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SYSTEM AND METHOD USING
MULTI-DIMENSIONAL CONSTELLATIONS WITH
LOW RECEIVER SOFT- DECISION EXTRACTION

REQUIREMENTS

CONTINUATION DATA

[0001] This non-provisional patent application claims the
benefit under 35 U.S.C. Section 119(e) of U.S. Provisional
Patent Application Serial No. 60/248,099, filed on Nov. 13,
2000, incorporated herein by reference.

FIELD OF THE INVENTION

[0002] Through use of forward error encoders (Turbo
codes, Low Density Parity Check, Repeat-Accumulate
codes, etc) and soft-decision decoders, transmission over
AWGN channels has achieved performance very close to the
theoretical Shannon limit. Important in the construction of
the encoder/decoder system is the extraction of accurate
soft-decision information from the channel as an input into
the receiver’s decoder.

[0003] The normal technique for extracting soft-decision
information from the channel is to create a value represent-
ing the probability of the received symbol as a function of
every possible transmit symbol. When anti-podal signaling
is used, this require very little processing. For multi-dimen-
sional transmit constellations, the amount of processing
becomes problematic.

[0004] The solution normally employed for high order
QAM constellations is to map independently the I and Q
dimension and use simple square constellations where the
amount of processing per bit increases as the square root of
the size of the constellation. Unfortunately, square constel-
lations limit the number of constellation choices needed for
robust communications of arbitrary noise level channels.

[0005] This method describes a technique of creating
arbitrary constellations whose soft-decision extraction com-
plexity is comparable to that of a square constellation. While
only two-dimensional constellations are shown, these tech-
niques may be extended to multi-dimensional constellations.

BACKGROUND OF THE INVENTION

[0006] The conventional technique for extracting soft-
decision information from the channel is to create a value
representing the probability of the received symbol being a
one as:

Z of the measures with the transmit symbol was 0 89

2 of the measures with the transmit symbol was 1

[0007] where the measure is defined as:

Jomeian, _ L L @)
~ No’ 2No
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[0008] and where:

[0009] metric=Euclidian distance (or square of the
Euclidian distance) from the possible transmit sym-
bol to the received symbol.

[0010] For example, for the 16 point constellation:

(=3,+3) (-1,+3) (+1,+3) (+3,+3)
(=3, +1) (-1,+1) (+1,+1) (+3,+D)
(=3,-) (-1,-1 (+1,-1) (+3,-1)
(-3,-3) (-1,-3) (+1,-3) (+3,-3)

[0011] with the symbols assignments of:

0000 0001 0011 0010
0100 0101 0111 0110
1100 1101 1111 1110
1000 1001 1011 1010

[0012] wusing a two-digit representation:

140 {0 {1 {1
0y 1}y 1} 0}

Q

00 01 03 02 (00)

10 11 13 12 (0D

30 31 33 32 (1)

20 21 23 22 (10)

[0013] and the point assignments of:

p30 p3l p32 p33
p20 p21 p22 P23
pl0 pll pi2 pi3
p00 p0Ol p02 p0O3

Pi,j=(xi,j>Yi,j) (3
[0014] 1In order to extract the probability of the least
significant bit for received value q=(u,v), the transmit points
are separated into those points whose least significant bit is
1 and those points whose least significant bit is 0 as:

bit==1 m31, m21, mii, mOl
m32, m22, mi2, m02
bit==0 m30, m20, m10, m00

m33, m23, mi3, m03

[0015]

myj=|p;i-qP=Ce~u)*+(y-v)* ©)

and the metrics mij are:
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[0016]

are:

and the metrics in respect to the least significant bit

L) (5)
s1 A i=31,21, 11, 01, 32, 22, 12, 02
value= — = ——————
07y omy) ij =30, 20, 10, 00, 33, 23, 13, 03
bit=0
[0017] The sum of the measures in respect to the least

significant bit and the value extracted from the channel is:

s1=3" ™) 5 =31,21, 11, 01, 32, 22, 12, 02 ©)
bit=1

[0018] For this example, there are 16 possible transmit
symbols and there are also 16 calculation needed for creat-
ing the value extracted from the channel.

[0019] The foregoing example was selected to illustrate a
constellation constructed and bits assigned such that the
soft-decision information extraction has reduced complexity
due to both the constellation’s shape and the independent
dimension assignments of the bits of the constellation’s
symbols.

[0020] For S1, the summation of the measures to each
transmit symbol whose bit is 1 is given as:

si=y ATmy) 231,210 11, 01, 32, 22, 12, 02 ©
bit=1

[0021] This summation can be separated into two summa-
tions, each for a “column” of possible constellations values
as:

§1=511+812 ')
[0022] where:
Sil= Y 7 Mijj=31, 21,11, 01 ©
bit=1
s12= ) =32, 22,12, 02 ©
bit=1
[0023] since mij is defined as:
=gt (=) =gy (10)
[0024] where:
mx=(oc—1)* amn
my;=(y;=v)* 12
[0025] and using the property,
uE =gy 13)
[0026] it is easily shown the S11, S12 are, for this con-
stellation and bit assignment, accepting the notations:
mx=(column j-u)* 14)
my;=(tow i-v)? s)
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S11=Syet™" ™% j=1 choose any value for £ (16)

§12=Sye("= j=3 choose any value for § 17)

Sy=Zel"mD =0, 1, 2, 3 choose any value for j (18)
[0027] and thus, S1 can be defined as:

S1=SpSx1; Sx1=2e(0' ™) jq 2 (19)
[0028] and similarly, SO can be defined as:

S0=SySx0; Sx0=e{2"2%) j =0, 3 (20)
[0029] and the ratio S1/SO becomes:

value = 2 _ Sy Sx1 21)

SO Sy Sx0
value = % = Ze(inmxj) ; j =b2 =
o) 1703

[0030] which requires only 4 calculations instead of 16
calculations.

[0031] Of course, the same reduction of calculations will
oceur for all bits.

[0032] This technique for reducing the processing com-
plexity is frequently described as creating a constellation
with separable or independently mapped I and Q dimen-
sions.

[0033] When a communication system uses QAM con-
stellations, if the I and Q dimensions are mapped indepen-
dently, it is possible to considerably reduce the amount of
processing required for decoding. The most straightforward
way to use independent I and Q dimension is to use a simple
square constellations, whereby the amount of processing per
bit increases as the square root of the size of the constella-
tion. Unfortunately, square constellations limit the number
of constellation choices available, and a wide range of
constellations is needed for robust communications in arbi-
trary noise level channels.

[0034] We hereby incorporate by reference the following
references as describing additional background information:

[0035] 1. Juan Alberto Torres, Frederic Hirzel and
Victor Demjanenko, “Forward Error Correcting Sys-
tem With Encoders Configured in Parallel and/or
Series”, International Patent Application Serial No.
PCT/US99/17369 filed on Jul. 30, 1999.

[0036] 2. Victor Demjanenko, Frederic Hirzel and
Juan Alberto Torres, “Turbo Codes for QAM modu-
lation Systems using independent I and Q Decoding
techniques. Application to xDSL modems”, U.S.
Provisional Patent Application No. 60/200,369 filed
on Apr. 28, 2000.

SUMMARY OF THE INVENTION

[0037] In accordance with embodiments of the invention,
non-separable I and Q constellations may be comprised of
constituent constellations having separable I and Q. In
accordance with embodiments of the invention, non-sepa-
rable I and Q constellations may be comprised of constituent
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constellations having separable I and Q. Data may therefore
be encoded using such non-separable I and Q constellations
by mapping the data to individual constituent separable I and
Q constellations. Further, such data may be decoded by
decoding for the constituent constellations individually, thus
taking advantage of the processing gains of separable I and
Q constellations while also enabling the use of a wide
variety of non-square, non-separable I and Q constellations.

[0038] Thus, in accordance with one embodiment of the
invention, a transmitter may map a data stream to symbols
of a symbol constellation to produce a symbol stream,
modulate a signal in accordance with the symbol stream, and
transmit the modulated signal. The symbol constellation
may comprise a plurality of constituent constellations each
having independent I and Q mapping. Mapping of the data
stream to symbols of the symbol constellation may com-
prises selecting one of the constituent constellations and
selecting an I value of a symbol in the selected constituent
constellation and a Q value of a symbol in the sclected
constituent constellation in accordance with the data stream.
Related embodiments may pertain to a transmitter perform-
ing such processing.

[0039] In accordance with further embodiments of the
invention, a receiver may receive a modulated signal rep-
resenting a symbol stream that is generated by mapping a
transmit data stream to symbols of a symbol constellation,
demodulate the signal, and generate a received data stream
from the demodulated signal. The symbol constellation may
comprise a plurality of constituent constellations that each
have independent I and Q mapping. The receiver may
generate the received data stream by applying the demodu-
lated signal to a plurality of decoders, each of which
provides decoding with respect to one of the constituent
constellations, and determining symbols of the symbol
stream from outputs of the decoders. Related embodiments
may pertain to a receiver performing such processing.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] FIG. 1 shows a 16 QAM constellation with Gray
Mapping.

[0041] FIG. 2 shows a non-square, non-separable I and Q
subset of the constellation of FIG. 1.

[0042] FIG. 3 shows the 8 QAM case 1.

[0043] FIG. 4 shows the subset constellation of 8 QAM
case 1.

[0044] FIG. 5 shows the 8 QAM case 2.

[0045] FIG. 6 shows the subset constellation of 8 QAM
case 2.

[0046] FIG. 7 shows the 8 QAM case 3

[0047] FIG. 8 shows the subset constellation of 8 QAM
case 3.

[0048] FIG. 9 shows the 8 QAM case 4.

[0049] FIG. 10 shows the subset constellation of 8 QAM
case 4.

[0050] FIG. 11 shows the 64 QAM constellation with
Gray Mapping.
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[0051] FIG. 12 shows a non-square, non-separable I and
Q subset of the constellation of FIG. 11.

[0052] FIG. 13 shows the 32 QAM case 1.

[0053] FIG. 14 shows the subset constellation of 32 QAM
case 1.

[0054] FIG. 15 shows the 32 QAM case 2.

[0055] FIG. 16 shows the subset constellation of 32 QAM
case 2.

[0056] FIG. 17 shows the 32 QAM case 3.

[0057] FIG. 18 shows the subset constellation of 32 QAM
case 3.

[0058] FIG. 19 shows the 32 QAM case 4.

[0059] FIG. 20 shows the subset constellation of 32 QAM
case 4.

[0060] FIG. 21 shows the 32 QAM case 5.

[0061] FIG. 22 shows the subset constellation of 32 QAM
case 5.

[0062] FIG. 23 shows 32 QAM case 6.

[0063] FIG. 24 shows the subset constellation of 32 QAM
case 5.

[0064] FIG. 25 shows the 256 QAM constellation with

Gray Mapping.

[0065] FIG. 26 shows a non-square, non-separable I and
Q subset of the constellation of FIG. 25.

[0066] FIG. 27 shows the 128 QAM case 1.

[0067] FIG. 28 shows the subset constellation of 128
QAM case 1.

[0068] FIG. 29 shows the 128 QAM case 2.

[0069] FIG. 30 shows the subset constellation of 128
QAM case 2.

[0070] FIG. 31 shows the 128 QAM case 3.

[0071] FIG. 32 shows the subset constellation of 128
QAM case 3.

[0072] FIG. 33 shows the 128 QAM case 4.

[0073] FIG. 34 shows the subset constellation of 128
QAM case 4.

[0074] FIG. 35 shows the 128 QAM case 5.

[0075] FIG. 36 shows the subset constellation of 128
QAM case 5.

[0076] FIG. 37 shows the 128 QAM case 6.

[0077] FIG. 38 shows the subset constellation of 128
QAM case 6.

[0078] FIG. 39 shows the 128 QAM case 7.

[0079] FIG. 40 shows the subset constellation of 128
QAM case 7.

[0080] FIG. 41 shows the 128 QAM case 8.
[0081] FIG. 42 shows the subset constellation of 128
QAM case 8.
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[0082] FIG. 43 shows mapping of a transmit data stream
to I and Q values in a transmitter in accordance with a
preferred embodiment of the invention.

[0083] FIG. 44 shows decoding of an input demodulated
signal using separable I and Q constituent constellations in
a receiver in accordance with a preferred embodiment of the
invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0084]

Design of Constellations

[0085] In accordance with one embodiment of the inven-
tion, the performance of conventional non-square constel-
lations may be improved by using non-square constellations
that are comprised of constituent constellations having inde-
pendent I and Q. The following describes one manner in
which such a constellation may be designed.

[0086] First, begin with a square constellation that has
double the number of points (2°*! points) in the desired
non-square constellation to be constructed (2" points). For
example, if a 32 QAM constellation is desired, begin with a
constellation for 64 QAM with independent I and Q Gray
mapping or Natural Mapping.

[0087] Next, delete every other point in each dimension
such that every row retains half of its points and every
column keeps half of its points and such that the remaining
constellation points have the same distance between them.

[0088] Then, assign to each remaining point a number
formed from the bits of the I value and bits of the Q value
of the original constellation mapping, where one bit position
of the I value or one bit position of the Q value have been
removed. The first number is from the I dimension, called
the 1-value, and the second number is from the Q dimension,
called the Q-value.

[0089] When one bit in one dimension is removed, n-I bits
of the n bit constellation-value have independent I and Q.
They may be decoded in the same way as presented in
provisional patent application serial No. 60/200,369.

[0090] In the general case that the symbol has n bits, if m
bits are removed from one dimension, [ or Q, the remaining
bits have independent I and Q and they are decoded in the
same way as presented in provisional patent application
serial No. 60/200,369.

[0091] The resulting constellation is comprised of two
constituent square constellations with independent I and Q.
Data may be mapped to symbols of the two constituent
constellations individually, and such symbols may be
decoded by decoding the constituent constellations with
independent probabilities. Examples of the application of
this design method to various QAM cases is provided below.

[0092] Application to the 2 QAM case.

[0093] The 2 QAM case is a special case where the two
resulting points can always decoded independently.

[0094] Application to the 8 QAM case.

[0095] The design of an 8 QAM constellation with inde-
pendent I and Q using Gray mapping has 4 possible com-

Sep. 19, 2002

binations or cases. In the following description, the first 2
steps are common all 4 cases. Steps 3 and 4 are unique for
each case.

[0096] Step 1.

[0097] Draw a square constellation that has double the
number of points (2**" points) in the desired non-square
constellation (2" points). For 8 QAM, n=3, the square
constellation is 16 QAM with independent I&Q Gray map-
ping or Natural Mapping. FIG. 1 shows the 16 QAM
constellation with Gray Mapping. The first number represent
the Q dimension and the second number represents the I
dimension.

[0098] Step 2.

[0099] Delete every other point in each dimension such
that each row keeps half of its points and each column keeps
half of its points, and such that the constellation points that
remain have the same distance between them. FIG. 2 shows
the constellation after removing half of the points. The
technique produces similar constellations if the removed
points are kept and the kept points are removed.

[0100] Step 3.

[0101] Assign to each remaining point a number formed
from the bits of the I value and bits of the Q value of the
original constellation map, where one bit position of the I
value or one bit position of the Q value have been removed.
There are four manners in which this may be done.

[0102] Case 3.1.

[0103] Remove the most protected bit in I. FIG. 3 shows
the region created in this case. The resulting non-square
constellation is the superposition of two square constituent
constellations, with each constellation being offset from the
other by one half spacing in the I and Q dimensions. This
relationship will be described hereinafter as the constituents
being shifted with respect to one another. The two constitu-
ents are shown in FIG. 4.

[0104] Case 3.2.

[0105] Remove the least protected bit in 1. FIG. 5 shows
the region created in this case. The resulting non-square
constellation is the superposition of two square constituent
constellations, one of which is shifted with respect to the
other. This is shown in FIG. 6. In this case 2 it is important
to note that the OX values of the two subset square con-
stellations are the same O for the first column and 1 for the
second column. This is very helpful to the decoding process,
reducing considerably the computational requirements.

[0106] Case 3.3.

[0107] Remove the most protected bit Q. FIG. 7 shows the
region created in this case. In this case the resulting non-
square constellation is the superposition of two square
constituent constellations, one of which is shifted with
respect to the other. This is shown in FIG. 8.

[0108] Case 3.4.

[0109] Remove the least protected bit Q. FIG. 9 shows the
region created in this case. In this case it is noted that in the
previous case the resulting non-square constellation is the
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superposition of two square constituent constellations, one
of which is shifted with respect to the other. This is shown
in FIG. 10.

[0110] Incase 3.4 it is noted that the OY values of the two
subset square constellations are the same O for the first row
and 1 for the second row. This is very helpful to the decoding
process, reducing considerably the computational require-
ments.

[0111] Application to the 32 QAM case.

[0112] The following description illustrates the 6 possible
cases for a 32 QAM constellation with Gray mapping.

[0113] Step 1.

[0114] Draw a the square constellation that has double the
number of points (2" points) in the desired non-square
constellation (2" points). For 32 QAM, n=5, the square
constellation is 64 QAM with independent [ and Q Gray
mapping or Natural Mapping. FIG. 11 shows the 64 QAM
constellation with Gray Mapping. The first number repre-
sents the Q dimension and the second number represents the
I dimension.

[0115] Step 2.

[0116] Delete every other point in each dimension such
that each row keeps half of its points and every column
keeps half of its points, and such that the constellation points
that remains have the same distance between them. FIG. 12
shows the constellation after removing half of the points.
The technique produces similar constellations if the
removed points are kept and the kept points are removed.

[0117] Step 3.

[0118] Assign to each remaining point a number formed
from the bits of the I value and bits of the Q value of the
original constellation map, where one bit position of the I
value or one bit position of the Q value has been removed.
There are six manners in which this may be done.

[0119] Case 3.1.

[0120] Remove the most protected bit in I. FIG. 13 shows
the region created in this case. The resulting non-square
constellation is the superposition of two square constituent
constellations, one of which is shifted with respect to the
other. This is shown in FIG. 14.

[0121] Case 3.2.

[0122] Remove the second most protected bitin I. FIG. 15
shows the region created in this case. The resulting non-
square constellation is the superposition of two square
constituent constellations, one of which is shifted with
respect to the other. This is shown in FIG. 16.

[0123] Case 3.3.

[0124] Remove the least bit in I. FIG. 17 shows the region
created in this case. The resulting non-square constellation is
the superposition of two square constituent constellations,
one of which is shifted with respect to the other. This is
shown in FIG. 18.

[0125] Case 3.4.

[0126] Remove most protected bit in Q. FIG. 19 shows
the region created in this case. The resulting non-square
constellation is the superposition of two square constituent
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constellations, one of which is shifted with respect to the
other. This is shown in FIG. 20.

[0127] Case 3.5.

[0128] Remove the second most protected bit in Q. FIG.
21 shows the region created in this case. The resulting
non-square constellation is the superposition of two square
constituent constellations, one of which is shifted with
respect to the other. This is shown in FIG. 22.

[0129] Case 3.6.

[0130] Remove the least protected bit in Q. FIG. 23 shows
the region created in this case. The resulting non-square
constellation is the superposition of two square constituent

constellations, one of which is shifted with respect to the
other. This is shown in FIG. 24.

[0131] Application to the 128 QAM case.

[0132] The following description illustrates possible cases
for a 128 QAM constellation with Gray mapping.

[0133] Step 1.

[0134] Draw the square constellation that has double the
number of points (2**" points) in the desired non-square
constellation (2" points). For 128 QAM, n=7, the square
constellation is 256 QAM with independent I and Q Gray
mapping or Natural Mapping. FIG. 25 shows the 256 QAM
constellation with Gray Mapping. The first number repre-
sents the Q dimension and the second number represents the
I dimension.

[0135] Step 2.

[0136] Delete every other point in each dimension such
that each row keeps half of its points and every column
keeps half of its points, and such that the constellation points
that remain have the same distance between them. FIG. 26
shows the constellation after removing half of the points.
The technique produces similar constellations if the
removed points are kept and the kept points are removed.

[0137] Step 3.

[0138] Assign to each remaining point a number formed
from the bits of the I value and bits of the Q value of the
original constellation map, where one bit position of the I
value or one bit position of the Q value have been removed.
There are 8 manners in which this may be done.

[0139] Case 3.1.

[0140] Remove the most protected bit in I. FIG. 27 shows
the region created in this case. The resulting non-square
constellation is the superposition of two square constituent

constellations, one of which is shifted with respect to the
other. This is shown in FIG. 28.

[0141] Case 3.2.

[0142] Remove the second most protected bit in I. FIG. 29
shows the region created in this case. The resulting non-
square constellation is the superposition of two square
constituent constellations, one of which is shifted with
respect to the other. This is shown in FIG. 30.

[0143] Case 3.3.

[0144] Remove the third most protected bit in I. FIG. 31
shows the region created in this case. The resulting non-
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square constellation is the superposition of two square
constituent constellations, one of which is shifted with
respect to the other. This is shown in FIG. 32.

[0145] Case 3.4.

[0146] Remove the least protected bit in I. FIG. 33 shows
the region created in this case. The resulting non-square
constellation is the superposition of two square constituent
constellations, one of which is shifted with respect to the
other. This is shown in FIG. 34.

[0147] Case 3.5.

[0148] Remove the most protected bit in Q. FIG. 35
shows the region created in this case. The resulting non-
square constellation is the superposition of two square
constituent constellations, one of which is shifted with
respect to the other. This is shown in FIG. 36.

[0149] Case 3.6.

[0150] Remove second most protected bit in Q. FIG. 37
shows the region created in this case. The resulting non-
square constellation is the superposition of two square
constituent constellations, one of which is shifted with
respect to the other. This is shown in FIG. 38.

[0151] Case 3.7.

[0152] Remove the third most protected bit in Q. FIG. 3%
shows the region created in this case. The resulting non-
square constellation is the superposition of two square
constituent constellations, one of which is shifted with
respect to the other. This is shown in FIG. 40.

[0153] Case 3.8.

[0154] Remove the least protected bit in Q. FIG. 41 shows
the region created in this case. The resulting non-square
constellation is the superposition of two square constituent
constellations, one of which is shifted with respect to the
other. This is shown in FIG. 42.

[0155] Higher Order Modulations

[0156] A similar design process may be followed for cases
above 128 QAM.

[0157] Constellations with non-square constituents and
more than two constituents

[0158] While the above examples describe various types
of non-square constellations that are composed of the union
of two square constituents, in alternative embodiments the
constituents may be non-square, for example, rectangular.
Further, there may be more than two constituents. In accor-
dance with embodiments of the invention, the constituents
need only have independent I and Q.

[0159] Impact on Computational Complexity

[0160] A normally non-separable constellation that is
comprised of separable I and Q constituent constellations
may be decoded with approximately the efficiency provided
by separable constellations.
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[0161] For example, a normally non-separable 8 point
constellation can be created:

(-1, +3) (+3, +3)
(=3, +1) +1,+D)

(-1,-1) (+3,-1)
(-3,-3) (+1,-3)

[0162] with the symbols assignments of:

001 010
100 111

101 110
000 011

[0163] and the point assignments of:

p31 p33
p20 p22

pll pl3
poo po2

[0164] by combining the following separable constella-
tions:

[0165] constellation A, defined as:

(=3, +1) (+1,+D)
(=3,-3) (+1,-3)

[0166] with the symbols assignments of:

100 111
000 011

[0167]

and the point assignments of:

p20  p22

po0  po2

[0168] constellation B, defined as:

(-1, +3) (+3, +3)

=1L-1)  +3-D
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[0169] with the symbols assignments of:

001 010
101 110
[0170] and the point assignments of:
p31 p33
pll pl3

[0171] Again extracting the value for the least significant
bit as:

Z ) 23)

S1 pi=t ;i=31,11,22,02
Vduezﬁzw jj =20, 00,33, 13
&7y 5y =20, 00, 50, 15,
bit=0
_ S1A+S1B o4
~ S0A +50B

[0172] where:

S14=Se2 M ;=02 02 25)
S1B=3e" ™D ji=31 11 (26)
S04=Ze(-2'=) 1220, 00 27
SO0B=Se(-1"mi) 33, 13 28

[0173] Since constellations A and B have separable I and
Q,

S1A=SyASx1A (29)
S1B=SyBSx1B (30)
S0A=SyASx0A (31)
SOB=SyBSx0B (32)
SxlA=Fe(—"mxD j—3 (33)
Sx0A=Ze( ™D j_p (34)
SyA=3en ™D o (35)
Sx1B=3e(" ™D jp (36)
SxOB=3e("" %D jp (37
SyB=3e™'m¥D o (38)

[0174] and the value extracted from the channel for the
least significant bit would be:

S1A+S1B  SyA Sx1A +SyB Sx1B (39)

al = =
VEUC= STA T SOB  SyA Sx0A +5yB Sx0B

[0175] Additional reduction of computation can be
achieved by recognizing that SyA and SyB are identical for
the second least significant bit.
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[0176] As an example of the complexity reduction, con-
sider a large QAM constellation, say 128 symbols, that was
created from two constituent 64 bit constellations. The
complexity for both full and reduced calculations are, for all
bits:

128 QAM # exp. # adds # mul # div
TOTAL

Full 32 7 * 126 121 7
1,042

Reduced 32 7*14+2*14 14 14
186

N odd

N =2" QAM # exp. # adds # mul # div
TOTAL

Full 2(2N)YV2 a(N - 2) N-n n
2(2N)Y? + (n + N - 2n

Reduced 2(2N)V/2 202 + 4n 2n 2n

2(2N)"* + 2n” + 8n

[0177] The increase in complexity for this type of con-
stellation can be shown to be of O(N)™) where N is the
number of constellation points.

[0178] Application to Transmitters and Receivers

[0179] Embodiments of the invention may apply the fore-
going schemes in transmitters and receivers of a communi-
cation system. FIG. 43 shows an example of mapping of a
transmit data stream to transmit symbols in a transmitter in
accordance with one embodiment of the invention. As
shown in FIG. 43, within a sequence of bits of a transmit
data stream, a first group of bits of the data stream is used
for selecting a constituent constellation, a second group of
bits of the data stream is used for selecting an I value of a
symbol within the selected constituent, and a third group of
bits is used for selecting a Q value of a symbol within the
selected constituent. In the illustrated example, the constel-
lation selection bit group is sequential with the Q value
selection bit group, and the Q value selection bit group is
sequential with the I value selection bit group. However, in
alternative embodiments these groups need not be taken in
this order and need not be taken sequentially, and the bits of
each group need not be sequential within the bit stream. Nor
do they need to consist of separate groups of bits. Rather,
any pattern may be used for selecting transmit data bits for
use as each group. Therefore, the mapping of transmit data
bits to symbols generally comprises selecting constituent
constellations and selecting I and Q values within the
selected constituent constellations in accordance with the
transmit data stream. It is necessary only that the particular
manner in which bits of each group are selected is known by
a device receiving the resulting symbols so that the data
stream from which they were generated can be recon-
structed.

[0180] FIG. 44 shows an example of a process in a
receiver for decoding a modulated signal representing a
symbol stream that has been generated in a transmitter as
illustrated in FIG. 44. The signal is demodulated and the
demodulated signal is applied as input to decoders 100, 102.
Each decoder provides decision values for each inputted
symbol with respect to each of the symbols of one of the
constituent constellations. These decisions may be hard
decisions or soft decisions depending on the type of decoder
used. The outputs of the decoders 100, 102 are provided to
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a decision unit 104 that determines the transmitted symbol
based on the outputs of the decoders. Because the processing
complexity of each decoder is limited to that of a constituent
constellation having independent I and Q, the overall non-
separable constellation may be decoded with the efficiency
of a separable constellation. In the illustrated example, there
are two constituent constellations, and therefore two decod-
ers are used. However, in alternative embodiments, a dif-
ferent number of constituent constellations may be
employed, and the number of decoders will be chosen
accordingly.

[0181] In accordance with further embodiments of the
invention, processing as described above may be imple-
mented in computing devices comprising at least one pro-
cessor and storage media storing programming code for
performing the processing.

[0182] While the embodiments discussed above include a
combination of features, those features may characterize
further embodiments of the invention individually or in
other combinations, and thus it will be apparent to those
having ordinary skill in the art that the features and tasks
described herein are not necessarily exclusive of other
features and tasks, nor required to exist in only those
combinations particularly described, but rather that further
alternative combinations may be implemented and that
additional features and tasks may be incorporated in accor-
dance with particular applications. Thus, while the embodi-
ments illustrated in the figures and described herein are
presently preferred, it should be understood that these
embodiments are offered by way of example only. The
invention is not limited to a particular embodiment, but
extends to various modifications, combinations, and permu-
tations that fall within the scope and spirit of the appended
claims.

What is claimed is:
1. Amethod in a transmitter of a communications system,
comprising:

mapping a data stream to symbols of a symbol constel-
lation to produce a symbol stream;

modulating a signal in accordance with the symbol
stream; and

transmitting the modulated signal,

wherein the symbol constellation comprises a plurality of
constituent constellations each having independent I
and Q mapping, and

wherein mapping the data stream to symbols of the
symbol constellation comprises selecting constituent
constellations and selecting [ and Q values within the
selected constituent constellations in accordance with
the data stream.
2. The method claimed in claim 1, wherein said mapping
comprises:

selecting a constituent constellation in accordance with a
first group of transmit data bits;

selecting an I value in accordance with a second group of
transmit data bits; and

selecting a Q value in accordance with a third group of
transmit data bits.
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3. The method claimed in claim 1, wherein said constitu-
ent constellations are square.

4. The method claimed in claim 1, wherein said plurality
of constituent constellations consists of two constituent
constellations.

5. The method claimed in claim 1, wherein said plurality
of constituent constellations consists of two square constitu-
ent constellations.

6. The method claimed in claim 1, wherein said plurality
of constituent constellations consists of two square constitu-
ent constellations of equal size, and

wherein said constituent constellations are offset from one
another by one half spacing in the I and Q dimensions
within said symbol constellation.

7. A transmitter for a communication system, comprising:
at least one processor; and

storage media coupled to the at least one processor and
having stored therein programming instructions for
mapping a data stream to symbols of a symbol con-
stellation to produce a symbol stream for transmission,

wherein the symbol constellation comprises a plurality of
constituent constellations each having independent I
and Q mapping, and

wherein mapping the data stream to symbols of the
symbol constellation comprises selecting constituent
constellations and selecting [ and Q values within the
selected constituent constellations in accordance with
the data stream.

8. A method in a receiver of a communications system,
comprising:

receiving a modulated signal representing a symbol
stream generated by mapping a transmit data stream to
symbols of a symbol constellation;

demodulating the signal; and

generating a received data stream from the demodulated
signal,

wherein the symbol constellation comprises a plurality of
constituent constellations each having independent I
and Q mapping, and

wherein generating the received data stream comprises:

applying the demodulated signal to a plurality of
decoders, each of the decoders providing decoding
with respect to one of said constituent constellations;
and

determining symbols of the symbol stream from out-
puts of the decoders.

9. The method claimed in claim 8, wherein said constitu-
ent constellations are square.

10. The method claimed in claim 8, wherein said plurality
of constituent constellations consists of two constituent
constellations.

11. The method claimed in claim 8, wherein said plurality
of constituent constellations consists of two square constitu-
ent constellations.
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12. The method claimed in claim &8, wherein said plurality
of constituent constellations consists of two square constitu-
ent constellations of equal size, and

wherein said constituent constellations are offset from one
another by one half spacing in the I and Q dimensions
within said symbol constellation.

13. A receiver for a communication system, comprising:
at least one processor; and

storage media coupled to the at least one processor and
having stored therein programming instructions for
generating a received data stream from a demodulated
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signal representing a symbol stream generated by map-
ping a transmit data stream to symbols of a symbol
constellation,

wherein the symbol constellation comprises a plurality of
constituent constellations each having independent I
and Q mapping, and

wherein generating the received data stream comprises:

applying the demodulated signal to a plurality of
decoders, each of the decoders providing decoding
with respect to one of said constituent constellations;
and

determining symbols of the symbol stream from out-
puts of the decoders.
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