wherein said despreading step
comprises the step of applying a ratio static test on each of said despread
output to obtain test statistics for each of said one or more residues. 16.
The method as claimed in Claim 15, wherein said deriving step comprises the
step of choosing non-redundant residues for each of said one or more
residue sets based on corresponding said test statistics for each of said
one or more residues.   V1'O 02/ll(il9C>2 PCT I SG(11 /1I(1011 46 



17. The method as claimed in Claim 14, wherein said despreading step
comprises the step of estimating channel status information associated with
each residue channel. 18. The method as claimed in Claim 17, wherein said
demodulating step comprises the step of forming said estimated modulated
symbol using said despread output of selected spread code and estimated
channel status information associated with each residue channel. 19. The
method as claimed in Claim 14, and further comprising the step of forming
an interleaved residue frame from said plurality of residues. 20. The
method as claimed in Claim 19, wherein said forming step comprises the step
of deinterleaving said interleaved residue frame to form a symbol frame,
said symbol frame having one or more residue sets based upon said plurality
of residues, each of said residue sets representing a symbol. 21. The
method as claimed in Claim 20, wherein said deinterleaving step comprises
the step of setting an interleaved depth for said interleaved residue frame
based upon the number of said residue sets. 22. The method as claimed in
Claim 14, and further comprising the step of descrambling said spread
signal using a predeterniined scrambling code. 23. The method as claimed in
Claim 14, and further comprising the steps of: converting said spread
signal to parallel outputs; and Fast Fourier transforming said parallel
outputs to form transformed outputs.   WO U2/U(19G2 PCT/SGU1/IIIIU11 47 24.
The method as claimed in Claim 23, and further comprising the step of
descrambling said spread signal using a predetermined scrambling code prior
to said converting step. 25. The method as claimed in Claim 24, wherein
said converting step comprises the step of deinterleaving said spread
signal.  



V1%O (12/f1619112 PC'1'/SGU1/U(Ifl11 48 26. A conununication system having
a transmitting section for modulating a binary input signal to form a
spread signal for transmission, said colmnunication system comprising:
means for deriving one or more residue sets from a plurality of bits
provided by said binary input signal, each of said residue sets having one
or more residues, corresponding to a residue symbol, and having at least
one non-redundant residue; means for converting each of said residues to
binary bits; means for modulating one or more least significant bits of
said binary bits to form a modulated symbol for each of said residues;
means for selecting an orthogonal code sequence associated with remaining
bits of said binary bits for each of said residues; and means for spreading
said modulated symbol for each of said residues using said selected
orthogonal code sequence to form a residue channel for each of said
residues for transmission. 27. The communication system as claimed in Claim
26, wherein said converting means comprises means for grouping said residue
sets to form a symbol frame. 28. The conununication system as claimed in
Claim 27, wherein said converting means further comprises means for
interleaving said residues from said symbol frame to form an interleaved
residue fxame.   VVO 02/11G1912 49 PCT/SG01/001111 29. The communication
system as claimed in Claim 28, wherein said interleaving means comprises
means for arranging said residues based upon an interleaving depth of said
interleaved residue frame and the number of said residue channel. 30. The
cormnunication system as claimed in Claim 29, wherein said arranging means
comprises means for setting said interleaving depth based upon the number
of said residue sets. 31. The communication system as claimed in Claim 26,
and further comprising means for combining output from each residue channel
to form said spread signal. 



32. The communication system as claimed in Claim 31, wherein said combining
means comprises means for carrying out said combining in parallel. 33. The
communication system as claimed in Claim 31, wherein said combining means
comprises means for serially concatenating said output. 34. The
conununication system as claimed in Claim 31, and further comprising means
fox scrambling said spread signal using a predetermined scrambling code.
35. The conununication system as claimed in Claim 31, and further
comprising: means for converting said spread signal to parallel outputs;
and means for inverse Fast Fourier transforming said parallel outputs to
form transformed outputs.   V1'O (12/0(19(r2 PCT/SG(11/11111111 50 36. The
communication system as claimed in Claim 35, wherein said converting means
comprises means for interleaving said spread signal. 37. The conununication
system as claimed in Claim 35, and further comprising means for scrambling
said spread signal using a predetermined scrambling code prior to said
converting. 3S. The communication system as claimed in Claim 35, and
further comprising means for inserting a guard interval between said
transformed outputs prior to transmission.   W O 112/ll(i 19G2
PCTISGII1/(I(1i111 51 39. A communication system having a receiving section
for demodulating a spread signal received within a communication
environment, said communication system comprising: means for despreading
said spread signal with one or more code sequences associated with each of
at least one residue channel to determine a code sequence, said code
sequence being associated with one or more most significant bits and used
for transmitting said spread signal for said each of at least one residue
channel; means for demodulating despread output corresponding to the
determined 



spread code to form an estimated modulated symbol and subsequently derive
one or more least significant bits for said each of at least one residue
channel; means for combining said one or more most significant bits and
said one or more least significant bits to form a residue associated with
each residue channel; and means for deriving a binary output signal from
one or more residue symbols, each of said one or more residue symbols being
based upon a plurality of residues associated with said at least one
residue channel, said plurality of residues corresponding to one or more
residue sets. 40. The communication system as claimed in Claim 39, wherein
said despreading means comprises means for applying a ratio static test on
each of said despread output to obtain test statistics for'each of said one
or more residues.   V1'O 112111C1912 rcTisconooo> > 52 41. The
communication system as claimed in Claim 40, wherein said deriving means
comprises means for choosing non-redundant residues for each of said one or
more residue sets based on con-esponding said test statistics for each of
said one or more residues. 42. The communication system as claimed in Claim
39, wherein said despreading means comprises means for estimating chan~ael
status information associated with each residue channel. 43. The
communication system as claimed in Claim 42, wherein said demodulating
means comprises means for forming said estimated modulated symbol using
said despread output of selected spread code and estimated channel status
information associated with said each of at least one residue channel. 44.
The communication system as claimed in Claim 39, and further comprising
means for forming an interleaved residue frame from said plurality of
residues. 45. The commuaucation system as claimed in Claim 44, wherein said
forming means comprises ~nea~ls for deinterleaving said interleaved residue
frame to form a symbol frame, said symbol frame having one or more residue
sets based upon said plurality of residues, each of said residue sets
representing a symbol. 46. The conunuiucation system as claimed in Claim
45, wherein said deinterleaving means further comprises means for setting
an interleaved depth far said interleaved residue frame based upon the
number of said residue sets. 



V1'O 112/(1l 19l2 PCT/SG(11/1101111 53 47. The conununication system as
claimed in Claim 39, and further comprising means for descrambling said
spread signal using a pxedetermined scrambling code. 48. The conununication
system as claimed in Claim 39, and further comprising: means for converting
said spread sig>lnal to paxallel outputs; and means for Fast Fourier
transforming said parallel outputs to fornl transformed outputs. 49. The
communication system as claimed in Claim 48, and further comprising means
for descrambling said spread signal using a predetermined scrambling code
prior to said converting. 50. The communication system as claimed in Claim
49, wherein said converting means comprises means for deinterleaving said
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