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BER for Rate 1/2 16QAM, N=512 and N=32768 bits, AWGN Channel
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BER for Rate 2/6 4QAM N=1,024 bits AWGN Channel
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BER for Rate 2/4 4QAM N=1,024 bits AWGN Channel
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BER for Rate 1/3 8QAM N=1,024 bits AWGN Channel
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Bit Error Rate
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BER for Rate 4/6 8QAM N=1,024 bits AWGN Channel
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BER for Rate 1/2 16QAM, N=272 bits (odd-even), AWGN Channel
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BER for Rate 1/2 16QAM, N=256 bits S-type, AWGN Channel
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BER for Rate 1/2 16QAM, N=512 bits S-type, AWGN Channel

1.E+00 -
|
]
1.E-01
1 -
1 N
1.E:02 \ KA R
1 ro———
R ONIN
1 PR .
X ——it1
1.E-03 . “m » I
S -8 -
& 1 13 e .
o SN c--a-- 113
2 : Y it4
] ;‘( » —_— -
£ 1.E04 ' - S '
- e— —-%-—il6
e 1 R — .
‘IIJ- . \\\ & \\ —-e—- it8
ﬁ \.x\"— ‘\ ! —t = QAM bound
1.E-05 | L] DU | ; .
= \s = = =Shannon bound
. 4‘ =
T LN
\
] 4
1.E-06 1 \i*
—
1.E-07 ! !I
W
1.E-08 ! “ |
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

Eb/No [dB]

Figure 16



Patent Application Publication = May 2, 2002 Sheet 14 of 73  US 2002/0051501 Al

BER for Rate 1/2 16QAM, N=768 bits S-type, AWGN Channel
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BER for Rate 1/2 16QAM, N=1024 bits S-fype, AWGN Channel
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BER for Rate 3/4 16QAM, N=6,144 bits S-type, AWGN Channel
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BER for Rate 3/5 32QAM, N=6,144 bits S-type, AWGN Channel
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BER for Rate 3/6 64QAM, N=6,144 bits S-type, AWGN Channel
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Bit Error Rate
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BER for Rate 4/6 64QAM N=4,096 bits AWGN Channel , Gray Mapping
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BER for Rate 4/6 64QAM N=4,096 bits AWGN Channel , Natural
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100 Produce first and second parity bit
streams corresponding to an information
bit stream using first and second
concatenated coders interconnected by an
interleaver

102 Select subsets of the first and second
parity bit streams in accordance with a
puncturing pattern

|

104 Combine the selected subsets of the
first and second parity bit streams with the
information bit stream

'

106 Produce a QAM symbol stream by
mapping a first subset of the combined bit
streams to an I dimension and mapping a
second subset of the combined bit streams
to a Q dimension

'

108 Modulate the QAM symbol stream to
produce a modulated signal

I

110 Transmit the modulated signal over a
communications link

Figure 77
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120 Receive a modulated signal from a
communications link, where said received
signal includes errors

'

122 Demodulate the received signal

'

124 Produce a decoded bit stream by
iteratively decoding the demodulated
signal wherein the demodulated signal is
decoded independently in the I dimension
and the Q dimension using a puncturing

pattern

126 Regenerate the information bit stream
from the decoded bit stream.

Figure 78
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130 Receive a QAM symbol stream from a
transmitter of the communication system

i

132 Determine a performance metric of the
communication system based on the
received QAM symbol stream

:

134 Determine a new puncturing pattern
for use in the transmitter to improve the
performance of the communication system

based on the performance metric

l

136 Communicate the puncturing pattern
to the transmitter

Figure 79
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USE OF TURBO-LIKE CODES FOR QAM
MODULATION USING INDEPENDENT I AND Q
DECODING TECHNIQUES AND APPLICATIONS

TO XDSL SYSTEMS

[0001] This non-provisional patent application claims the
benefit under 35 U.S.C. Section 119(e) of U.S. Provisional
Patent Application Ser. No. 60/200,369, filed on Apr. 28,
2000, Provisional Patent Application Ser. No. 60/248,099,
filed on Nov. 13, 2000, Provisional Patent Application Ser.
No. 60/242,393, filed on Oct. 20, 2000 and Provisional
Patent Application Ser. No. 60/244,550, filed on Oct. 31,
2000, each of which is incorporated herein by references in
its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to a techniques for
coding and decoding signals used in DSL data transmission
over wired and wireless systems that use Turbo Codes (TC)
and any other receiver soft-decision extraction technique,
such as Low Density Parity Check Codes (LDCP) (these
techniques are called Turbo-like Codes), with QAM con-
stellations using independent I and Q as modulation for error
correction. The QAM constellations covered in this appli-
cation are from 2 QAM up to 16384 QAM. The same
technique can be use for higher order modulations. In this
application we present results using an S-type and helicoidal
odd-even smile analytical interleaver. An embodiment of the
invention pertains particularly to XDSL systems, as a rep-
resentative of DMT wired-based systems. The same tech-
nique can be used for multicarrier wireless DMT systems
that using only one transmitter can send multi-channel
information. The low order constellation insures a minimum
acceptable data rate for very low Signal to Noise ratios that
is not possible with any other known error correcting
technique. The preferred mapping used is Gray mapping
because of its better performance vs. Natural or Ungerboeck
mapping, however the techniques disclosed herein may use
Natural or Ungerboeck mapping.

BACKGROUND OF THE INVENTION

[0003] Turbo codes and other receiver soft-decision
extraction techniques such as Low Density Parity Check
Codes, are new and very powerful error control techniques,
which allow communication very close to the channel
capacity. These techniques are called as Turbo-like Codes.
Low Density Parity Check Codes were introduced in 1962.
Turbo codes were introduced in 1993.

[0004] A lot of research has been done in the application
of Turbo-like Codes in deep space communications, mobile
satellite/cellular communications, microwave links, paging,
in OFDM and CDMA architectures. Turbo-like codes out-
perform all previously known coding schemes regardless of
the targeted channel. The extra coding gain offered by these
codes can be used either to save bandwidth or reduce power
requirements in the link budget. Standards based in turbo
codes have already been defined or are currently under
investigation. For example:

[0005] Inmarsat’s new multimedia service is based
on turbo codes and 16 QAM that allows the user to
communicate with existing Inmarsat 3 spot beam
satellites from a notebook-sized terminal at 64 kbit/s.
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[0006] The Third Generation Partnership Project (3
GPP) proposal for IMT-2000 includes turbo codes in
the multiplexing and channel coding specification.
The IMT-2000 represents the third generation mobile
radio systems worldwide standard. The 3 GPP objec-
tive is to harmonize similar standards proposals from
Europe, Japan, Korea and the United States.

[0007] NASA’s next-generation deep-space tran-
sponder will support turbo codes and implementa-
tion of turbo decoders in the Deep Space Network is
planned by 2003.

[0008] The new standard of the Consultative Com-
mittee for Space Data Systems (CCSDS) in based on
turbo codes. The new standard outperforms with 1.5
to 2.8 dB the old CCSDS standard based on concat-
enated convolutional code and Reed-Solomon code.

[0009] The new European Digital Video Broadcast-
ing (DVB) standard also adopted turbo codes for the
return channel over satellite applications.

[0010] xDSL modems are designed to operate between a
Central Office CO (or a similar point of presence) and a
customer premises CPE. As such they use existing telephone
network wiring between the CO and the CPE. There are
several modems in this class which function in generally
similar manners. Typically these modems transmit their
signals above the voice band. As such, they are dependent on
adequate frequency response above voice band. The modem
may use a set of transmitters and receivers each at different
frequencies. Alternatively, a transmitting modem may use
the Inverse Discrete Fourier Transform (IDFT) that sends a
signal in different subcarriers at the same time. A corre-
sponding receiver uses the Discrete Fourier Transform
(DFT) to detect the signal in the different subcarriers.

[0011] The International Telecommunication Union (ITU)
has developed Recommendations G.992.1 and G.992.2 for
the use of ADSL modems in the telephone network. G.992.1
allows the use of Trellis Code Modulation in the encoder of
the transmitter to improve the performance of the ADSL
modems. Trellis Code Modulation encodes the two least
significant information bits using a convolutional encoder
that provides an extra parity bit for Forward Error Correc-
tion. The extra parity bit produces an expansion of 0.5 bits
per dimension in the DMT/QAM modulator. This Forward
Error Correction provides an extra coding gain of around 3
dB with respect to the un-coded DMT/QAM system.

SUMMARY OF THE INVENTION

[0012] Embodiments of the present invention pertain to
the use of Turbo Codes and any other receiver soft-decision
extraction technique such as Low Density Parity Check
Codes (these techniques are collectively referred to herein as
Turbo-like Codes), for DMT systems with QAM modulation
in a manner that reduces. computing requirements by treat-
ing the QAM signal as two AM modulations (one in the I
dimension and one in the Q dimension) and using the
probabilities of the I dimension values as an input (the
probabilities of the Q dimension are not needed) to the
Turbo-like Code. For non-square constellations (8 QAM, 32
QAM, 128 QAM, etc . . .), we show a method of rectangular
constellations with spherical noise; a method of creating
non-separable I and Q constellations by combining constitu-
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ent separable I and Q constellations, as presented in Provi-
sional Patent Application Ser. No. 09/248,099, filed on Nov.
13, 2000, that also reduces the computational complexity by
the order of the square root of the number of constellation
points (O(N™)); other methods with lower computational
saving such as the diagonal regions method presented in the
Provisional Patent Application Ser. No. 09/242,393, filed on
Oct. 20, 2000 and Provisional Patent Application Ser. No.
09/244,550, filed on Oct. 31, 2000 can also be used.

[0013] Further embodiments of the invention improve the
Turbo code, and other receiver soft-decision extraction
techniques, by mapping the modulated signal in a manner
providing different protection to the information bits and the
parity bits as a function of the channel used and the
performance needed. For Additive White Gaussian Noise
(AWGN), more protection should be put in the information
bits for applications with a target BER higher than 1075, and
more protection is preferable put in the parity bits for
applications with a target BER lower than 107%. More
protection to the parity bits than to the information bits
reduces the floor error of the Turbo code below 10~°. For
Impulsive Noise (IN) channels and high puncturing, the
parity bits should be more protected than the information
bits in all cases, obtaining an extra protection on the order
of 25 dB.

[0014] Further embodiments of the invention employ
novel puncturing patterns for each order of a QAM modu-
lated signal, and a preferred puncturing pattern for each
order is identified. The high puncturing used in the Turbo
Code makes the Turbo Code and the Low Density Parity
Check Code very similar in theoretical fundamentals and
practical results.

[0015] Embodiments disclosed herein represent the first
use of Turbo-like Codes for high order modulations tech-
niques, up to 16384 QAM. Preferred embodiments achieve
a target BER very close to the channel capacity for the
respective spectral efficiency response. The schemes pro-
posed here, are more power efficient than the trellis coded
modulation schemes used traditionally with V.32.bis or V.34
standards. The higher the constellation, the more improve-
ments that this technique provides (i.e. for 16 QAM the
probabilities to compute in a classical turbo code are 16
points, with this technique the probabilities to compute are
4, so if we use 10 iterations, the computing saving is more
than 40 times; for 128 QAM the computing saving is
10%1,042/186=60 times, using a method of creating non-
separable I and Q constellations by combining constituent
separable I and Q constellations).

[0016] Embodiments disclosed herein apply this technique
to DMT xDSL modems as representative species of a
wired-based system, where constellations up to 32,768
QAM are possible, and typically constellations of 1024
QAM are used. In the case of the G.992.1, this technique
allows the system to work at 400 kbps with E, /N below 2
dB (assuming 4 QAM and spectral efficiency of 1 bit/s/Hz
4 ksymbols/s and 100 tones). These embodiments use S-type
interleavers and analytical helicoidal odd-even interleavers.
The attached computer program code listing appendix pre-
sents the ¢ code of simulation program, a program for the
S-type interleaver, and a program for the analytical inter-
leaver.
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BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

[0017] FIG. 1 shows the System Architecture for variable
Symbol rates

[0018] FIG. 2 shows the BER curves for the rate 2/4 16
QAM scheme with N=512 bits and N=32768 bits S-type

[0019] FIG. 3 shows a Coding Scheme
[0020] FIG. 4 shows a SRC Scheme

[0021] FIG. 5 shows a 4 QAM constellation
[0022] FIG. 6 shows a 2 AM constellation

[0023] FIG. 7 shows the BER for Rate 2/6 4 QAM,
N=1024 bits S-type AWGN Channel

[0024] FIG. 8 shows the BER for Rate 2/4 4 QAM,
N=1024 bits S-type AWGN Channel

[0025] FIG. 9 shows a 8 QAM constellation
[0026] FIG. 10 shows a 4 AM constellation

[0027] FIG. 11 shows the BER for Rate 2/6 8 QAM,
N=1024 bits S-type AWGN Channel

[0028] FIG. 12 shows the BER for Rate 4/6 8 QAM,
N=1024 bits S-type AWGN Channel

[0029] FIG. 13 shows a 16 QAM constellation

[0030] FIG. 14 shows the BER for Rate 1/2 16 QAM,
N=272 bits (odd-even) AWGN Channel

[0031] FIG. 15 shows the BER for Rate 1/2 16 QAM,
N=256 bits S-type AWGN Channel

[0032] FIG. 16 shows the BER for Rate 1/2 16 QAM,
N=512 bits S-type AWGN Channel

[0033] FIG. 17 shows the BER for Rate 1/2 16 QAM,
N=768 bits S-type AWGN Channel

[0034] FIG. 18 shows the. BER for Rate 1/2 16 QAM,
N=1024 bits S-type AWGN Channel

[0035] FIG. 19 shows the BER for Rate 3/4 16 QAM,
N=4,096 bits S-type AWGN Channel

[0036] FIG. 20 shows a 32 QAM constellation

[0037] FIG. 21 shows an 8 AM constellation with Gray
Mapping

[0038] FIG. 22 shows the BER for Rate 3/5 32 QAM,
N=6,144 bits S-type AWGN Channel

[0039] FIG. 23 shows a 64 QAM constellation

[0040] FIG. 24 shows a BER for Rate 3/6 64 QAM,
N=4,096 bits S-type AWGN Channel

[0041] FIG. 25 shows the BER for Rate 4/6 64 QAM,
N=4,096 bits S-type AWGN Channel Gray Mapping

[0042] FIG. 26 shows an 8 AM constellation with Natural
Mapping

[0043] FIG. 27 shows the BER for Rate 4/6 64 QAM,
N=4,096 bits S-type AWGN Channel Natural Mapping

[0044] FIG. 28 shows a 64 QAM constellation: First
Partition Level based on u;=1
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[0045] FIG. 29 shows a 64 QAM constellation: Second
Partition Level based on u;=1, u,=1

[0046] FIG. 30 shows a 64 QAM constellation: Third
Partition Level based on u,=1, u,=1, uy=1

[0047] FIG. 31 shows a 64 QAM constellation: Fourth
Partition Level based on u;=1, u,=1, u;=1, u,=1

[0048] FIG. 32 shows a 64 QAM constellation: Fifth
Partition Level based on u,=1, u,=1, us=1, u,=1, us=1

[0049] FIG. 33 shows a 64 QAM constellation: LLR(u,)
[0050] FIG. 34 shows a 64 QAM constellation: LLR(u,)
[0051] FIG. 35 shows a 64 QAM constellation: LLR(u)
[0052] FIG. 36 shows a 64 QAM constellation: LLR(u,)
[0053] FIG. 37 shows a 64 QAM constellation: LLR(us)
[0054] FIG. 38 shows a 64 QAM constellation: LLR(u)

[0055] FIG. 39 shows the BER for Rate 4/6 64 QAM,
N=4,096 bits S-type AWGN Channel TCM with four bits
coded

[0056] FIG. 40 shows a 64 QAM constellation with four
point subsets

[0057] FIG. 41 shows a First Partition of the 64 QAM
constellation

[0058] FIG. 42 shows a Second Partition of the 64 QAM
constellation
[0059] FIG. 43 shows a Third Partition of the 64 QAM
constellation
[0060] FIG. 44 shows a Fourth Partition of the 64 QAM
constellation
[0061] FIG. 45 shows the BER for Rate 4/6 64 QAM,

N=2,048 bits S-type AWGN Channel TCM with two bits
coded

[0062] FIG. 46 shows the BER for Rate 5/6 64 QAM
N=5,120 bits AWGN Channel

[0063] FIG. 47 shows a 128 QAM constellation

[0064] FIG. 48 shows a 16 AM constellation with Gray
Mapping

[0065] FIG. 49 shows the BER for Rate 5/7 128 QAM
N=5,120 bits AWGN Channel

[0066] FIG. 50 shows a 256 QAM constellation

[0067] FIG. 51 shows the BER for Rate 5/8 256 QAM
N=5,120 bits AWGN Channel

[0068] FIG. 52 shows the BER for Rate 6/8 256 QAM
N=6,144 bits AWGN Channel

[0069] FIG. 53 shows a 512 QAM constellation

[0070] FIG. 54 shows the BER for Rate 6/9 512 QAM
N=6,144 bits AWGN Channel

[0071] FIG. 55 shows a 1024 QAM constellation

[0072] FIG. 56 shows the BER for Rate 7/10 1024 QAM
N=2,044 bits AWGN Channel

[0073] FIG. 57 shows the BER for Rate 12/14 16384
QAM N=31,200 bits AWGN Channel
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[0074] FIG. 58 shows a AWGN Channel model

[0075] FIG. 59 shows the BER for Rate 2/4 4 QAM
N=2,048 bits S-type interleaver AWGN Channel

[0076] FIG. 60 shows the BER for Rate 2/4 16 QAM
N=2,048 bits S-type interleaver AWGN Channel

[0077] FIG. 61 shows the BER for Rate 3/4 16 QAM
N=2,046 bits S-type interleaver AWGN Channel

[0078] FIG. 62 shows the BER for Rate 4/6 64 QAM
N=2,048 bits S-type interleaver AWGN Channel

[0079] FIG. 63 shows the BER for Rate 5/8 256 QAM
N=2,050 bits S-type interleaver AWGN Channel

[0080] FIG. 64 shows the BER for Rate 6/8 256 QAM
N=2,046 bits S-type interleaver AWGN Channel

[0081] FIG. 65 shows the BER for Rate 7/10 1024 QAM
N=2,044 bits S-type interleaver AWGN Channel

[0082] FIG. 66 shows the BER for Rate 2/4 4 QAM
N=2,100 bits Analytical odd-even smile interleaver AWGN
Channel

[0083] FIG. 67 shows the BER for Rate 2/4 16 QAM
N=2,100 bits Analytical odd-even smile interleaver AWGN
Channel

[0084] FIG. 68 shows the BER for Rate 3/4 16 QAM
N=2,100 bits Analytical odd-even smile interleaver AWGN
Channel

[0085] FIG. 69 shows the BER for Rate 4/6 64 QAM
N=2,100 bits Analytical odd-even smile interleaver AWGN
Channel

[0086] FIG. 70 shows the BER for Rate 5/8 256 QAM
N=2,100 bits Analytical odd-even smile interleaver AWGN
Channel

[0087] FIG. 71 shows the BER for Rate 6/8 256 QAM
N=2,100 bits Analytical odd-even smile interleaver AWGN
Channel

[0088] FIG. 72 shows the BER for Rate 7/10 1024 QAM
N=2,100 bits Analytical odd-even smile interleaver AWGN
Channel

[0089] FIG. 73 shows a 16 QAM constellation with
indication of x1, x2, x3, x4 and y1, y2, y3, y4

[0090] FIG. 74 shows the performance of the 6/4 rate 64
QAM for the case that the parity bits are more protected and
for the case that the parity bits are least protected

[0091] FIG. 75 shows a detailed explanation of the encod-
ing and puncturing patterns in a case where all the infor-
mation bits are encoded.

[0092] FIG. 76 shows a detail explanation of the encoding
and punctured procedures in a case where a subset of
information bits are encoded.

[0093] FIG. 77 shows a process in a transmitter in accor-
dance with embodiments of the invention, and

[0094] FIG. 78 shows a process in a receiver in accor-
dance with embodiments of the invention.



US 2002/0051501 Al

DETAILED DESCRIPTION OF THE
INVENTION

[0095] We herby incorporate by reference the following
references, which are representative of the conventional
knowledge in the field of the invention:

[0096] 1. R. G. Gallager, “Low Density Parity-Check
Codes”, IRE Trans. on Information Theory, pp. 21-28,
01/62.

[0097] 2. C. Berrou, V. Glavieux and P. Thitimajshima,
“Near Shannon limit error-correcting coding and decoding:
turbo-codes”, ICC 1993, Geneva, Switzerland, pp. 1064-
1070, May 1993.

[0098] 3. H.Feldman and D. V. Ramana, “An introduction
to Inmarsat’s New Mobile Multimedia Service”, The Sixth
International Mobile Satellite Conference, Ottawa, pp. 226-
229, June 1999.

[0099] 4. P. Chaudhury, W. Mohr and S. Onoe, “The 3GPP
Proposal for IMT-2000”, IEEE Communications Magazine,
vol. 37, no 12, pp.72-81. December 1999.

[0100] 5. 3 GPP Standard “Multiplexing and channel
coding: TS 25.2127

[0101] 6. C.D. Edwards, C. T. Stelzried, L. J. Deutsch and
L. Swanson, “NASAS’s deep-Space Telecommunications
Road Map” TMO Progress Report 42-136, JPL, Pasadena,
Calif. USA. PP. 1-20 February 1999.

[0102] 7. R. Pyndiah, A. Picard and A. Glavieux “Perfor-
mance of Block Turbo Coded 16 QAM and 64 QAM
modulations” Procedings of Globecom 95 pp.1039-1043.

[0103] 8. Rauschmayer, Dennis J. “ADSL/VDSL Prin-
ciples”, Macmillan Technical Publishing, 1999.

[0104] 9.1TU G.992.1 “ADSL Transceivers”, ITU, 1999.

[0105] 10.ITU G.992.2 “Splitterless ADSL Transceivers”.
ITU 1999.

[0106] 11. ITU 1432 “B-ISDN user-network interface-
physical layer specification”, I'TU, 1993.

[0107] 12. Benedetto, Divsalar, Montorsi and F. Pollara,
“Serial Concatenation of Interleaved Codes: Performance
Analysis, Design, and Iterative Decoding”, The Telecom-
munications and Data Acquisition Progress Report 42-126,
Jet Propulsion Laboratory, Pasadena, Calif., pp. 1-26, Aug.
15, 1996.

[0108] 13. Benedetto, Divsalar, Montorsi and F. Pollara,
“A Soft-Output Maximum A Posteriori (MAP) Module to
decode parallel and Serial Concatenated Codes”, The Tele-
communications and Data Acquisition Progress Report
42-127, Jet Propulsion Laboratory, Pasadena, Calif., pp.
1-20, Nowv. 15, 1996.

[0109] 14. L. R. Bahl, J. Cocke, F. Jelinek, and J. Raviv,
“Optimal Decoding of Linear Codes for Minimizing Symbol
Error Rate,” IEEE Transactions on Information Theory, pp.
284-287, March 1974.

[0110] 15. Divsalar and F. Pollara, “Turbo Codes for PCS
Applications”, Proceedings of 1CC'95, Seattle, Wash., pp.
54-59, June 1995.
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[0111] 16. D. Divsalar and F. Pollara, “Multiple Turbo
Codes”, Proceedings of IEEE MILCOMS95, San Diego,
Calif., Nov. 5-8, 1995.

[0112] 17. D. Divsalar and F. Pollara, “Soft-Output
Decoding Algorithms in iterative Decoding of Turbo
Codes,” The Telecommunications and Data Acquisition
Progress Report 42-124, Jet Propulsion Laboratory, Pasa-
dena, Calif., pp. 63-87, Feb. 15, 1995.

[0113] 18. Juan Alberto Torres, Frederic Hirzel and Victor
Demjanenko, “Forward Error Correcting System With
Encoders Configured in Parallel and/or Series”, Interna-
tional Patent Application Ser. No. PCT/US99/17369 filed on
Jul. 30, 1999.

[0114] 1. Introduction

[0115] Error correction can be used in communication
systems to improve the amount of data that can be accurately
communicated through a communication channel. Digital
Subscriber Line (XDSL) technology is an example of com-
munication using error correction. In xDSL, a transmitter
and a receiver communicate over a copper twisted pair using
Discrete Multi-Tone (DMT) modulation. In particular,
ADSL (Asymmetric Digital Subscriber Line) provides mul-
tiple carriers in the frequency band between 20 kHz and 1.1
MHz, at intervals of 4.1325 kHz. Each carrier is modulated
using quadrature amplitude modulation (QAM), in which a
data value is represented by the phase and magnitude of the
carrier. A given phase/magnitude combination is referred to
as a “symbol”, and the set of symbols that can be transmitted
on a carrier is referred to as a “constellation.” Typically a
constellation contains 2" symbols; in other words, each
symbol represents n bits of data. An ADSL channel is
theoretically capable of a 15 bit constellation (2*° discrete
symbols). However, in practice, noise on the line will cause
the magnitude and phase of transmitted symbols to vary
slightly, making it uncertain which symbol a received phase/
magnitude combination corresponds to. This typically
requires the use of a constellation that provides more space
between symbols so that variations in phase and magnitude
create less uncertainty. As a result, a given carrier will
typically use a constellation of less than 15 bits.

[0116] A type of error correction that is used in xDSL and
other communication systems is called Forward Error Cor-
rection (FEC). Forward error correction involves transmit-
ting one or more error correction bits, typically referred to
as “parity bits,” in conjunction with information bits, so that
the information bits represented in the signal can be deter-
mined solely from the received signal itself using the parity
bits, thereby eliminating the need for retransmission. One
simple conventional form of forward error coding involves
providing a parity bit that represents the least significant bit
of a sum of all information bits. Upon receiving the bit
string, if the least significant bit of the sum of the informa-
tion bits matches the parity bit, the received bits are assumed
to be correct.

[0117] In a more complex forward error coding system
referred to as trellis coding, some input bits are coded by a
convolutional coder that generates a parity bit for each group
of n input bits, and the resulting group of n+1 output bits are
used by QAM modulation to produce a signal for a digital
to analog converter. The addition of the parity bit effectively
doubles the number of symbols in the constellation, and the
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value of the parity bit effectively places a given symbol in
one of two subsets of the constellation, each of which
contains every other symbol of the full constellation. As a
result, all symbols of the constellation are available for use,
but each individual symbol is discriminated within a subset
of the constellation in which the symbols are twice as far
apart as they would be in the full constellation.

[0118] Presently some xDSL modems use a forward error
correction method known as Trellis Code Modulation. Trel-
lis coded modulation (TCM) proposed by Ungerboeck in
1982 is now a well-established technique in digital commu-
nications. Since its first appearance, TCM has generated a
continually growing interest, concerning its theoretical foun-
dations as well as its numerous applications, spanning
high-rate digital transmission over voice circuits, digital
microwave radio relay links, and satellite communications.

[0119] Turbo-like Codes represent a more recent develop-
ment in the coding research field (1993), which have gen-
erated a large interest in the coding community. Turbo Codes
are Parallel Concatenated Convolutional Codes (PCCC)
whose encoder is formed by two (or more) constituent
systematic encoders joined through one or more interleav-
ers. The input information bits feed the first encoder and,
after having been scrambled by the interleaver, they enter the
second encoder.

[0120] This document describes the performance of
Turbo-like Codes used with square and non-square high
order QAM modulation/demodulation schemes, from 4
QAM up to 16384 QAM. For higher order modulation the
same procedure is applicable. This document also describes
the application of this modulation schemes to xDSL. modems
presented in the ITU Recommendations G.992.1 and
(G.992.2. The use of squared and non-squared QAM con-
stellations with novel puncturing patterns simplifies the
design of the equalizer, and for this reason it is possible to
utilize squared and non-squared QAM constellations with
independent I and Q dimensions using blind equalizers.
LDPC codes and other receiver soft-decision extraction
techniques may be employed in a similar manner. The
different puncturing patterns allow the system to work with
low signal-to-noise signals (in the order of 1.25 dB) at the
expense of reduced data rates. The Turbo-like Coding and
modulation schemes disclosed herein are designed to
accommodate a variable symbol rate, which could be
adapted to a particular channel characteristic.

[0121] The performance of the coding and the modulation
schemes disclosed herein are estimated through computer
simulations, for different interleaver sizes. Bit probabilities
are estimated from the received QAM symbol. Trade offs
between power and bandwidth efficiency are also addressed.

[0122] 1.1 Objectives

[0123] The objectives of using higher order modulations
and Turbo-like Codes with independent I and Q are:

[0124] 1. To define a flexible architecture to allow
variable symbol rates function of the channel quality.

[0125] 2. To estimate the performance of 4 QAM, 8
QAM, 16 QAM, 32 QAM, 64 QAM, 128 QAM, 256
QAM 512 QAM, 1024 QAM and 16384 QAM
schemes for different interleaver sizes and Additive
Gaussian noise (AWGN) and Impulse noise channel
(IN).
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[0126] 3. To find the mapping technique to limit the
constellation expansion to at most 0.5 bit/dimension.

[0127] 4. To evaluate the performance for higher
order modulation schemes in an AWGN channel and
in an Impulse Noise Channel.

[0128] 1.2 System Parameters

[0129] The system parameters are summarized in Table 1.

TABLE 1

System Parameters

Parameter Value

107, 107, 107°, and 10~/

As low as possible

variable to 14 DMT symbols for
a latency of 10 ms.

Modulation QAM

Coding rate From 1/3 and up

Target bit error rate (BER)
Target Eb/No
Interleaver block sizes

Maximum Symbol Rate 1,024 ksym/s
Minimum Symbol Rate 128 ksym/s
Symbol Rate Step 4 ksym/s
Maximum Information Rate 6,144 kbit/s
Minimum Information Rate 160 kbit/s
Information Rate Step 32 kbit/s
Channel AWGN and IN

[0130] 2. System Architecture.
[0131] 2.1 Introduction

[0132] The coding and modulation schemes of the
embodiments disclosed herein are designed to accommodate
variable symbol rates using the same encoder and decoder
structure. Therefore, depending on the channel quality, the
same data rate can be transmitted in a variable bandwidth or
a different data rate can be transmitted, using the same
structure but different puncturing patterns and mapping.

[0133] FIG. 1 illustrates functional architectures of a
transmitter and a receiver in a communication system. At the
transmitter, incoming information bits, d, are encoded by a
turbo-like coder such as a rate 1/3 systematic encoder or
linear parity bit generator matrix H. The turbo-like encoder
outputs the information bits d and a parity bit p and parity
bit q corresponding to each information bit. The puncturing
block performs a puncturing function that determines the
actual coding rate of the parity generator matrix H. The
puncturing function is a simple deletion of some parity bits
from the p and q streams which results in creation of subsets
of the p and q bit streams. No puncturing is applied to the
information bits d. A mapping function then combines the
information bit stream with the subsets of the parity bit
streams selected by the puncturing pattern and produces a
QAM symbol stream by mapping a first subset of the
combined bit streams to an I dimension and mapping a
second subset of the combined bit streams to a Q dimension.
Each puncturing pattern and mapping is identified using a
unique word (UW). The puncturing pattern and mapping
may be varied adaptively. For example, transmission may
initially employ the most powerful coding scheme that can
be used in the available bandwidth. As a function of the
Channel State Information (with the values of gi and bi for
each tone for the case of a G.992.1 or G.992.2 modem), the
puncturing and mapping can be adapted to reduce the
transmitted signal band width to a value that allows com-
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munication at the desired BER. The receiver is provided
with an identification of the puncturing pattern and mapping.

[0134] At the receiver, after synchronization with the
transmitter, a particular configuration of the bit estimator
block corresponding to the puncturing pattern and mapping
of the transmitter is established. The function of the bit
estimator block is to compute the log-likelihood ratios
(LLR) for each bit of the received QAM symbol in the
Turbo-like Code. The outputs from this block are punctured
streams of the estimate d, p and § bits that are provided to
a decoder. The decoder does not need to know anything
about the transmitter mapping or modulation scheme. A
maximum a posteriori (MAP) algorithm is used in the
decoder to produce decoded bits d. In the case of LDPC the
output d is the decoded bit d or an error flag indicating that
the decoding process has an error.

[0135] 2.2 Power vs. Bandwidth.

[0136] The architecture of FIG. 1 is flexible enough to
select the most bandwidth efficient modulation given the
available signal-to-noise ratio available for a particular
channel. An example is shown in Table 2 for an information
data rate of 2,048 kbps. The most powerful coding scheme
that could be used is the rate 2/6 4 QAM. This scheme can
achieve a BER of 107° at approximately E,/N,=1.2 dB and
requires a symbol rate of 3,072 ksym/s. If the transmission
occurs over a less noisy channel, them the bandwidth can be
reduced by using higher spectral efficiency schemes. The
minimum symbol rate that can be achieved is 292 ksym/s.

TABLE 2

Trade Off Power for Bandwidth for 2,048 kbit/s Information Data Rate

Spectral Coding Rate

efficiency n and Symbol Rate E,/Ng
[bits/s/Hz] Modulation [ksym/s] [dB]
2/3 2/6 and 4 QAM 3072 1.2

1 2/4 and 4 QAM 2048 2.1

2 2/4 and 16 QAM 1024 39

3 3/4 and 16 QAM 682 6.0

4 4/6 and 64 QAM 512 8.8

5 5/8 and 256 QAM 408 11.5

6 6/8 and 256 QAM 342 13.8

7 7/10 and 1024 QAM 292 16.4

[0137] The turbo decoder has to operate at a maximum
speed of 6,144 kbit/s. Speeds of 20,048 kbps can be
achieved with the current FPGA technology

[0138] 2.3 Optimization for Specific Applications

[0139] Another advantage of this architecture is that the
system is re-configurable in order to achieve the Quality of
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Service requested by a particular application. For example,
the LDPC code or the turbo code modem could be config-
ured to operate in two modes:

[0140] Mode A: minimum transfer delay for delay
sensitive applications.

[0141] In this mode, if a maximum transfer delay is
defined, the block for the parity matrix size or the interleaver
size could be changed in function of the data rate (to an
integer number multiple of DMT symbols).

[0142] Mode B: maximum coding gain for data trans-
fer applications.

[0143] In this mode, a fixed block parity matrix size
or an interleaver size (i.e. 65,536 bits) could be used
to achieve the best performance. A significant coding
gain of almost 2 dB could be achieved at a BER of
107C if the larger interleaver is used.

[0144] 2.4 Why are Turbo-like Codes Different?

[0145] The performance of Turbo-like Codes depends on
the delay that is allowed in the turbo-like encoder. In the case
of Turbo Codes, the elementary decoders rely heavily on the
interleaving/de-interleaving process to de-correlate their soft
outputs. The larger the interleaver, the better the de-corre-
lation that can be achieved, the larger the parity check matrix
and the better the performance of the LDPC codes.

[0146] The sensitivity of the Turbo-like Codes to the
correlation between data bits can also be noticed in higher
order modulation schemes when two or more data bits are
estimated from the same receiver symbol. Different mapping
techniques are investigated for a spectral efficiency of four
information bits per symbol using 64 QAM. Simulation
results shows that Gray mapping performs better than Natu-
ral mapping, which in turn is better than the Ungerboeck set
partitioning. A fourth case when two bits where sent un-
coded also performed badly because of a smaller interleaver
size.

[0147] The complexity of the bit estimator block in FIG.
1 increases with the constellation size because more bits
need to be estimated per symbol. The equivalent of this in a
trellis coded modulation scheme with un-coded bits is that
more parallel paths are added to the trellis, therefore there is
an increased computational effort in the branch metric
estimator.

[0148] 2.5 Capacity Bound

[0149] The minimum E,/Ng values to achieve the Shan-
non bound, 4 QAM, 8 QAM, 16 QAM, 32 QAM, 64 QAM,
128 QAM, 256 QAM, 512 QAM and 1024 QAM bounds for
spectral efficiencies form 2/3 up to 7 bits/s/Hz respectively
are as in Table 3 for a BER=10">,

TABLE 3

Shannon and QAM bounds.

Spectral 4 8 16 32 64 128 256 512 1024
efficiency ~ Shannon QAM QAM QAM QAM QAM QAM QAM QAM QAM
bound bound bound bound bound bound bound bound bound bound

[bit/s/Hz] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
2/3 -0.5 0.3 0 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4

1 0 1.0 0.9 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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TABLE 3-continued
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Shannon and QAM bounds.

Spectral 4 8 16 32 64 256 512 1024
efficiency Shannon QAM QAM QAM QAM QAM QAM QAM QAM QAM
bound bound bound bound bound bound bound bound bound bound

n
[bit/s/Hz]  [dB] [dB] [dB] [dB] [dB] [dB]

[dB] [dB] [dB]

2 1.75 @ 2.2 21 2.09 2.09
3 3.7 — @ 4.6 4.3 4.3
4 5.6 — — © 6.6 6.6
5 79 — — — @ 9.1
6 10.3 — — — — @
7 12.6 — — — — —

4.3 4.3 4.3
6.6 6.6 6.6
9.0 9.0 9.0

[0150] The conversion for E/Ng to E,/Ng is performed
using the following relation

Ew/NoldBE/NoldB]-10log10(n)[dEB] )]

[0151] where 7 is the number of information bits per
symbol.

[0152] The required C/Ng given a certain E,_ /N, can be
found using the following relation:

CIN[dB-HZ]=EW/N[dB1+10 log,o(Ro)[dB-Hz] ©
[0153] where R, is the information bit rate.

[0154] For a D-dimension modulation the following for-
mulae are used:

Ella?l]  Ella E, 3)
SNR = [Iakzl] _ [Iakzl] - L
Ellwgll Doy Doy
E, nE, 4)
SNR = R ol
2 2

[0155] where o°y is the noise variance in each of the D
dimension and m is the number of information bits per
symbol. From the above relations:

e (2]

[0156] 3. Coding and Modulation for 2/3 bit/s/Hz Spectral
Efficiency

[0157] The only option investigated in this section com-
bines a rate 2/6 coding scheme with 4 QAM.

[0158] 3.1 Coding

[0159] A preferred embodiment uses a coding scheme as
shown in FIG. 3. The encoder is formed by two 1/2
systematic recursive constituent Concatenated Convolu-
tional Encoders (CCE) that receive two inputs every infor-
mation input bit cycle, adding one parity bit per dimension.
We propose the convolution encoder format (g1,g2)=(230,

350) joined through an interleaver and which can be gen-
eralized to a N constituent systematic encoders with N-1
interleavers.

[0160] FIG. 4 shows a preferred convolutional encoder.
gl and g2 are the values in octal of the forward and feedback
lines. In FIG. 2, the upper side the first line is feedback
(value 1), the second line is also a feedback (value 2) and the
fifth line as well (value 16). The feedback lines sum to a
value of 19 in decimal or 23 in octal, and is represented as
230. In FIG. 2, the lower side the first line is forward line
(value 1), the same thing happen with the third (value 4),
forth (value 8) and fifth (value 16), this makes the total
forward line to a value of 29 in decimal or 35 in octal, and
is represented as 350.

[0161] 3.2 Puncturing

[0162] In order to obtain a code rate of 2/6, no puncturing
is applied. The transmission pattern is given in

[0163] Table 4.

TABLE 4

Transmission pattern for Rate 2/6 4 QAM.

Information bit (d) d, d,
parity bit (p) pl P2
parity bit (q) 1 q2
2 AM symbol (I) (w)=(d) (u)=(dy) ()=0(gl)
2 AM symbol (Q) (W) =D W=@) @)=02
4 QAM symbol (I, Q) (I,Q) = L Q) = L, Q=
(ug; wp) = (ugs wp) = (1, up) =
(ds> p1) (d2; 92) (9l p2)

[0164] 3.3 Modulation

[0165] A4 QAM scheme is shown in FIG. 5. At time k,
the symbol u*=(u,*) is sent through the channel and the point
in two dimensional space is received.

[0166] For a 4 QAM constellation with points at —A and
A, The E_,, is:

4(A% + A2
E, = ( 7} )=2A2

[0167] For a rate 2/6 code and 4 QAM, the noise variance
is:
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! 0

[0168] Tt is assumed that the time k, u,* modulates the I
component and 1,* modulates the Q component for a 4
QAM scheme

[0169] The symbol u* symbol has the following mapping:
U.k=(1l1k, uzk)=(d1, q1)’ uk+1=(u1k+1, u2k+1)=(d1+1, q1+1); uk+2=

(u1k+2, 1]‘2k+2) =(qi+1, pi+2)

[0170] Considering two independent Gaussian noises with
identical variance o”, the LLR can be determined inde-
pendently for each I and Q.

[0171]
independently in order to take advantage of the simpler
formulae for the 2 bit-LLR values.

At the receiver, the I and Q signals are treated

[0172] In order to estimate the performance of this
scheme, a 2 AM modulation is used, as it is shown in FIG.
6, instead of 4 QAM modulation.

[0173] The 4 QAM scheme will achieve a similar perfor-
mance in terms of bit error rate (BER) at twice the spectral
efficiency, assuming an ideal demodulator.

[0174] For a rate 2/6 code and a 2 AM scheme as shown
in FIG. 6, the noise variance is:

o =(1+10472=4" ®

[0175]

- 9

[0176] That is the same that the 4 QAM of equation (7)
[0177] 3.4 Bit Probabilities

[0178] For an AWGN channel the following expressions
need to be evaluated:

10
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-continued
(1D

LLR(uS) = 1o

[0179] The above LLRs are used as inputs to the turbo
encoder. There is no need to compute the 4 LLRs for all
symbols because I and Q signals are treated independently.
Also the simulations for the 2 bit-LLR values are reduced to
one term each.

[0180] 3.5 Simulations Results

[0181] FIG. 7 shows the performance of a turbo code
which 1024 bit interleavers using S-type interleaver.

[0182] The target BER of 1077 for a 1,024 information bit
interleaver can be achieve at E /N,=1.25 dB

[0183] 4. Coding and Modulation for 1 bit/s/Hz Spectral
Efficiency

[0184] Two options are investigated in this section. The
first scheme combines a rate 2/4 coding scheme with 4
QAM. The second scheme investigated combines 2/6 coding
scheme with 8 QAM.

[0185] 4.1 Option 1: Rate 2/4 Turbo Code and 4 QAM
[0186] 4.1.1 Coding
[0187] The coding scheme is shown in FIG. 3.

[0188] The two systematic recursive codes (SRC) used are
identical and are defined in FIG. 4. The code is described by
the generating polynomials 350 and 23o.

[0189] 4.1.2 Puncturing

[0190] Inorder to obtain a code rate of 2/4, every other bit
of the parity bits p and q from FIG. 3 are punctured. The
puncturing pattern is given in Table 5.

TABLE 5

Puncturing and Mapping for Rate 2/4 4 QAM.

Information bit (d) d, d,
parity bit (p) P —
parity bit (q) — [N
2 AM symbol () (uy) = (dy) (uy) = (dp)
2 AM symbol (Q) (1) = (py) () = (q2)

4 QAM symbol (LQ)  (LQ) = (U, vx) = (dy, p1) LQ) = (uy, 1) = ()

[0191] 4.1.3 Modulation

[0192] A 4 QAM scheme is shown in FIG. 5. At time k,
the symbol u*=(u,*, u,) is sent through the channel and the
point r* in two dimensional space is received.

[0193] For a 4 QAM constellation with points at —A and
A, The E_,, is:
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4(A% + A%) (12)

[0194] For arate 2/4 code and 4 QAM, the noise variance
is:

2nF, 2x1xE,\! Epy! (13)
o2 E( 7 b]:%z(&] - ()
N() NO

[0195] Tt is assumed that the time k, u,* modulates the I
component and u,* modulates the Q component for a 4
QAM scheme.

[0196] The symbol u* symbol has the following mapping:
U.k=(111k, uzk)=(d1, p1), U.k+1=(lllk+1, 112k+1)=(d1+1, q1+1).

[0197] Considering two independent Gaussian noises with
identical variance o2, the LLR can be determined inde-
pendently for each I and Q.

[0198] At the receiver, the I and Q signal are treated
independently in order to take advantage of the simpler
formulae for the 2 bit-LLR values.

[0199] In order to estimate the performance of this
scheme, rate 1/2 turbo codes a 2 AM modulation is used, as
it is shown in FIG. 6, instead of 4 QAM modulation.

[0200] The 4 QAM scheme will achieve a similar perfor-
mance in terms of bit error rate (BER) at twice the spectral
efficiency, assuming an ideal demodulator.

[0201] For a rate 1/2 code and a 2 AM scheme as shown
in FIG. 6, the noise variance is:

E,, =(1+1)A%2=A (14)
[0202]
(2B o 2X0SXE Yt Epy! (15)
”%V‘E"”( No ]‘A( No ] =4 (N_o)

[0203] That is the same that the 4 QAM of equation (13)
[0204] 4.1.4 Bit Probabilities.

[0205] For an AWGN channel the following expressions
need to be evaluated.

(16)

LLR(#) =1log]
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[0206] The above LLRs are used as inputs to the turbo
encoder. There is no need to compute the 4 LLRs for all
symbols because I and Q signals are treated independently.
Also the simulations for the 2 bit-LLR values are reduced to
one term each. Due to the puncturing, with one in two parity
bits being transmitted, the expected performance will be
lower when compared with the non-punctured scheme.

[0207] For an Impulse Noise channel, for a determined
period of time (the duration of the impulse) the E, /Ny ratio
changes to a worse value, and the errors occurs. The
Reference Level of E, /N, is set to the value of E,/N, needed
by the un-coded QAM constellation to reach the value of
BER of 1077,

[0208] 4.1.5 Simulations Results

[0209] FIG. 8 shows the performance of a turbo code
which 1024 bit interleavers using S-type interleaver.

[0210] The target BER of 10~7 for a 1,024 information bit
interleaver can be achieve at E,/Noy=2.1 dB

[0211] 4.2 Option 1: Rate 1/3 Turbo Code and 8 QAM
[0212] 4.2.1 Coding

[0213] The coding scheme is shown in FIG. 3.

[0214] The two systematic recursive codes (SRC) used are

identical and are defined in FIG. 4. The code is described by
the generating polynomials 350 and 230.

[0215] 4.2.2 Puncturing

[0216] No puncturing is applying in this case. The pattern
is given in Table 6.

TABLE 6

Pattern and Mapping for Rate 1/3 8 QAM.

Information bit (d) d,
parity bit (p) pl
parity bit (q) ql

4 AM symbol (I)
2 AM symbol (Q)
8 QAM symbol (I, Q)

(g, up) = (dy, p1)
(u3) = (q1)
(I, Q) = (dy, p1, q1)

[0217] 4.2.3 Modulation

[0218] The 8 QAM scheme used is shown in FIG. 9. At
time k, the symbol u*=(u,*, w*, u,®) is sent through the
channel and the point r* in two dimensional space is
received.
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[0219] For an 8 QAM costellation with points at -3A, -A,
A and 3A, in the I dimension and -A, and A in the Q
dimension

The E,y s is:

1+9+1+9)A% (18)
E. = A9+ 1+HA7 542
- 4
The E,, o is:
a+nat (19)
w0 = 5 = A

[0220] Because the noise has to be spherical, the total
value of E,, will be the addition of these two values, so:

Ey=Eq_ItE,, Q=64

[0221]
in both dimensions and its value is:

(20)

The value of the noise variance has to be the same

@an

2x1xE, ! Epy!
— 642 _aa2(Eb
]_6A( Ny ] =34 (NO)

[0222] Itis assumed that the time k, u,* and v, modulates
the I component and u;* modulates the Q component for an
8 QAM scheme.

[0223] The symbol u* has the following mapping: u*=(u,*,
w5, u5)=(d", p’, q"). The parity bits are mapped to the least
protected bits of the QAM symbol. Note that k denotes the
symbol time index and information bit time index.

[0224] Considering two independent Gaussian noises with
identical variance o®y, the LLR can be determined inde-
pendently for each I and Q.

[0225] At the receiver, the I and Q signals are treated
independently in order to take advantage of the simpler
formulae for the LLR values. The mapping of the informa-
tion bit is made to the most protected bit in each dimension
(u,* for the I signal and u,* for the Q signal in FIG. 9).

[0226] In order to estimate the performance of this
scheme, rate 1/3 turbo codes and 4 AM modulation (as it is
shown in FIG. 10) is used in the I dimension, and a 2 AM
modulation is used for the Q dimension, (as it is shown in
FIG. 6), instead of 8 QAM modulation.

[0227] 4.2.4 Bit Probabilities

[0228] For an AWGN channel the following expressions
need to be evaluated:

10
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2 ) . (22)
Zexp[— g(lk - a’i j) ]
i=1
LLR()) = log —
Zexp[— — Uk - a’(‘)j)z}
=1
k 2 '3 2
exp[— ?(1 —Az) ]+exp - F(I —Az) ]
= log N 1N
exp[— F(lk —Ao)z] +exp|— F(lk —Al)z]
N N
2 (23)
)y eXp[— L -)2]
. — 20',2\, L.
LLR(,,) = log —
Zexp[— — (- a’éj)z}
i=1
1 " 2 1 & 2
exp|— F(l —Ap)" | +exp|— F(I — Asz)
= log 1N 1N
exp[— 7(# — Ag)?| +exp|— F(1k - Az)z]
N N
24
X 1 3 k 32
;exp[ 7@ - ]
LLR(,) = log| —
1
1
Zp[ 7@ -]
1 " 2
exp|— ?(Q - B
= log N
exp[— i(Qk -B )2]
20% o

[0229] The above LLRs are used as inputs to the turbo
encoder. There is no need to compute the 8 LLRs for all
symbols because I and Q signals are treated independently.
Also the simulations for the LLR values are reduced to two
terms for the 4 AM modulation and one term for the 2 AM
modulation. Due to the puncturing, the expected perfor-
mance will be lower when compared with the non-punctured
scheme.

[0230] 4.2.5 Simulations Results

[0231] FIG. 11 shows the performance of a turbo code,
which used 1024 bit interleavers using S-type interleaver.

[0232] The target BER of 1077 can be achieve at E,/Ny=
3.1 dB.

[0233] 5. Coding and Modulation for 2 bit/s/Hz Spectral
Efficiency

[0234] Two options are investigated in this section. The
first scheme combines a rate 4/6 coding scheme with 8
QAM. The second scheme investigated combines 1/2 coding
scheme with 16 QAM. These schemes have the advantage of
a very efficient implementation without any significant com-
promise in performance.
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[0235] 5.1 Option 1: Rate 4/6 Turbo Code and 8 QAM
[0236] 5.1.1 Coding
[0237] The coding scheme is shown in FIG. 3.

[0238] The two systematic recursive codes (SRC) used are
identical and are defined in FIG. 4. The code is described by
the generating polynomials 350 and 23o0. 5.1.2 Puncturing

[0239] In accordance with an embodiment of the inven-
tion, the puncturing pattern given in Table 7 is used in order
to obtain a rate 4/6 code.

TABLE 7

Puncturing and Mapping for Rate 4/6 8 QAM.

Information bit (d) d, d, ds dy
parity bit (p) pl — — —
parity bit (q) — — q3 -
4 AM symbol (T) (W, 1) = (uy, wo) =
(dy, p1) (ds, 93)
2 AM symbol (Q) (us) = (dy) (v 3) = ( )
8 QAM symbol (I, Q) L Q= L
(dy, p1, dy) (d3, q3 dy)

[0240] 5.1.3 Modulation

[0241] The 8 QAM scheme used is shown in FIG. 9. At
time k, the symbol u*=(u,*, w,*, u,*) is sent through the
channel and the point r in two dimensional space is
received.

[0242] For an 8 QAM costellation with points at =3A, =A,
A and 3A, in the I dimension and -A, and A in the Q
dimension

[0243] The E,, Iis

(1+9+1+9)A>% 2 (25)
Eyi=—————=54A
& 4
. (L+DnA*> (26)
The Eav q is: Eav g = 7 =A

[0244] Because the noise has to be spherical, the total
value of E_ will be the addition of these two values, so:

E,=E,, I+E =6A2 27
av av__- av__.

[0245] The value of the noise variance has to be the same
in both dimensions and its value is:

(0B A 2X2XER YT 3 Byt 28)
U—%/_Eav( No) 6A( No ] _EA (_)

[0246] Itis assumed that the time k, u,* and u,* modulates
the I component and us* modulates the Q component for an
8 QAM scheme.

[0247] The symbol u* has the following mapping;: u*=(u,*,
.k, uM=(d, p*, d**1). The parity bits are mapped to the
least protected bits of the QAM symbol. Note that k denotes
the symbol time index and information bit time index.

[0248] Considering two independent Gaussian noises with
identical variance o”, the LLR can be determined inde-
pendently for each I and Q.
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[0249] At the receiver, the I and Q signals are treated
independently in order to take advantage of the simpler
formulae for the LLR values. The mapping of the informa-
tion bit is made to the most protected bit in each dimension
(u,* for the I signal and us™ for the Q signal in FIG. 9).

[0250] In order to estimate the performance of this
scheme, rate 4/6 turbo codes and 4 AM modulation (as it is
shown in FIG. 10) is used in the I dimension, and a 2 AM
modulation is used for the Q dimension, (as it is shown in
FIG. 6), instead of 8 QAM modulation.

[0251] 5.1.4 Bit Probabilities

[0252] For an AWGN channel the following expressions
need to be evaluated:

(29
2 1 R
Zexp[— Z—Z(Ik - a’i,j) ]
LLRE ) = log = kil
Gy ) = logd —
Zexp[— —(1" - aoj)z}
i=1
1 " 2 1 k 2
exp|— F(l —A) [ +exp|— F([ - Az)
1o N N
1 1
exp[— F(1k — Ag) ]+exp - 2—(1" Al)z]
N TN
) (30
-]
iy i=1
LLR(,) = log —
1
Zexp[— —(1" - aoj) }
1
I ) I )
expl— ?(1 — A | +exp|— F(I — As)
=lo N N
1 1
exp[ s — (I -AO)Z] +exp|- F(lk —Ag)z]
N N
. (€29
Zexp[— Q- aﬁ,)z]
LLR(,) = log =

[0253] The above LLRs are used as inputs to the turbo
encoder. There is no need to compute the 8 LLRs for all
symbols because I and Q signals are treated independently.
Also the simulations for the LLR values are reduced to two
terms for the 4 AM modulation and one term for the 2 AM
modulation. Due to the puncturing, the expected perfor-
mance will be lower when compared with the non-punctured
scheme.

[0254] 5.1.5 Simulations Results

[0255] FIG. 12 shows the performance of a turbo code,
which used 1024 bit interleavers using S-type interleaver.

[0256] The target BER of 1077 can be achieve at E,/N=
5.5 dB.
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[0257] 5.2 Option 2: Rate 1/2 Turbo Code and 16 QAM
[0258] 5.2.1 Coding
[0259] The coding scheme is shown in FIG. 3.

[0260] The two systematic recursive codes (SRC) used are
identical and are defined in FIG. 4. The code is described by
the generating polynomials 350 and 23o.

[0261] 5.2.2 Puncturing

[0262] In order to obtain a rate 1/2 code, every other bit of
the parity bits p and q from FIG. 3 are punctured. The
puncturing pattern is given in Table 8. This is the traditional
puncturing pattern using alternating parity bits in each cycle.

TABLE 8

Puncturing and Mapping for Rate 1/2 16 QAM.

Information bit (d) dy d,
parity bit (p) pl -
parity bit (q) — q2

4 AM symbol (T) (uy uy) = (dy, p1)

4 AM symbol (Q) (us, uy) = (da, 42)

16 QAM symbol (I, Q) (I, Q) = (uy, Uy, Us, W) = (dy, pl, ds, q2)

[0263]

[0264] A 16 QAM scheme is shown in FIG. 13. At time
k, the symbol u"=(u,~, w5, w5, u,*) is sent through the
channel and the point r* in two dimensional space is
received.

[0265] For a 16 QAM constellation with points at -3A,
-A,A and 3A, The E_,, is:

5.2.3 Modulation

4(A% + A%) + 8(A% + 9A%) + 4(9A% + 0A?) _ (32)

— 2
av = 6 104

[0266] For arate 1/2 code and 16 QAM, the noise variance
in each dimension is:

2, 2x2xE, )L Epy~! (33)
o :Eav( 7 b]:lOAZ(&] =2.54%(2)
No No No

[0267] Itis assumed that the time k, u,* and u,* modulates
the T component and u;* and u,* modulates the Q component
for a 16 QAM scheme.

[0268] The symbol u* symbol has the following mapping:
=", w5, uss, u=(d, p¥, d*, q™*%). The parity bits are
mapped to the least protected bits of the QAM symbol. Note
that k denotes the symbol time index and i the information
bit time index. This means a puncturing of one in two parity
bits.

[0269] Considering two independent Gaussian noises with
identical variance o2, the LLR can be determined inde-
pendently for each I and Q.

[0270] At the receiver, the I and Q signals are treated
independently in order to take advantage of the simpler
formulae for the 4 bit-LLR wvalues. The mapping of the
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information bit is made to the most protected bit in each
dimension (u,* for the I signal and u,* for the Q signal in

FIG. 13).

[0271] In order to estimate the performance of this
scheme, rate 1/2 turbo code and 4 AM modulation is used (as
it is shown in FIG. 10), instead of 16 QAM modulation.

[0272] The 16 QAM scheme will achieve a similar per-
formance in terms of bit error rate (BER) at twice the
spectral efficiency, assuming an ideal demodulator.

[0273] For a rate 1/2 code and a 4 AM scheme as shown
in FIG. 6, the noise variance is:

E, =(1+9)4%/2=542 (34)
[0274]

5A2(2><1 be]fl =2.5A2(Eb )*1 (35)

[0275] 5.2.4 Bit Probabilities

[0276] For an AWGN channel the following expressions
need to be evaluated:

) (36)
(g gk 2]
) ;exp[ 20',2\,( alj)
LLR(, ) = logl —
Sie-sr-]
i=1
1 1
exp[— - —Az)z] +exp|— — (I - Ag)z]
= log 20% 20%
I i
exp[— H(lk —Ao)z] +exp|- H(1k —Al)z]
37
2 [ 1 o )2] (37)
) ;exp H —dy;
LLR(,,Z) = log 3
Zexp[— — I* = a’éj)z}
i=1
exp[— L(l" —A1)2] +exp|— L(lk —A3)2]
o 202 202
exp[— (I —AO)Z] +exp %(1" - Az)z]
TN TN
, (38)
1 o2
Sieo|- e -]
LLRE, ) = log) = il
() = log —
Zexp[ (¢ a%pz}
i=1
exp[— e 32)2] bexp| - (¢ —Bs)z]
= log| 20—’2\/ 207%/
- I i
exp[— E(Qk - BO)Z] +exp| - H(Q" —Bl)z]
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-continued
(39

LLR(}, ) =log

1 \ 5 1 " 5
1 eXP[—E(Q -By) +eXP—F(Q - B3) }
= log
1 1
exp[— H(Q" — Bo)? | +exp|— E(Q" —32)2]

[0277] The above LLRs are used as inputs to the turbo
encoder. There is no need to computer the 16 LLR for all
symbols because O and Q signals are treated independently.
Also the simulations for the 4 bit-LLR values are reduced to
2 terms each. Due to the puncturing, with one in two parity
bits being transmitted, the expected performance will be
lower when compared with the non punctured scheme.

[0278] 5.2.5 Simulations Results

[0279] FIG. 14 shows the performance of a turbo code
that uses the odd-even block helical interleaver of 272 bits.
FIG. 15 shows the performance of a turbo code that uses the
S-type interleaver for 256 bits.

[0280] The S-type interleaver performs better than the
odd-even block helical interleaver with approximately 1 dB
at a BER=10"° in this case. Therefore, the rest of the
simulations used the S-type interleaver.

[0281] FIGS. 16 to 18 show the simulation results for 512,
768 and 1024 bit interleavers using S-type interleaver.

[0282] A search for the best S-type interleavers was per-
formed. For each interleaver size, the maximum S-factor
was found and four different interleavers were generated
using a random seed. Four simulations were generated for a
target BER of 107°, The best result decided the preferred
interleaver, complete simulations were started for BERs
down to 1077,

[0283] In the case of N=768, a further interleaver search is
required in order to avoid the flattening of the BER curve
which started to show below 107° in FIG. 17.

[0284] 5.2.6 Recommended Solution

[0285] The rate 1/2 16 QAM scheme described in this
chapter achieves the target BER at less than 1.5 dB from
capacity. The implementation in hardware is feasible and it
can be used at very high data rates.

[0286] The target BER of 1077 can be achieve at the
following values of E_ /Ny=6.8 dB for N=256 information
bits and E, /N,=is 4.5 dB for N=1024 information bits.

[0287] 6. Coding and Modulation for 3 bit/s/Hz Spectral
Efficiency

[0288] Three options are investigated in this section. The
first scheme combines a rate 3/4 coding scheme with 16
QAM The second scheme combines a rate 3/5 coding
scheme with 32 QAM and the third scheme combines a rates
3/6 Coding scheme with 64 QAM

May 2, 2002

[0289] 6.1 Option 1 Rate 3/4 Turbo Code and 16 QAM
[0290] 6.1.1 Coding

[0291] The coding used in this scheme is shown in FIG.
3. The two systematic recursive codes (SRC) used are
identical and is defined in FIG. 4. The code is described by
the generating polynomials 350 and 23o.

[0292] 6.1.2 Puncturing

[0293] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 3/4 code, the puncturing pattern
used is given in Table 9.

TABLE 9

Puncturing and Mapping for Rate 3/4 16 QAM

Information bit (d) d; d, ds d, ds ds
parity bit (p) — p2 — — — —
parity bit (q) — — — — q5 —

4 AM symbol (I) (dy, dy) (dy, ds)

4 AM symbol (Q) (ds, p2) (dg> 95)

16 QAM symbol
LQ

LQ =y dydsp2) (LQ) =(dy ds, ds 95)

[0294] 6.1.3 Modulation

[0295] A 16 QAM scheme is shown in FIG. 13. It is
assumed that at time k u,* and u,* modulates the I compo-
nent and U,* and u,* modulates the Q component of a 16
QAM scheme.

[0296] In order to estimate the performance of this
scheme, rate 3/4 turbo codes and 4 AM modulation are used.

[0297] For arate 3/4 code and 16 QAM, the noise variance
in each dimension is:

mE ! 2X3XE Yt 10 L, Epyt 40
le] =10A2(—b] :6A2(b) (40)

7 = N, o

[0298] The puncturing and mapping scheme is shown in
Table 9 for 6 consecutive information bits that are encoded
into 8 coded bits, therefore two 16 QAM symbols.

[0299] For the 4 AM scheme as shown in FIG. 13, the

noise variance is:

E, 2XLSXE Y 10 Epy! 41
U12V=Eav( 7 b]=10A2(7b] = 5432 @b

A2
No 0 3 NO

[0300] 6.1.4 Bit Probabilities

[0301] For each received symbol, the bit probabilities are
computed as described in equations (36) to (39).

[0302] 6.1.5 Simulation Results

[0303] FIG. 19 shows the simulation results for 6,144
information bits with S-type interleaver.

[0304] ABER of 1077 can be achieved after 8 iterations at
E/Ng=5.55 dB for N =6,144 information bits.
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[0305] 6.2 Option 2 Rate 3/5 Turbo code and 32 QAM
[0306] 6.2.1 Coding

[0307] The coding scheme is shown in FIG. 3. The two
systematic recursive codes (SRC) used are identical and are
defined in FIG. 4. The code is described by the generating
polynomials 350 and 230.

[0308] 6.2.2 Puncturing

[0309] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 3/5 code, the puncturing pattern
used is given in Table 10.

TABLE 10

Puncturing and Mapping for Rate 3/5 32 QAM

Information bit d, d, d, d, ds dg
@
parity bit (p) pl — — p4 — —
parity bit (q) — q2 — — q5 —
8 AM symbol (dy» ds. p1) (ds: dg> 95)
)
4 AM symbol (ds q2) (ds, p4)
()

32 QAM sym- (I, Q) = (dy, d5, p1, d;, q2) (I, Q) = (dy, dg, 95, ds, p4)
bol (I, Q)

[0310] 6.2.3 Modulation

[0311] The asymmetrical 32 QAM modulation scheme
considered is shown in FIG. 20. At time k, the symbol
w=(u,, w5, w5, w5, u."), is sent through the channel and
the point r* in two dimensional space is received.

[0312] It is assumed that at time k u,*, w,* and u*
modulates the I component and u,* and u;* modulates the Q
component of the 32 QAM scheme.

[0313] In the I dimension, two information bits and one
parity bit are transmitted using Gray mapping and 8 AM as
shown in FIG. 21.

[0314] The E,, Iis:

1+9+25+49)A2 “42)
En1= (L+9+25+49)A4° —21A2
- 4
1 +9)A% “43)
The Eyy g is: Ep g = d+9 =542

2

[0315] Because the noise has to be spherical, the total
value of E,,, will be the addition of these two values, so:

BBy By _o=26 A7 @4

[0316] The value of the noise variance has to be the same
in both dimensions and its value is:

2nE 2x3XE YL 26 L Epy 7t 45)
o = Ea Tt 26 2] = 22
N() No 6 No
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[0317] The puncturing and mapping scheme is shown in
Table 10 for 6 consecutive information bits that are encoded
into 10 coded bits, therefore two 32 QAM symbols.

[0318] 6.2.4 Bit Probabilities

[0319] For an AWGN channel, the following expressions
need to be evaluated for the I dimension:

(46)
4 1 R
Zexp[— 2—2(1k —alf,j) }
LIRY ) =1log = il
Gy ) = log —
1 2
E exp[— — (I —af ;) }
2 .
i=1 TH
1o 2 1o 2
exp|- — (" — A" | +exp|— — " —As)" | +
205, ot
ex [— L(lk -A )2]+ex - L(Ik A7)
| P ) 6 P ) 7
= log
I
exp[— — (1" = Ag)* |+ exp|— —5 (k= A} | +
207 o
exp[— L(1k — A% | +exp Luk —A3)2]
20% 20%
4 (47
2
exp[— = (F —al ) ]
LIR(E ) =1 ‘; il :
(i) = log —
2
exp[— 5 (I —a’(‘)j) }
2 ‘; 2%
i=1
exp[— L(lk —Ap*| +exp|— L(Jk — A+
20% : 20% }
exp[— L(lk —A )2] +exp|— i(lk At
. 20% ¢ 20, 7
= log]
exp[— L(lk —Ag)?| +exp|— L(Jk —ADH+
202, 20%
exp[— L(Ik — A7 | +exp Luk —AS)Z}
203 20%
(48)

1
-5t —AD* |+

Lo 2 Lo 2
exp[— H(I —As) ]+exp[— ZT'ﬁ(I — A7) ]

=log

1
(IF = Ag)* | + exp|— —(IF — A4 |+
20

exp[— —20_,2\1

1
7oy U~ A*

1
exp[— +exp F(Ik - As)z]
N

[0320] For the Q dimension, only LLR(u,*) and LLR(u.¥)
are required to be evaluated:
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49
2 1 )
k k
col- izt -]
LIRE )y =1 Zl il
() = logl —
E exp[— — (U —aﬁj)z]
i=1
[ 2 [ 2
exp|— —2(1 —Ap) | +exp|— > (" —A3z)
205 207
= log I I
— (= Ap)* | +exp|- g AZ}
eXP[ el ( o) | +exp 2 ( 1)
22: . . (50)
exp[— > (1" —a’{ 7 }
LIR( ) = logd 2 >
(us) = log —
E eXP[— z—z(ﬂ‘ —a’(ﬁjf}
i=1
1 1
exp[— (= AD? | +exp|— — (F —A3)2]
o 2% 20%
exp[— L(Ik — Ao)? | +exp|— L(lk —Az)z}
203 203

[0321] 6.2.5 Simulation Results

[0322] FIG. 22 shows the simulation results for 6,144
information bits with S-type interleaver.

[0323] A BER of 107° can be achieved after 8 iterations at
E,/Ng=6.5 dB for N=4,096 information bits

[0324] 6.3 Option 2 Rate 3/6 Turbo code and 64 QAM
[0325] 6.3 .1 Coding

[0326] The coding scheme is shown in FIG. 3. The two
systematic recursive codes (SRC) used are identical and are
defined in FIG. 4. The code is described by the generating
polynomials 350 and 230.

[0327] 6.3.2 Puncturing

[0328] In order to obtain a rate 3/6 code, the puncturing
pattern used is given in Table 11. This is the traditional
puncturing pattern using alternating parity bits in each cycle.

TABLE 11

Puncturing and Mapping for Rate 3/6 64 QAM

Information bit (d) d, d, d, dy ds ds
parity bit (p) pl — p3 — pS —
parity bit (q) — q2 — q4 — q6

8 AM symbol (T) (dy> dps p1) (dyy ds, q4)

8 AM symbol (Q) (ds, p3, 42) (ds; PS, 96)

64 QAM symbol (I, Q) L Q=
(dy, da, p1, ds, P3, q2)

L,Q=
(d4s ds, g4, de, PS5, 46)

[0329] 6.3.3 Modulation

[0330] Let us consider 64 QAM modulation scheme as it
is shown in FIG. 23. At time k, the symbol u*=(u,*, u,*, u;~,
u,k, uss, ugb), is sent through the channel and the point r* in
two dimensional space is received.
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[0331] Tt is assumed that at time k u,*, uw,* and u*
modulates the I component and u,%, u;* and u* modulates
the Q component of a 64 QAM scheme.

[0332] For 64 QAM constellations with points at —7A,
“5A, =3A, -A, A, 3A, 5A, 7A The E_, is:

E ,o=(8(49425+9+1)+8(25+49+49+9+49+1)+8(25+9+
25+1) +8(9+1))A%/64=42 A2 51)

[0333] For arate 3/6 code and 64 QAM, the noise variance
in each dimension is:

L (MmEY! A 2X3XENTT L Epyt (52)
N_Eav( No ] 42A( o ] _7A( 0)
[0334] In order to estimate the performance of this

scheme, when rate 3/6 turbo codes and 8 AM modulation is
used, as shown in FIG. 21.

[0335] The 64 QAM scheme will achieve a similar per-
formance in terms of bit error rate (BER) at twice the
spectral efficiency, assuming an ideal modulator.

[0336] For the 8 AM scheme shown in FIG. 21, the noise

variance is

2nE, ! 2x 15X Ep\7! Epy7b (53)
_ 2 _ 2 _7a2(Eb
e _E[lakl]( N ) =214 ( 0 ] 7A (NO)

[0337] This is identical to the variance for the 64 QAM
scheme.

[0338] The puncturing and mapping scheme is shown in
Table 11 for 6 consecutive information bits that are encoded
into 12 coded bits, therefore two 64 QAM symbols.

[0339] 6.3.4 Bit Probabilities

[0340] For an AWGN channel, the following expressions
need to be evaluated for the I dimension:

(54)

LLRG,) = logl

1 2 1 2
exp|l- —(I*— A +expl— —(F— A +
P[ 20'/2\/( 4) D~ 5 ( 5)

2
N

1
& 2
- H(I A7)

Lo 2
exp|— ﬂ(l —Ag)" |+ exp

= log|

1
(IF = A0)* | + exp|— =—(F — AP | +
2075

exp[— —20_,2\/
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-continued
. | . (5%
Zexp[— F(I" —a’{yj) ]
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[0341] An identical computation effort is required for the
Q dimension the I* being replaced with the Q demodulated
value in order to evaluate LLR(u,), LLR(us®) and
LIR(u).

[0342] 6.3.5 Simulation Results

[0343] FIG. 24 shows the simulation results for 6,144
information bits with S-type interleaver. A BER of 1077 can
be achieved after § iterations at E,/Ny=6.1 dB for N=4,096
information bits. This result is 0.3 dB worse than the
performance of the rate 3/4 16 QAM scheme.

[0344] 6.4 Recommended Solution

[0345] Comparing FIGS. 19, 22 and 24, the recommended
solution for 3 bits/Hz spectral efficiency is the rate 3/4 turbo
code 16 QAM Scheme.

[0346] This scheme achieves a target BER of 1077 at
E,/No=5.8 dB for N=6,144 information bits.

[0347] 7. Coding and Modulation for 4 bit/s/Hz Spectral
Efficiency

[0348] This section investigated four schemes for trans-
mission of 4 information bits in a 64 QAM symbol. The
mapping used for 64 QAM constellation has a very signifi-
cant impact on the performance of these schemes. The first
scheme uses independent I and Q mapping, and also uses
Gray mapping in each dimension. The second scheme uses
independent I and Q mapping, but natural mapping in each
dimension. The third scheme used a conventional trellis
coded modulation approach based on Ungerboeck set par-
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titioning of the 64 QAM set. This partitioning technique
splits the constellation in sub-constellations with increased
Euclidian distance. In these schemes all the information bits
are coded. The fourth scheme used the same conventional
trellis coded modulation approach based on Ungerboeck set
partitioning of the 64 QAM set. However, only two infor-
mation bits are encoded by a rate 1/2 code. The four coded
bits select a sub-partition of four points. The other two
information bits, which are sent uncoded, identify the trans-
mitted point.

[0349] 7.1 Option 1 —Rate 4/6 64 QAM with independent
I and Q and with Gray Mapping

[0350] 7.1.1 Coding

[0351] The coding scheme is shown in FIG. 3. The two
systematic recursive codes (SRC) used are identical and are
defined in FIG. 4. The code is described by the generating
polynomials 350 and 23o0.

[0352] 7.1.2 Puncturing

[0353] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 4/6 code, the puncturing pattern
used is shown in Table 12.

TABLE 12

Puncturing and Mapping for Rate 4/6 64 QAM Option 1

Information bit (d) d; d, ds d,
parity bit (p) pl — — —
parity bit (q) — — q3 -
8 AM symbol (I) (dy, dz. p1)
8 AM symbol (Q) (ds, das 93)

64 QAM symbol (I, Q) L Q) = (dy, dy, p1, ds, dyy g3)

[0354] 7.1.3 Modulation

[0355] A 64 QAM scheme is shown in FIG. 23. Gray
mapping was used in each dimension as shown in FIG. 21.

[0356] Four information bits are required to be sent using
a 64 QAM constellation.

[0357] For arate 4/6 code and 64 QAM, the noise variance
in each dimension is

[0358] For arate 4/6 code and 64 QAM, the noise variance
in each dimension is

2nEp Y7 (2 X4XEpN7 sEny D)
2, =Eav( ] =424 (N—] =5.254 (N—O)

[0359] Gray mapping was used in each dimension as
shown in FIG. 21.

[0360] The puncturing and mapping scheme is shown in
Table 12 for 4 consecutive information bits that are encoded
into 6 coded bits, therefore one 64 QAM symbol.

[0361] The turbo encoder with the puncturing presented in
Table 12 is a rate 4/6 turbo code which in conjunction with
64 QAM gives a spectral efficiency of 4 bits/s/Hz.

[0362] Considering two independent Gaussian noises with
identical variance o7y, the LLR can be determined inde-
pendently for each I and Q.
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[0363] Itis assumed that at time u,*, u,* and u,* modulates
the I component and u%, us® and u modulates the Q
component of the 64 QAM scheme.

[0364] At the receiver, the I and Q signals are treated
independently in order to take advantage of the simpler
formulae for the LLR values.

[0365] 7.1.4 Bit Probabilities

[0366] From each received symbol, the bit probabilities
are computed as described in equations (46) (47) and (48)
for I dimension. An identical computation effort is required
for the Q dimension, the I* being replaced with the Q*
demodulated value in order to evaluate LLR(u,5), LLR(us")
and LLR(u.").

[0367] 7.1.5 Simulation Results

[0368] FIG. 25 shows the simulation results for 4,096
information bits with S-type interleaver.

[0369] A scarch for the best S-type interleaver was per-
formed. For each interleaver size, the maximum S-factor
was found and four different interleavers were generated
using a random seed. Four simulations were generated for a
target BER of 107°. The best result decided the preferred
interleaver. Using the preferred interleaver, complete simu-
lations were started for BERs down to 1077,

[0370] A BER of 1077 can be achieved after 8 iterations at
E,/No=8.3 dB.

[0371] 7.2 Option 2 —Rate 4/6 64 QAM with independent
I and Q and Natural Mapping

[0372] 7.2.1 Coding

[0373] The proposed coding scheme is shown in FIG. 3.
The two systematic recursive codes (SRC) used are identical
and are defined in FIG. 4. The code is described by the
generating polynomials 350 and 23o.

[0374] 7.2.2 Puncturing

[0375] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 4/6 code, the puncturing pattern
used is shown in Table 13.

TABLE 13

Puncturing and Mapping for Rate 4/6 64 QAM Option 2

Information bit (d) d, d, dy d,
parity bit (p) pl — — —
parity bit (q) — — q3 -
8 AM symbol (I) (dy, dp. p1)
8 AM symbol (Q) (ds dus 93)

64 QAM symbol (I, Q) I Q) = (4. o, p1, ds, dy, 93)

[0376] 7.2.3 Modulation

[0377] A 64 QAM scheme is shown in FIG. 23. Natural
mapping was used in each dimension as shown in FIG. 26.
Four information bits are required to be sent using a 64
QAM constellation. This is equivalent to a rate 2/3 coding
scheme.

[0378] For arate 4/6 code and 64 QAM, the noise variance
in each dimension is
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[0379] Gray mapping is used in each dimension as shown
in FIG. 21.

[0380] The puncturing and mapping scheme is shown in
Table 13 for 4 consecutive information bits that are encoded
into 6 coded bits, therefore one 64 QAM symbol.

[0381] The turbo encoder with the puncturing presented in
Table 13 is a rate 4/6 turbo code which in conjunction with
64 QAM gives a spectral efficiency of 4 bits/s/Hz.

[0382] Considering two independent Gaussian noises with
identical variance 0°y, the LLR can be determined inde-
pendently for each I and Q.

[0383] It is assumed that at time k u,%, uw,¥, and u®
modulates the I component and u,%, us* and u* modulates
the Q component of the 64 QAM scheme.

[0384] At the receiver, the I and Q signals are treated
independently in order to take advantage of the simpler
formulae for the LLR values.

[0385] 7.2.4 Bit Probabilities

[0386] From each received symbol, the bit probabilities
are computed as described in equations (46) (47) and (48)
for I dimension. An identical computation effort is required
for the Q dimension, the I* being replaced with the Q®
demodulated value in order to evaluate LLR(u,%), LLR(u.¥)
and LLR(ug").

[0387] 7.2.5 Simulation Results

[0388] FIG. 27 shows the simulation results for 4,096
information bits with S-type interleaver.

[0389] A search for the best S-type interleaver was per-
formed. For each interleaver size, the maximum S-factor
was found and four different interlevers were generated
using a random seed. Four simulations were generated for a
target BER of 107>, The best result decided the preferred
interleaver. Using the preferred interleaver, complete simu-
lations were started for BERs down to 1077

[0390] ABER of 107 can be achieved after 8 iterations at
E,/N,=10.5 dB.

[0391] 7.3 Option 3 —Trellis Coded Modulation with 4
bits Coded

[0392] 7.3.1 Coding

[0393] In this scheme, all four information bits are coded
by a rate 4/6 code. Only two parity bits are transmitted. The
six bits produced select a point in the 64 QAM constellation.
The coding scheme is shown in FIG. 3. The two systematic
recursive codes (SRC) used are identical and are defined in
FIG. 4. The code is described by the generating polynomials
350 and 23o0.

[0394] 7.3.2 Puncturing

[0395] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 2/3 code, the puncturing pattern
used is shown in Table 14.
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TABLE 14

Puncturing and Mapping for Rate 4/6 64 QAM Option 3

Information bit (d) d, d, dy d,
parity bit (p) p1 — — —

parity bit (q) — — q3 —
64 QAM symbol (I, Q) (L, Q = (dy, dy, ds, dy, p1, g3)

[0396] 7.3.3 Modulation

[0397] A trellis coded modulation scheme is employed.
The six bits divide the 64 QAM constellation based on
increased Euclidean distance.

[0398] The 64QM constellation is partitioned in subsets as
shown in FIGS. 28 to 32.

[0399] The puncturing and mapping scheme is shown in
Table 14 for 4 consecutive information bits that are encoded
into 6 coded bits, therefore one 64 QAM symbol.

[0400] 7.3.4 Bit Probabilities

[0401] For an AWGN channel, the following expressions
need to be evaluated for each received symbol before the
turbo decoding process can start.

)y ( R P||] Y
expl - —IR* - P;
=1 203
LLR()) = log|
exp(— — IRk - Pj||]
k=0
- (60)
D exp[— o IR —P;u]
k=1 o
LLR(,) = log) T
exp(— — IR - Pj||]
N
=0
- 1)
> exp(— oz lIR —P;u]
k=1 7}
LIRG,) = log)
exp(— — IR - Pj||]
=0
y } 62)
exp(— — IR —P;||]
b 203
LLR(,,) = log| :
exp(— — IR - Pj||]
N
k=0
- 63)
> exp(— SR —P;||]
k=1 ol
LLR(,) = log)
exp(— — IR - Pj||]
=0
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-continued
1
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( ! [IR¥ PII}
expl—- — -P;
P 20',2\, J
k=0

(51)

LLR(’;6) =1lo

[0402] The ||R*-P,| represents the squared Euclidian dis-
tance between the received point R* at the time k and a
constellation point P;. The actual set in which u;is O or 1 are
shown in FIGS. 33-38.

[0403] 7.3.5 Simulation Results

[0404] This scheme required much higher computational
effort than previous options and would be difficult to imple-
ment in hardware. FIG. 39 shows the simulation results for
4,096 information bits using S-type interleaver.

[0405] ABER of 1077 can be achieved after 8 iterations at
E,/No=11.5 dB.

[0406] 7.4 Option 4—Trellis Coded Modulation with 2
bits Coded.

[0407] 7.4.1 Coding

[0408] In this scheme, only two information bits are coded
by a rate 2/4 code. The other two information bits are sent
uncoded. The four coded bits (two information bits plus two
parity bits) selects a four point constellation (16 constella-
tions in total) and the two uncoded bits select a point in the
constellation (four points in each constellation). The coding
scheme is shown in FIG. 3. The two systematic recursive
codes (SRC) used are identical and are defined in FIG. 4.
The code is described by the generating polynomials 350
and 23o0.

[0409] 7.4.2 Puncturing

[0410] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 1/2 code, every other parity bit
is punctured as shown in Table 15.

TABLE 15

Puncturing and Mapping for Rate 1/2 64 QAM Option 4

Information bit (d) d, d, ds d,
parity bit (p) pl — — —
parity bit (q) — q2 — —
64 QAM symbol (I, Q) (L, Q) = (dy, pl, d3, ds, g2, dy)

[0411] 7.4.3 Modulation

[0412] A trellis coded modulation scheme is employed.
The four coded bits divide the 64 QAM constellation based
on increased Euclidean distance.

[0413] The 64 QM constellation shown in FIG. 39 is
partitioned by the four coded bits in 16 subsets with four
point each. The two uncoded bits will select one of the four
points of the subset. FIGS. 41 to 44 show the four steps of
the partitioning process. Each 16 points constellation subset
can now be further partitioned as show in FIGS. 41 to 44.
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[0414] The puncturing and mapping scheme is shown in
Table 15 for 4 consecutive information bits that are encoded
into 6 coded bits, therefore one 64 QAM symbol.

[0415] 7.4.4 Bit Probabilities

[0416] For an AWGN channel, the following expressions
need to be evaluated for each received symbol before the
turbo decoding process can start.

D [ IR P||] @
expl - —IR* - P;
uli:l 20—%/
LLR(;, ) = log] T
exp(— H”Rk _Pj”]
k=0
1 65)
D exp[— s IR~ P;||]
ulé:l TN
LLR({,) = log] 1
exp(— H”Rk —Pj”]
=0
1 (66)
el IR -l
" ulé:l v
LLR(,) = log -
exp(— R”Rk —Pj”]
=0
. 67
> exp[— o IR —P;||]
" uIAi:l v
LLR(,) = log -
exp(— H”Rk —Pj”]
=0
[0417] Each summation in equations (64) (65) (66) and

(67) is over 32 points

[0418] The ||R%-P;| represents the squared Euclidian dis-
tance between the received point R* at the time k and a
constellation point P;. The actual set in which u; is O or 1 are
shown in FIGS. 41-44.

[0419] 7.4.5 Simulation Results

[0420] FIG. 45 shows the simulation results for 4,096 bit
blocks with 2,048 bit S-type interleaver.

[0421] A BER of 1077 can be achieved after 8 iterations at
E,/No=11.5 dB.

[0422]

7.5 Recommended Solution

[0423] Comparing the complexity of each scheme and
their performance, the recommended solution for 4 bit/s/Hz
spectral efficiency is Option 1, the rate 4/6 turbo code 64
QAM scheme independent I and Q with gray mapping in
each dimension. This achieves the target BER at E, /N,=8.3
dB. For N=4096 information bits.

[0424] 8. Coding and Modulation for 5 bit/s/Hz Spectral
Efficiency.

[0425] This section investigated three schemes all use
independent I and Q modulation. The first scheme combines
a rate 5/6 coding scheme with 64 QAM. The second scheme
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combines a rate 5/7 coding scheme with 128 QAM. The
third scheme combines a rate 5/8 coding scheme with 256
QAM.

[0426] 8.1 Option I—Rate 5/6 Turbo Code and 64 QAM.
[0427] 8.1.1 Coding

[0428] The coding scheme is shown in FIG. 3. The two
systematic recursive codes (SRC) used are identical and are
defined in FIG. 4. The code is described by the generating
polynomials 350 and 23o0.

[0429] 8.1.2 Puncturing

[0430] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 5/6 code, the puncturing pattern
used is shown in Table 16.

TABLE 16

Puncturing and Mapping for Rate 5/6 64 QAM Option 1

Information bit (d) d; dy d3 dy ds dg d; dg dg dyg
parity bit (p) pr — — — —

parity bit (q) _—_ = = = 6 — — — —
8 AM symbol (I) (d,, d,, P1) (d, dys g6)
8 AM symbol (Q) (ds, dy, ds) (dg, do, d10)

64 QAM symbol (I, Q) LQ-= L,Q =

(dy, dp, p1, ds, dyy ds)  (de, d7s 6, dg, do, dio)

[0431] 8.1.3 Modulation
[0432] A 64 QAM scheme is shown in FIG. 23.

[0433] Five information bits are required to be sent using
a 64 QAM constellation. This is equivalent to a rate 5/6
coding scheme.

[0434] TFor a rate 5/6 code, the noise variance in each
dimension is

[0435] The puncturing and mapping scheme is shown in
Table 16 for 10 consecutive information bits that are
encoded into 12 coded bits, therefore two 64 QAM symbols.
The turbo encoder with the puncturing presented in Table 16
is a rate 5/6 turbo code which in conjunction with 64 QAM
gives a spectral efficiency of 5 bits/s/Hz.

[0436] Considering two independent Gaussian noises with
identical variance oy, the LLR can be determined inde-
pendently for each I and Q.

[0437] It is assumed that at time k u,%, w,* and u,*
modulates the I component and u,*, us* and v~ modulates
the Q component of the 64 QAM scheme.

[0438] At the receiver, the I and Q signals are treated
independently in order to take advantage of the simpler
formulae for the LLR values.

[0439] 8.1.4 Bit Probabilities

[0440] From each received symbol, the bit probabilities
are computed as described in equations (54) (55) and (56)
for I dimension. An identical computation effort is required
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for the Q dimension, the T* being replaced with the Q®
demodulated value in order to evaluate LLR(u,*), LLR(u")
and LLR(ug").

[0441] 8.1.5 Simulation Results

[0442] FIG. 46 shows the simulation results for 5,120

information bits (1,204 QAM symbols) with S-type inter-
leaver.

[0443] The high puncturing rate makes the iterative decod-
ing process to converge very slowly, showing a flattening of
the BER curve. Therefore this option is not considered
acceptable.

[0444] 8.2 Option 2—Rate 5/7 Turbo Code and 128 QAM.
[0445] 8.2.1 Coding

[0446] The coding scheme is shown in FIG. 3. The two
systematic recursive codes (SRC) used are identical and are
defined in FIG. 4. The code is described by the generating
polynomials 350 and 230.

[0447] 8.2.2 Puncturing

[0448] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 5/7 code, the puncturing pattern
used is shown in Table 17.

TABLE 17

Puncturing and Mapping for Rate 5/7 128 QAM Option 2

Information bit (d) d; d, d, d, ds
parity bit (p) pl — — —
parity bit (q) — —
16 AM symbol (I)
8 AM symbol (Q)
128 QAM symbol (I, Q)

q3 —
(ds, dy ds, ¢3)
(dy, dp, P1)
(I, Q) = (d3; dy, ds, 93, dy, dp, P1)

[0449] 8.2.3 Modulation

[0450] Let us consider the 128 QAM scheme as shown in
FIG. 47. Tt is assumed that at time k the symbol u*=(u *, u,%,
w5, uk, ug®, ugM) is sent though the channel. It is assumed
that at time k the symbol u,*, u,%, u,¥, and u,* modulate the
I component and u5*u,and u,* modulate the Q component
of a 128 QAM scheme.

[0451] In the I dimension, three information bits and one
parity bits are transmitted using Gray mapping and 16 QAM
as show in FIG. 48.

[0452] The average energy The E
shown in FIG. 48 is:

for the 16 QAM

av_ I

The E,, 1 is: (69)
(14+9+25+49+81 +

121 + 169 + 225)A?
Ewi=———F——

A2

(1+9+25+49)A2 (70)

The Eav g is: Eaq= 7 =214%

[0453] Because the noise has to be spherical, the total
value of E,, will be the addition of these two values, so:

Eoo=Foy +Fa. o=10642 71
] _ Q'

May 2, 2002

[0454] The value of the noise variance has to be the same
in both dimensions and its value is:

_ ZT]Eb _ 2 2XSXEp -1 _ 2 £ -1 (72)
o _Eav( = ]_106A (N—o] = 10.64 (N—O)

[0455] The puncturing and mapping scheme shown in
Table 17 is for 5 consecutive information bits that are coded
into 7 coded bits, therefore, one 128 QAM symbol. The
turbo encoder is a rate 5/7 turbo code, which in conjunction
with 128 QAM, gives a spectral efficiency of 5 bits/s/Hz.

[0456] 8.2.4 Bit Probabilities

[0457] The 16 QAM symbol is defined as u*=(u,*, v,
w5, 1,%), where u,* is the most significant bit and u,* is the
least significant bit. The following set can be defined. 1.
bit-1-is-0={Ag, A}, As, As, AL, As, Ag, A, 2. bit-1-is-1={ A,
A9’ A10> All’ A12’ A13’ A14’ A15}3' bit-2-is-0={A0, Al’ A2’
As, Ag, Ag, Ajg, Aqqfd. bit-2-is-1 ={AL A5, A, A,
A, As, Al As)S. bit-3-is-0={A,A L A, , As, Ag, A,
AL AL 16.bit3-is1={ A, Ay A Ary A, Ay Ay A ).
bit-4-is-0={Ag, A,, A, A, Ag, A,ALL, AL)S. bit-4-is-1=
{Ap A3 ’ A5> A7 » A9> A117 A137 Als}

[0458] From each received symbol, R¥, the bit probabili-
ties are computed as follows:

1 (73)
ex| (— —|IR¥ —A;||]
i 20

Ajebirl—is—1
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1
exp(— 7R —Aju]
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Ajebit2-is-1 N
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— —_||lRk—A:
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=
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E ( ! IRk — A ||)
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LLRE,) = log]
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> |- oz IR -l

Ajebit—4-is—1
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exp| — F”R —Ajll
A jebit—4=is=0 v

LLR(,) = log]

[0459] Similar formulae apply for the 8 AM symbol
defined as u*=(us, uss, u~), where us* is the most signifi-
cant bit and u," is the least significant bit.

[0460] 8.2.5 Simulation Results

[0461] FIG. 49 shows the simulation results for 5,120
information bits (1,204 QAM symbols) with S-type inter-
leaver.

[0462] The high puncturing rate makes the iterative decod-

ing process to converge very slowly, showing a flattening of
the BER curve.
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[0463] 8.3 Option 3—Rate 5/8 Turbo Code and 256 QAM
[0464] 8.3.1 Coding

[0465] The coding scheme is shown in FIG. 3. The two
systematic recursive codes (SRC) used are identical and are
defined in FIG. 4. The code is described by the generating

polynomials 350 and 230.
[0466] 8.3.2 Puncturing

[0467] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 5/8 code, the puncturing pattern
used is shown in Table 18.

TABLE 18

Puncturing and Mapping for Rate 5/8 256 QAM Option 3

Information bit (d) d; d, dy dy ds dg d; dg dg dig
parity bit (p) pph — — — p5 — — p8 — —
parity bit () - — 3 — g6 — — — qlo

16 AM symbol () (dy, d,, ds, p1) (dg, d5, dg, 6)

16 AM symbol (Q) (d., ds, 93, pS) (dg, dy0, P8, q10)

256 QAM symbol (I, Q) = (d1.ds, ds, p1, (I, Q) = (dg, dv, dg, g6,

I Q dy, ds, 93, p5) d, dyg, P8, q10)

[0468] 8.3.3 Modulation

[0469]
FIG. 50

Let us consider the 256 QAM scheme as shown in

[0470] For a 256 QAM constellation with points at —15A,
-13A, -11A, -9A, -7A, -5A, -3A, -A, A, 3A, 5ATA, 9A,
11A, 13A, 15A. E__ is:

E,=(8(225+169+121+81+49+25+9+1)+8(225+169+
225+1214225+81+4225+494225+425+225+9+225+1)+8(169+
121+169+81+169+49+169+25+169+9+169+1)
+8(121+81+121+49+121+25+121+49+121+1)+
8(81+49+25+81+9+81+1)
+8(49+25+49+9+49+1)+8(25+9+25+1)+8(9+1))

A?/256=170A% 77

[0471] Ttis assumed that at time k the symbol u*=(u *, u,%,
us, w5, uk, uk, w1l is sent though the channel.

[0472] Itis assumed that at time k the symbol u,*, u,*, u*
and v, modulate the I component and u.*, u.~, u* and u®
modulate the Q component of a 256 QAM scheme.

[0473] For a rate 5/8 code and 256 QAM, the noise

variance 1s:

2mE, ! S 2X5 X Epy7 2Bt (78)
o _Eav(—] = 1704 (N—] =174 (N—O)

[0474] 1In order to study the performance of this scheme,
arate 5/8 turbo code and a 16 AM is used as describe in FIG.
50. The 256 QAM scheme will achieve a similar perfor-
mance in terms of bit error rate (BER) at twice the spectral

efficiency, assuming an ideal demodulator.
[0475] The E,, for the 16 QAM shown in FIG. 48 is:

E,y =(149+25+49+81+121+169+225)A%/8=85A> (79)
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[0476] The noise variance is:

2mE, YL 2x2.5x Ep\7! EpyL (80)
oJN=EaV(—" b] =85A2(7X X b] = 174%(2)
No Ny N

[0477] This is identical to the variance for 256 QAM
scheme.

[0478] The puncturing and mapping scheme shown in
Table 18 is for 10 consecutive information bits that are
coded into 16 encoded bits, therefore, one 256 QAM sym-
bol.

[0479] The turbo encoder is a rate 5/8 turbo code, which
in conjunction with 256 QAM, gives a spectral efficiency of
5 bits/s/Hz.

[0480] 8.3.4 Bit Probabilities

[0481] The 16 AM symbol is defined as u®=(u,*, u,*, u,*,
u,%), where u,* is the most significant bit and u,* is the least
significant bit . The following set can be defined.

[0482] From each received symbol, RY, the bit probabili-
ties are computed as follows:

) (1)
&
exof - 5 IR~ il
Ajebit—1-is—1 TN

1
E eXP(— ﬂ”Rk _Aj”J

> exp(— L ||R"—A-||]
. 20',2\, :

E ( ! (IR All)
. exp| 20_]2\/ J

>, exp(— s —A-||]
. 20} !
( o) ||]
exp| — — —-A;
vy P 20 4

D exp(— e —A-||]
20% !

. k
exXpl — F”R _Aj”
Ajebir—4—ix—0 N

LLRE, ) = log)

(82)

LLRE,) = log]

(83)

LLR(,) =Tlog]

(84)

LLRE,) =log)

[0483] 8.3.5 Simulation Results

[0484] FIG. 51 shows the simulation results for 5,120
information bits (1,204 QAM symbols) with S-type inter-
leaver.

[0485] A search for the best S-type interleaver was per-
formed. For each interleaver size, the maximum S-factor
was found and four different interleavers were generated
using a random seed. Four simulations were generated for a
target BER of 105, The best result decided the preferred
interleaver. Using the preferred interleaver, complete simu-
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lations were started for BER down to 1077. A BER of 1077
can be achieved after 8 iterations at E /N,=11.8 dB.

[0486] 8.4 Recommended Solution

[0487] The recommended solution for 5 bit/s/Hz spectral
efficiency is the rate 5/8 turbo code 256 QAM scheme
independent I and Q with gray mapping in each dimension.
This achieves the target BER at E,/No=11.8 dB. For N=5,
120 information bits.

[0488] 9. Coding and Modulation for 6 bit/Hz Spectral
Efficiency

[0489] This section investigated two schemes all use inde-
pendent I and Q modulation. The first scheme combines a
rate 6/8 coding scheme with 256 QAM. The second scheme
combines a rate 6/9 coding scheme with 512 QAM.

[0490] 9.1 Option 1—Rate 6/8 Turbo Code and 256 OAM
[0491] 9.1.1 Coding

[0492] The coding scheme is shown in FIG. 3. The two
systematic recursive codes (SRC) used are identical and are
defined in FIG. 4. The code is described by the generating
polynomials 350 and 230.

[0493] 9.1.2 Puncturing

[0494] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 6/8 code, the puncturing pattern
used is shown in Table 19.

TABLE 19

Puncturing and Mapping for Rate 6/8 256 QAM Option 1

Information bit (d) d; d, ds d, ds ds
parity bit (p) pl — — — — —
parity bit (q) — — — q4 — —

16 AM symbol (I) (dy, dz, d3, 1)

16 AM symbol (Q) (dys ds, ds, q4)

256 QAM symbol (L, Q = (dy, dy, ds, pl, dy, ds, de, q4)

€ Q

[0495] 9.1.3 Modulation

[0496] Let us consider a 256 QAM scheme as shown in
FIG. 50. It is assumed that at time k the symbol u“=(u *, u,%,
us, v, uss, ugs, u,k, ug®) is sent though the channel. It is
assumed that at time k the symbol u,*, uw.*, u,* and u,*
modulate the I component and 1%, u, u,* and u.* modulate
the Q component of a 256 QAM scheme.

[0497] For a rate 6/8 code and 256 QAM, the noise

variance 1s:

27]Eb = 2 2><6><Eb -1 » Eb -1 (85)
X —Eav(N—O] =1704 (N—o] = 14.16A (N_O)

[0498] The E__ in the I and Q dimension is the 16 QAM
shown in FIG. 47 is:

Eay =(149+25+49481+121+169+225)A%/8=85A> (86)
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[0499] The noise variance is:
2mE,\! 2x3xE,\! (87)
7=t w5

- 14.16A2(1€—z)71

[0500] This is identical to the variance for 256 QAM
scheme.

[0501] The puncturing and mapping scheme shown in
Table 19 is for 6 consecutive information bits that are coded
into 8 coded bits, therefore, one 256 QAM symbol. The
turbo encoder is a rate 6/8 turbo code, which in conjunction
with 256 QAM, gives a spectral efficiency of 6 bits/s/Hz.

[0502] 9.1.4 Bit Probabilities

[0503] The 16 AM symbol is defined as u*=(u *, u,*, v,
u,/5), where u,* is the most significant bit and u,* is the least
significant bit. The following set can be defined.

[0504] 1. bit-1-is-0={A,, A,, Ay, Ay, A,, A, Ay, A}

[0505] 2. bit-1-is-1={Ag, Ags A1os A11, Aszs Az, Asss
Ass}

[0506] 3. bit-2-is-0={A0, A1> A2> AB’ A85 A95 A10> All}

[0507]
Ass)

[0508] 5. bit-3-15-0={A0, A1> A4> AS’ A8> A9> A12> A13}

4. bit-2-is-1={A,, As5, A, Aj, Asay Ags, Ay,

[0509] 6. bit-3-is-1={A,, A, Ag, Agy Ajg, Ay, Ay,
Ass)

[0510] 7. bit-4-iS-0={A0, A2> A4> A6> A8> A10> A12> A14}
[0511] 8. bit-d-is-1={A,, As, Asy Ay, Aoy Aypy Agay Ays)

[0512] From each received symbol, R¥, the bit probabili-
ties are computed as follows:

1 (88)
eXP(—F”Rk —Ai”]
Ajebit—1—is—1 N
LLR(K) = 1o 1
——_||R* — A
exr{ 7 I Jll]
A;ebit-1—is—0
1 (89)
> eXP(——UJ s —A;n]
Ajebit—2—is—1 20
LLR(u%) =log] T
- Rk —A; ]
Z exp( 27 I il
Aj€bit—2—is—0
1 (90)
. exp(—Fan —Ain]
Aj€bit=3—is—1 N
LLR() = 1o :
——_||Rk = A
gl Z exp( 7 I JII]
Ajebit—3—is—0
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-continued

On

( e A||]
exp| - —|IR* — A;
P 20_%/

Ajebit—d—is-1

LLR(u%) = 1o T
exp(— H IRk — Aj”]
Ajebit—4—is—0

[0513] 9.1.5 Simulation Results

[0514] FIG. 52 shows the simulation results for 6,144
information bits (1,024 QAM symbols) with S-type inter-
leaver.

[0515] A search for the best S-type interleaver was per-
formed. For each interleaver size, the maximum S-factor
was found and four different interleavers were generated
using a random seed. Four simulations were generated for a
target BER of 10™>. The best result decided the preferred
interleaver. Using the preferred interleaver, complete simu-
lations were started for BER down to 1077,

[0516] A BER of 1077 can be achieved after 8 iterations at
E,/No=14.2 dB.

[0517] 9.2 Option 2—Rate 6/9 Turbo Code and 512 QAM
[0518] 9.2.1 Coding

[0519] The coding scheme is shown in FIG. 3. The two
systematic recursive codes (SRC) used are identical and are
defined in FIG. 4. The code is described by the generating
polynomials 350 and 230.

[0520] 9.2.2 Puncturing

[0521] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 6/9 code, the puncturing pattern
used is shown in Table 20.

TABLE 20

Puncturing and Mapping for Rate 6/9 512 QAM Option 2

Infor- d; d, dy dy ds dg d; dg dg diyg  dyg dio
mation

bit (d)

patty pl — — — p5 — — — p9 — — @ —
bit (p)

patty — — ¢3 — — — q7 — — — ql1 —
bit (q)

32 AM

symbol
a)
16 AM

symbol
Q
512 (L, Q) = (dy, dp, d3, dy, P1,
QAM ds, d, pS, q3)

symbol

€. Q

(dy, dy, ds, dy, p1) (7, dg, do, dyg, q7)

(ds, ds, PS5, 3) (dyy, dyn, Q11, p9)

(I, Q) = (dy, dg, dg, dyg, q7, dyy,
dyoe 911, P9

[0522] 9.2.3 Modulation

[0523] Let us consider a 512 QAM scheme as shown in
FIG. 52. It is assumed that at time k the symbol u*=(u,*, 1,~,
us u L u gk, gk, ugs, uY) is sent though the channel. Tt
is assumed that at time k the symbol u,*, ", 1%, v, and us*
modulates the I component and uX, u.*, u.* and us* modu-

lates the the Q component of a 512 QAM scheme.

May 2, 2002

[0524] In the I dimension, four information bits and one
parity bit are transmitted using Gray mapping and 32 AM as
shown in FIG. 53.

[0525] The 32 constellation points have amplitudes:
=31A, -29A, -27A, -25A, -23A, -21A, -19A, -17A,
—15A, -13A, —11A, -9A, —7A, -5A, -3A, -A, A, 3A, 5A,
TA, 9A, 11A, 13A, 15A, 17A, 19A, 21A, 23A, 25A, 27A,
29A,31A. The E_, [ is:

av.

(1+9+25+49 +81 + 121 + 169 + 225)A? 93)
Enq= - =852

[0526] Because the noise has to be spherical, the total
value of E_, will be the addition of these two values, so:

E,=Eu r+tEay =426 AZ 94
] _Q

[0527] The value of the noise variance has to be the same
in both dimensions and its value is:

2, ! J2X6XE,Y 341 L, Byl (99)
Aol ) ()= TR

[0528] The puncturing and mapping scheme shown in
Table 20 is for 12 consecutive information bits that are
coded into 18 coded bits, therefore, one 512 QAM symbol.
The turbo encoder is a rate 6/9 turbo code, which in
conjunction with 512 QAM, gives a spectral efficiency of 6
bits/s/Hz.

[0529] 9.2.4 Bit Probabilities

[0530] From each received symbol, R¥, the bit probabili-
ties are computed as follows:

1 96)
>, exp(—ﬂnlek —A;n]

Ajebir—1—is-1

( ! IRE — A ||]
exp| - — —A;
i 20% /
is—0

LLR() =10

iz—1—

T

Aj €

1 97
eXP(—Z—ZHRk - Ai”]
Ajebit—2—is—1 T

1
Z exp(—ﬁw —Aju]

exp(—ﬁnlek - A;n]

1
EXP(— ﬁ”Rk - Aj”]

LLR(S) =1o

98)

LLR(A) = 1o

1 99
exp(—ﬂllR" - Ai”]

1
E ——||RE—4;
| exp( 5 /2\/” JIIJ

> S
g g
wM g
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-continued

( e A||]
exp| - —|IR* — A;
P 20_%/

99)

Ajebit5—is-1

LLRu%) = 1o

1
exp| - —||R* — A; ]
P( % I il
Ajebit—5-is-0

[0531] 9.2.5 Simulation Results

[0532] FIG. 54 shows the simulation results for 6,144
information bits (1,204 QAM symbols) with S-type inter-
leaver.

[0533] A BER of 107° I can be achieved after 8 iterations
at B, /N,=13.5 dB. A BER of 1077 can be achieved after 8
iterations at E_ /No=14.5 dB.

[0534] 9.3 Recommended Solution

[0535] The recommended solution for 6 bit/s/Hz spectral
efficiency is the rate 6/8 turbo code 256 QAM scheme. This
scheme achieves a BER of 1077 at E_/N,=14.2 dB.

[0536] 10. Coding and Modulation for 7 bit/Hz Spectral
Efficiency

[0537] This section investigated one scheme that use inde-
pendent I and Q modulation. The scheme combines a rate
7/10 coding scheme with 1024 QAM.

[0538] 10.1 Coding

[0539] The coding scheme is shown in FIG. 3. The two
systematic recursive codes (SRC) used are identical and are
defined in FIG. 4. The code is described by the generating
polynomials 350 and 230.

[0540] 10.2 Puncturing

[0541] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 7/10 code, the puncturing
pattern used is shown in Table 21.

TABLE 21
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—13A, -11A, -9A, -7A, -5A, -3A, -A, A, 3A, 5A, 7A, 9A,
11A, 13A, 15A, 17A, 19A, 21A, 23A, 25A, 27A, 29A, 31A.
E. . is:

av
E,,=8(961+841+729+625+529+441+361+289+225+
169+121+81449+2549+1)
+8(961+841+961+7294961+625+961+529+961+441+961+
361+961+289+961+225+961+169+961+121+961+81+961
+49+961+25+961+9+961+1)+8(841+729+841+625+84 1+
5 29+841+441+841+361+841+289+841+225+841
+169+841+121+841+81+841+49+841+25+841+9+841+1)
8(729+625+729+529+729+441+729+361+729+289+729
+225+729+169+729+121+729+81+729+49+729+25+729+9+7 29+
1)8(625+529+625+441+625+361+625+289+625+225
+625+169+625+121+625+81+625+49+625+25+625+49+625+1)
+8(529+441+529+361+529+289+529+225+529+169+529+121+529
+81+529+49+529+25+529+9+529+1)+8(441+361+441+289+44 1+
225+441+169+441+121+441+81+441+49+441+25+441+9+441+1)
8(361+289+361+225+361+169+361+121+361+529+9+529+1)
+8(441+361+441+289+441+225+441+169+441+121+441+81+441
+49+441+25+44149+441+1)8(361+289+361+225+361+169+361
+121+361+81+361+49+361+25+361+9+361+1)+8(289+225
+289+169+289+121+289+81+289+49+289+25+289+9+289+1)
8(225+169+225+121+225+81+225+49+225+25+225+9
+225+1)8(169+121+169+81+169+49+169+25+169+9+169
+1)+8(121+81+121+49+121+25+12149+121+1)
+8(81+49+81+25+81+9+81+1)+8(49+25+49+9+49+
1)+8(25+9+25+1)+8(9+1)A%/1024=682A7 (100)

[0545] For a rate 7/10 code and 512 QAM, the noise

variance is:

ME, ! S 2XTXE, Y (1on)
R IR e

[0546] The 1024 QAM constellation is a product of two 32
constellation with points at: -31A, -29A, -27A, -25A,
_23A, —21A, —19A, —17A, —15A, —13A, —11A, -9A, —9A,
=TA, 5A, -3A, -A, A, 3A, 5A, TA, 9A, 11A, 13A, 15A,
17A, 19A, 21A, 23A, 25A, 27A, 29A, 31A. The 32 QAM
E,., {is:

av_|

E, =(149+25+49+81+121+169+225+289+361+441+
529+625+729+841+961) A%/16=341A> (102)

Puncturing and Mapping for Rate 7/10 1024 QAM

Information bit (d) d, d, dy d, ds dy dy dg dy dyg
parity bit (p) PP — — — — p6 — — — —
parity bit (q) _- — ¢33 - — — — g8 — —

32 AM symbol (I) (dy, d,, ds, p1, g3)

32 AM symbol (Q) (@ dss dy dys P6)

1024 QAM symbol (I, Q) (I, Q) = (d4, d», ds, p1, g3,
dy, ds, ds, d7, P6)

d12 d13 d14

— q13 —

(dg, dg, dyg; dyy, 98)
dys dy3, dig, P11, q13)
(I, Q) = (dg, do, dy, dy3, 98,
dya, dys, dyss P11, q13)

[0542] 10.3 Modulation

[0543] Let us consider a 1024 QAM scheme as shown in
FIG. 55. It is assumed that at time k the symbol u*=(u,*, u,~,
uss, uk sk, ul uk, ugs uk, uy ) is sent though the
channel. Itis assumed that at time k the symbol u,*, w,*, u.*,
u,* and u® modulates the T component and ug*, u,*, ug*, u*
and 1,,* modulates the Q component of a 1024 QAM

scheme.

[0544] For a 1024 QAM constellation with points at =31A,
=29A, -27A, -25A, -23A, -21A, -19A, -17A, -15A,

[0547] For a rate 7/10 code and 1024 QAM, the noise
variance is:

Z’IEb]’l _341A2(2><3.5><Eb )*1 (103

0’,?(, = Eav( No

- 48.7A2(1€—Z)71

[0548] This is identical to the variance for 1024 QAM

scheme.
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[0549] The puncturing and mapping scheme shown in
Table 21 is for 14 consecutive information bits that are
coded into 20 coded bits, therefore, two 1024 QAM sym-
bols. The turbo encoder is a rate 7/10 turbo code, which in
conjunction with 1024 QAM, gives a spectral efficiency of
7 bits/s/Hz.

[0550] 10.4 Bit Probabilities

[0551] The 32 AM symbol is defined as u*=(u,*, u,*, u,
u,/5, 1), where u,* is the most significant bit and u~ is the
least significant bit. The following set can be defined.

[0552] 1.bit-1-is-0={Ag, Az, As, A,, As, A, Ay Ag,
AQ’ Alo’ All’ A12’ A13’ A14’ Als}

[0553] 2. bit-1-is-1={A,, Ay Asgy Aso, Asg, Asys
A22’ A23’ A24> A25’ A26’ A27> A28> A29> A30’ A31}
[0554] 3. bit-2-is-0={A,,A,, Ay, A, Ay, As, Ag, Ay

AJG’ A17’ A18’ AlQ’ A2O’ A21’ A22’ A23}

[0555] 4.Dbit-2-is-1={Ag, Ao, Ajo, Ay, Ays, Ays, Al
A15> A24> A25> AZG’ A27> A28> A29> A3O> A31}

[0556] 5. bit-3-is-0={Ag, Ay Asy Asy Ags Aoy Agos
All’ A16> A17> A18> A19> A24> A25> A26> A27}

[0557] 6. bit-3-is-1={A,, As, Ag, Asy Arsy Arsy Ay,
A155 A205 A215 A22’ A235 A285 A295 A3O5 A31}

[0558] 7. bit-d4-is-0={A,, A, A,, As, Ag, Ao, Ay,
A13’ A16> A17> A20> A21> A24> A25> A28> A29}

[0559] 8. bit-4-is-1={A,, A, A, A, A Ay Apys
AlS’ A18> A19> A22> A23> A26’ A27, A30° A31}

[0560] 9. bit-5-is-0={A,, A, A, Ag, A, Ay, Ay,
A147 A167 A187 AZO, A227 A247 A267 A287 A30}

[0561] 10. bit-5-is-1={A,, As, A, Agy Agy Agys Agss
AJS’ A17> A19> A21> A23> A25> A27> A29> A31}

[0562] From each received symbol, R¥, the bit probabili-
ties are computed as follows:

Lo, (104)
eXP(— HHR - Ai”)

B Ajebit—l—is-1
LLR(uy) = 1o,

( ! IRE — A ||]
exp| —— IRk - A;

i 203, /
Ajehi—T=is=0

1
> x| - IR - Al
20,

Ajebit—2-is-1

1
Z exz{—ﬂum —Aju]

> exp(— ﬁw - A;n]

LLR) = logl Z

(105)

LLR(u) = log]

(106)

1
exp(— 2 IRk — Aj”]

IR (107
expl - 2—2||R - Al
Ajebira-is-1 TN

1
- RE_ A ]
E . exp( e I Jl

LLR() = 1o
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-continued
1 (108)
exof - I - 41
Ajebit—5—is—1 N
LLR1&) =1o :
exp(— ﬁ”Rk - Aj”]
Ajebit—5—is—0

[0563] 10.5 Simulation Results

[0564] FIG. 56 shows the simulation results for 2,044
information bits with S-type interleaver.

[0565] A search for the best S-type interleaver was per-
formed. For each interleaver size, the maximum S-factor
was found and four different interleavers were generated
using a random seed. Four simulations were generated for a
target BER of 107, The best result decided the preferred
interleaver. Using the preferred interleaver, complete simu-
lations were started for BER down to 1077,

[0566] ABER of 1077 can be achieved after 8 iterations at
E,/No=17 dB.

[0567] 10.6 Recommended Solution

[0568] The recommended solution for 7 bit/s/Hz spectral
efficiency is the rate 7/10 turbo code 1024 QAM scheme.
This scheme achieves a BER of 1077 at E,/N,=17 dB for
N=2044 information bits.

[0569] 11. Coding and Modulation for 12 bit/Hz Spectral
Efficiency

[0570] This section investigated one scheme that use inde-
pendent I and Q modulation. The scheme combines a rate
12/14 coding scheme with 16384 QAM.

[0571] 11.1 Coding

[0572] The coding scheme is shown in FIG. 3. The two
systematic recursive codes (SRC) used are identical and are
defined in FIG. 4. The code is described by the generating
polynomials 350 and 23o0.

[0573] 11.2 Puncturing

[0574] In accordance with an embodiment of the inven-
tion, in order to obtain a rate 12/14 code, the puncturing
pattern used is shown in Table 22.

TABLE 22

Puncturing and Mapping for Rate 12/14 16384 QAM

Information bit d; d, d3 d4 ds dg dy dg do dig dyy dyo
@

parity bit(p) pl — — — — — — — — — — —

parity bit () — — — — — — q7 - — — — —

128 AM (dy, doy ds, dy ds, dos p1)
symbol (I)
128 AM (7, de, do, dyo> di, dia, 47)
symbol (Q)
16384 QAM (dys doy d3, dy ds, d, PL,

symbol (I, Q) d;, dg, do, dyg, dygs dis q7)

[0575] 11.3 Modulation

[0576] For a 16384 QAM constellation with points at
—127A, -125A, -123A, -121A, -119A, -117A, -115A,
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-113A, -111A, -109A, -107A, -105A, -103A, -101A,
-99A, -97A, -95A, -93A, -91A, -89A, -87A, -85A,
-83A, -81A, -79A, -T7TA, -75A, -73A, -71A, -69A,
-67A, -65A, -63A, -61A, -59A, -57A, -55A, -53A,
-51A, -49A, -47A, -45A, -43A, -41A, -39A, -37A,
=35A, -33A, -31A, -29A, -27A, -25A, -23A, -21A,
-19A, -17A, -15A, -13A, -11A, -9A, -7TA, -5A, -3A, -A,
A, 3A,5A, TA, 9A, 11A, 13A, 15A, 17A, 19A, 21A, 23A,
25A,27A,29A, 31A, 33A, 35A, 37A, 39A, 41A, 43A, 45A,
47A,49A,51A,53A, 55A, 57A, 59A, 61A, 63A, 65A, 67A,
69A, 7T1A, T3A, 75A, TTA, T9A, 81A, 83A, 95A, 87A, 89A,
91A, 93A, 95A, 97A, 99A, 101A, 103A, 105A, 107A,
109A, 111A, 113A, 115A, 117A, 119A, 121A, 123A, 125A,
127A. E,,, is:

E,,=5461A> (109)
[0577] Itis assumed that at time k the symbol u*=(u,*, v,
k k k k ko u k k k k k k ky
U5, WS Us T, U, Uy g, g Uyg s Uy 5 Ugp 5 Uy, Ugy) IS
sent though the channel. It is assumed that at time k the
symbol u;5, 1,5, us, uk, v, u and u* modulates the I
component and u.~, u,*, u,.*, vy S, v S, u,.5 v, S, modu-
lates the Q component of a 16384 QAM scheme.

[0578] For a rate 12/14 code and 16384 QAM, the noise
variance is:

2Ep ! 2%6 X Ep ! 110
0'/2v=Eav(—n b] :5461A2(—X o b] (o
0
E -1
:455.08A2(—b)
No

[0579] In order to study the performance of this scheme,
arate 6/7 turbo code and a 128 AM is used. The 16384 QAM
scheme will achieve a similar performance in terms of bit
error rate (BER) at twice the spectral efficiency, assuming an
ideal demodulator. The puncturing and mapping scheme
shown in Table 22 is for 12 consecutive information bits that
are coded into 14 encoded bits, therefore, one 16384 QAM
symbol. The turbo encoder is a rate 12/14 turbo code, which
in conjunction with 16384 QAM, gives a spectral efficiency
of 12 bits/s/Hz.

[0580] 11.4 Bit Probabilities

[0581] The 128AM symbol is defined as u*=(u,*, u,*, u;*,
u, us® u, u), where u,* is the most significant bit and
u,* is the least significant bit. The following set can be
defined.

[0582] 1. bit-1-is-1={ A, Ass» Ager Agrr Assr Agor
A70’ A71> A725 A73> A745 A75> A765 A77> A78, A79> A80>
81> A82’ A83’ A84’ A85’ ASG’ A87’ A88’ A89’ A90’ A91’
A925 A935 A945 A955 A965 A975 A985 A995 A1005 AlOl,

A102’ A103’ A104’ AlOS’ AlOG’ A107’ A108’ AlOQ’ AllO’

111> A1127 A1137 A1147 A1157 A1167 A1177 A1187 A119,
120> A121’ A122’ A123’ A124’ A125’ A126’

[0583] 2. bit-2-is-1={As, Asz, Assy Ass, Asg,
A397 A407 A417 A427 A437 A447 A457 A467 A477 A487
A51> A52> A53> A545 A55> A56> A57> A58> ASQ’ A60>
A63’ A64’ AGS’ A66’ A67’ AGS’ AGQ’ A7O’ A71’ A72’

A75> A76> A

> >
>
3

i
N
3
b
%

N £
W Q
N J
N S
S S

0
M

> > P
> > > > >

0
=Y
S

87> A88’ }
[0584] 3. bit-3-is-1={A.5, As7, Asgs Aso, Ao,
A23> A24> A25> A26> A27> A28> A29> A3O> A31; A32>
A385 A39> A40> A41> A42> A43’ A44>

=
)
©
v

£
@

> > >
> >

35> A36> A37>

£
o
M
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Au7s Agos Agis Mgz Agss Agas Agss Agss Agr Agss Agos Agps
Aoy Aoy Aoz, Aoy, Agsy Aggs Ao Agg, Ago, Argg, Aqgr, Adgas
Aio3s Avoas Asoss Aioss Avors Arogs Aigos Arios Arrrs)
[0585] 4. bit-4-is-1={A8, Ag, Aoy Aq1, Ars Az Ay, Ags,
At Ai7s Adgs Ados Asos Azts Anoy Asss Auos Auts Auzs Auss
445 A45> A46’ A47> A48> A49> A50> A515 A52> A53> A54> A55>

725 A73’ A74’ A75’ 76 A77’ 78 A795 A80’ A81’ A82’ A83;
A85> A86> A87> A104> AlOS’ A106> A107’ A108> AlOQ’ A110> Alll’
A112> A113> A114’ AllS’ Allé’ A117’ A118’ A119’

[0586] 5.bit-5-is-1={A,, A5, Aq, As, Ag, Ay, Asg, Al Ao,

A21’ A22’ A23’ A24> A25> A26> A27> A36> A37> A38> A39> A4O>
41> A42> A43’ A52> A53> A54> A55> A565 A57> A58> A59> A68>

s A75> A845 A85> A86> A87> A88>

A89’ AQO’ A91’ AlOO’ AlOl’ A102’ AJOB’ A104’ AJOS’ A106’ A107;
116> A117’ A118> AllQ’ 120 A121> A122’ A123,

[0587] 6.bit-6-is-1={Ay, A}, Ag, Ay, Ag, Ao, Al Ass, A,

A17> A22> A23’ A24> A25> ABO’ A31> A32’ A33’ A38> A39> A4O>

41> A46> A47’ A48> A49> A54> A55> A56> A57> A62> A63> A64>

65 700 £ X715 72> 73> £ X78> 79> 80> A81> A86> A87> A88>

Agor Acas Aos, Agss Agrs Avozs Avoss Avoas Avos, Avios Avras
At125 Aq13s Agigs Av1os Avags Arars Agogs Agags

[0588] 7. bit-7-is-1={A,, A,, As, Ay, Aoy Ajpy Aysy A

102 132 142

A17> A18> A21’ A22> A25> A26> A29> A305 A33> A34> A37> A38>
42> A45’ A46’ A49’ ASO’ ASB’ A54’ A57’ ASS’ AGl’ AGZ’ AGS’
667 A69> A70’ A73> A74> A77> A78> 81> A82> A85> A86> A89>

A90’ A93’ A94’ A97’ A98 AlOS’ AlOG’ AlOQ’ AllO’

A113’ A114’ A117’ A118’ 121> 1225 125> A126’

[0589] From each received symbol, RY, the bit probabili-

ties are computed as follows:

A69> A7O> A71, A72> A73> A74

> AlOl’ A102’

(111)

> exp(—ﬁw —Ain]

Ajebit-n—is—1

1
exp| ——||Rk — A; ]
P( 27 I Sl

Ajebit—n—is—0

LLR(i!) = 1o,

n

[0590] 11.5 Simulation Results

[0591] FIG. 57 shows the simulation results for 31200
information bits. A BER of 1077 can be achieved after 8
iterations at E,/N5=28.25 dB.

[0592] 12. Power vs. Bandwidth in an AWGN Channel

[0593] This section gives an estimate of the trade off
which can be achieved between minimum required E_/Ng
and bandwidth efficiency. An information data rate of 2,044
Mbit/s and a maximum transmitter delay of 1 ms is consid-
ered. The corresponding interleaver size is 2,044 bits.

[0594] 12.1 Channel Model

[0595] All the simulations assumed the additive white
Gaussian noise (AWGN) channel model, with independent I
and Q signal. A block diagram of the system is shown in
FIG. 57.

[0596] 12.2 Simulation Results

[0597] Simulations were run for bandwidth efficiencies
from 1 to 7 bit/symbol using the recommended coding and
modulation schemes. The results are shown in FIGS. 58 to
64.

[0598] 12.3 Conclusions

[0599] Table 23 summarizes the minimum E, /Ny, required
to achieve a BER of 1077
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TABLE 23

Minimum E,/N, required to achieve a BER of 1077

Spectral  Coding Rate E./Ng
efficiency n and Symbol Rate ~ For BER = 107’

[bits/s/Hz] Modulation [ksymy/s] [dB]

1 2/4 and 4 QAM 2048 2.2

2 2/4 and 16 QAM 1024 4.2

3 3/4 and 16 QAM 682 6.5

4 4/6 and 64 QAM 512 9.1

5 5/8 and 256 QAM 408 12.3

6 6/8 and 256 QAM 342 14.5

7 7/10 and 1024 QAM 292 17.0

[0600] The results show the potential reduction in band-
width for a given signal-to-noise ration for a particular
channel. If an E, /Ny of 17 dB or more is available, the
symbol rate can be reduced from 2048 ksym/s to 292
ksym/s.

[0601] 13. Channel Simulation

[0602] In this paragraph we show numerical results of the
simulations for the AWGN and Impulsive nose using or not
and outer Reed-Solomon encoder.

[0603] 13.1 Without outer Reed-Solomon Encoder
[0604] 13.1.1 Net Coding Gain

[0605] The net coding gain of the spectral efficiency of 4
bit/tone and 12 bits per tone, protecting more the informa-
tion bits than the parity bits is as shown in Table 24. The case
that the parity bits are more protected than the information
bits is shown in table 25. for a BER greater than 102 the net
coding gain is 0.5 dB worse. For BER below 1072 the coding
gain improves respect the case that the information bits are
more protected.

May 2, 2002

TABLE 24
Net Coding Gain Information bits more protected
Latency

Inter- (Tx + Rx)

Bit/ leaver # of DMT ms 107°
Tone Tones Size symbols < 10 107" extrap.
4 100 5,200 13 10.0 4.60 742 794
800 2 1.5 3.70 492 484
400 1 0.7 330 362 3.84
200 10,400 13 10.0 4.60 752 814
1,600 2 1.5 410 642  6.64
800 1 0.7 3.70 492 4.84
12 100 15,600 13 10.0 410 591 6.03
2,400 2 1.5 3.60 551 5.63
1,200 1 0.7 3.00 391 4.03
200 31,200 13 10.0 410 6.81 7.53
4,800 2 1.5 3.60 591 6.43
2,400 1 0.7 3.60 551 5.63
[0606]
TABLE 25

Net Coding Gain parity more protected

Latency
Inter- (Tx + Rx)

Bit/ leaver # of DMT ms 107
Tone Tones  Size  symbols < 107 107" extrap.

4 100 5,200 13 10.0 410 7.22 8.04

800 2 1.5 3.20 4.72 5.04

400 1 0.7 2.80 3.42 4.04

200 10,400 13 10.0 4.10 7.32 8.24

1,600 2 1.5 3.60  6.22 6.84

800 1 0.7 3.20 472 5.04

12 100 15,600 13 10.0 3.60 S5.71 6.23

2,400 2 1.5 3.10 531 5.83

1,200 1 0.7 2.50 3.71 4.23

200 31,200 13 10.0 3.60 6.61 7.73

4,800 2 1.5 310 571 6.63

2,400 1 0.7 310 531 5.83

[0607] 13.1.2 Errors due to Impulse noise (IN)

[0608] The impulse noise is defined as 2 consecutive DMT
symbols with an increase AWGN respect to the reference
noise level 1077 a carrier-to-noise ratio of 21.5 dB (spectral
efficiency of 4 bit/tone) and 45.5 dB (spectral efficiency of
12 bit/tone).

[0609] Table 26 shows the numerical results in the case
that the information bits are more protected than the parity
bits. Table 27 shows the numerical results in the case that the
parity bits are more protected than the information bits.

TABLE 26

Error due to Impulse Noise. Information bits more protected

Bit/ Interleaver RL+ RL+ RL+ RL + RL + RL + RL + RL +
Tone  Tones Size 25dB 5dB 75dB 10dB 125dB 15dB 175 dB 20d B
4 100 5,200 0 0 0 0 0 0 0 4

800 0 0 39 65 104 140 188 243

400 0 0 10 50 89 127 161 214

200 10,400 0 0 0 0 0 0 0 7
1,600 0 0 0 127 189 267 363 448

800 0 0 40 116 187 252 346 440
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TABLE 26-continued

28

Error due to Impulse Noise. Information bits more protected

Bit/ Interleaver RL+ RL+ RL+ RL + RL + RL + RL + RL +
Tone Tones Size 25dB 5dB 75dB 10dB 125dB 15dB 175dB 20d B
12 100 15,600 0 0 0 0 10 58 130 207

2,400 0 0 40 78 121 171 21 295
1,200 0 0 43 98 129 188 255 329
200 31,200 0 0 0 0 90 175 313 482
4,800 0 0 75 177 254 341 462 608
2,400 0 0 80 166 244 345 457 598
[0610]
TABLE 27
Error due to Impulse Noise. Parity bits more protected
Bit/ Interleaver RL + RL + RL + RL + RL + RL + RL + RL +
Tone Tones Size 10 dB 15dB 20dB 25dB 30dB 35dB 40 dB 45 dB
4 100 5,200 0 0 0 0 0 0 0 2
800 0 0 0 45 84 100 118 143
400 0 0 0 20 69 87 101 114
200 10,400 0 0 0 0 0 0 0 3
1,600 0 0 0 27 49 67 83 118
800 0 0 0 16 37 52 86 120
12 100 15,600 0 0 0 0 0 8 10 15
2,400 0 0 0 18 31 51 60 125
1,200 0 0 0 18 29 38 55 89
200 31,200 0 0 0 0 0 15 33 43
4,800 0 0 0 0 24 41 52 68
2,400 0 0 0 16 24 34 45 59
[0611] 13.1.3 Error Statistics
[0612] 13.1.3.1 For AWGN
[0613] 10 Table 28 shows the statistics of the errors for the
case of protecting more the information bits, for a AWGN
channel.
TABLE 28
Error Statistics for AWGN. Information bits more protected
Interleaver 1 consec. 2 consec 3 consec 4 consec 5 consec 6 consec
Bit/Tone  Tones Size error eITors €r1ors er1ors errors er1ors
4 100 5,20 87.30%  10.81% 1.47% 0.29% 0.03% 0.10%
80 94.35% 5.64% 0.00% 0.00% 0.00% 0.00%
40 90.28% 9.72% 0.01% 0.00% 0.00% 0.00%
200 10,40 89.90% 8.63% 1.21% 0.20% 0.06% 0.00%
1,60 97.94% 2.06% 0.00% 0.00% 0.00% 0.00%
80 90.28% 9.72% 0.01% 0.00% 0.00% 0.00%
12 100 15,60 99.79% 0.21% 0.00% 0.00% 0.00% 0.00%
2,40 98.72% 1.28% 0.00% 0.00% 0.00% 0.00%
1,20 97.94% 2.06% 0.00% 0.00% 0.00% 0.00%
200 31,20 99.86% 0.14% 0.00% 0.00% 0.00% 0.00%
4,80 100.00% 0.00% 0.00% 0.00% 0.00% 0.00%
2,40 98.72% 1.28% 0.00% 0.00% 0.00% 0.00%

[0614] 13.1.3.2 Impulse Noise

[0615] Table 29 shows the statistics of the errors for the
case of protecting more the information bits for a Impulse

noise channel.

May 2, 2002
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TABLE 29

29

Error Statistics for Impulse noise. Information bits more protected

Interleaver 1 consec. 2 consec 3 consec 4 consec 5 consec 6 consec
Bit/Tone Tones Size error EITors errors Errors errors Errors
4 100 5,20 100.00% 0.00% 0.00% 0.00% 0.00% 0.00%
80 75.97%  18.99% 18.99% 3.36% 0.84% 0.84%
40 79.89%  17.24% 1.72% 1.15% 0.00% 0.00%
200 10,40 100.00% 0.00% 0.00% 0.00% 0.00% 0.00%
1,60 80.24%  13.05% 4.47% 1.68% 0.47% 0.00%
80 79.03%  17.50% 2.46% 0.46% 0.46% 0.00%
12 100 15,60 95.19% 4.81% 0.00% 0.00% 0.00% 0.00%
2,40 94.61% 5.28% 0.11% 0.00% 0.00% 0.00%
1,20 93.63% 5.95% 93.63% 0.00% 0.00% 0.00%
200 31,20 93.25% 6.65% 0.00% 0.00% 0.00% 0.00%
4,80 94.89% 4.95% 0.16% 0.00% 0.00% 0.00%
2,40 94.59% 5.36% 0.06% 0.00% 0.00% 0.00%
[0616] Ttis interesting that for the large turbo decoders the [0620]

impulse errors still tends to stay within the 2 DMT symbols.
This implies a moderately large turbo coder of 5 ms follow
by a convolutional interleaver/Reed Solomon of 10 ms
should create both robust performance and good impulse
resistance.

[0617] 13.2 With Reed-Solomon
[0618] 13.2.1 Net Coding Gain

[0619] The coding gain of the spectral efficiency of 4
bit/tone and 12 bits per tone, protecting more the informa-
tion bits than the parity bits is as shown in Table 30. The net
coding gain is shown in table 31.

TABLE 30

Coding Gain with Reed-Solomon and information bits more protected

TABLE 31

May 2, 2002

Coding Gain with Reed-Solomon and information bits more protected

Latency
Inter- (Tx + Rx)

Bit/ leaver # of DMT ms 107°
Tone Tones Size symbols < 1073 1077 extrap.

4 100 5,200 13 10.0 3.42 7.04 8.06

800 2 1.5 1.78 5.40 6.72

400 1 0.7 1.94 4386 5.88

200 10,400 13 10.0 372 724 826

1,600 2 1.5 2.88 6.00 7.02

800 1 0.7 1.94 556 6.88

12 100 15,600 13 10.0 0.20 3.51 4.33

2,400 2 1.5 0.02 2.83 3.75

1,200 1 0.7 -0.24 247 329

200 31,200 13 10.0 1.06 4.37 5.19

4,800 2 1.5 0.76 3.57 449

2,400 1 0.7 0.26 3.07 3.99

Latency
Inter- (Tx + Rx)
Bit/ leaver # of DMT ms 107°
Tone Tones  Size  symbols < 107 1077 extrap.
4 100 5,200 13 10.0 5.00 8.62 9.64
800 1.5 3.50 712 8.44
400 1 0.7 3.50 6.42 7.44
200 10,400 13 10.0 5.30 8.82 9.84
1,600 2 1.5 460 7.72 8.74
800 1 0.7 350 7.12 8.44
12 100 15,600 13 10.0 440 7.71 8.53
2,400 2 1.5 4.60 7.41 8.33
1,200 1 0.7 410 6.81 7.63
200 31,200 13 10.0 440 771 8.53
4,800 2 1.5 440 7.21 8.13
2,400 1 0.7 460 7.41 8.33

[0621] 13.2.2 Errors due to Impulse noise

[0622] The impulse noise is defined as 2 consecutive DMT
symbols with an increase AWGN respect to the reference
noise level 1077 of a carrier-to-noise ratio of 21.5 dB
(spectral efficiency of 4 bit/tone) and 45.5 dB (spectral
efficiency of 12 bit/tone).

[0623] Table 32 shows the numerical results in the case
that the information bits are more protected than the parity.
Table 33 shows the numerical results in the case that the
parity bits are more protected than the information bits.
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TABLE 32

30
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Error due to Impulse Noise. Information more protected

Bit/ Interleaver RL+ RL+ RL+ RL + RL + RL + RL + RL +
Tone Tones Size  25dB 5dB 75dB 10dB 125dB 15dB 17.5dB 20 dB
4 100 5,200 0 0 0 0 0 0 0 0
800 0 0 0 0 0 0 0 0
400 0 0 0 0 0 0 0 0
200 10,400 0 0 0 0 0 0 0 0
1,600 0 0 0 0 0 0 0 0
800 0 0 0 0 0 0 0 0
12 100 15,600 0 0 0 0 10 58 130 207
2,400 0 0 0 0 0 0 0 0
1,200 0 0 0 0 0 0 0 0
200 31,200 0 0 0 0 90 175 313 482
4,800 0 0 0 0 0 10 11 65
2,400 0 0 0 0 9 10 24 115
[0624]
##*xx% WRI file not found TABLE 24-continued
[0625] 13.2.3 Error Statistics. Minimum E, /N, required to achieve a BER of 1077
[0626] The statistics results obtained are practically the Spectral  Coding Rate EuN,
same than for the non Reed-Solomon case efficiency  and Symbol Rate  For BER = 10° 7
. . . . . [bits/s/Hz] Modulation [ksym/s] [dB]
[0627] 14 Simulation using an analytical interleaver
. . . . 3 3/4 and 16 QAM 682 6.75
[0628] In this section we present the same simulation of 4 4/6 and 64 QAM 512 9.6
the previous section, but using an analytical interleaver. 5 5/8 and 256 QAM 408 128
6 6/8 and 256 QAM 342 15.0
[0629] The analytical interleaver proposed here is a helical 7 7/10 and 1024 QAM 292 17.5
12 12/14 and 16384 QAM 170 285

odd-even smile interleaver.

[0630] This section gives an estimate of the trade off
which can be achieved between minimum required E, /N,
and bandwidth efficiency. An information data rate of 2,100
kbps and a maximum transmitter delay of 1 ms is consid-
ered. The corresponding interleaver size is 2,100 bits (mul-
tiple of 2, 4, 6, 10, 14).

[0631] 14.1 Channel model
[0632] All the simulations assumed the additive white
Gaussian noise (AWGN) channel model, with independent I

and Q signals. A block diagram of the system is shown in
FIG. 57.

[0633] 14.2 Simulation Results

[0634] Simulations were run for bandwidth efficiencies
from 1 to 7 bit/symbol using the recommended coding and
modulation schemes. The results are shown in FIGS. 65 to

71.
[0635] 14.3 Conclusions

[0636] Table 24 summarizes the minimum E, /N required
to achieve a BER of 1077

TABLE 24

Minimum E, /N, required to achieve a BER of 1077

Spectral  Coding Rate E/Ny
efficiency m and Symbol Rate For BER = 10°* 7
[bits/s/Hz] Modulation [ksym/s] [dB]
1 2/4 and 4 QAM 2048 2.7
2 2/4 and 16 QAM 1024 4.7

[0637] The results show the potential reduction in band-
width for a given signal-to-noise ration for a particular
channel. If an E /N, of 17 dB or more is available, the
symbol rate can be reduced from 2048 ksym/s to 292
ksymy/s.

[0638] Due to the savings in memory and the low degra-
dation in this kind of interleaver for a BER of 107° below 0.5
dB, we recommend the use of this helical smile odd-even
interleaver for these kind of applications.

[0639] 1.5 Conclusions

TABLE 25

Summary of Simulation Results

Spectral Interleaver Required Required
efficiency size In-  E, /Ny [dB] E /N, [dB]
n Coding formation  S-type  Analytical
[bits/s/Hz] Rate Modulation bits interleaver interleaver

2/3 2/6 4 QAM 1,024 1.2 1.7

1 2/4 4 QAM 1,024 2.1 2.6

2 4/6 8 QAM 1,024 5.5 6.1

2 12 16 QAM 256 6.8 72

2 12 16 QAM 272 7.0 75

2 12 16 QAM 512 5.3 58

2 1/2 16 QAM 768 4.9 5.3

2 1/2 16 QAM 1,024 4.5 5.0

2 12 16 QAM 2,048 4.2 4.7

2 12 16 QAM 32,728 2.9 33

3 3/4 16 QAM 2,048 6.5 7.0

3 3/4 16 QAM 6,144 5.6 6.1

3 3/5 32 QAM 6,144 6.0 6.5

3 3/6 64 QAM 6,144 6.1 6.6
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TABLE 25-continued

Summary of Simulation Results

Spectral Interleaver Required Required
efficiency size In-  E,/Ng [dB] Ey/N, [dB]
Coding formation S-type  Analytical
[bits/s/Hz] Rate Modulation bits interleaver interleaver

4 4/6 64 QAM 2,048 9.1 9.6

4 4/6 64 QAM-1 4,096 8.3 8.8

4 4/6 64 QAM-2 4,096 10.5 11.0

4 4/6 64 QAM-3 4,096 11.5 12.0

4 4/6 64 QAM-4 4,096 11.5 12.0

5 5/6 64 QAM 5,120 13.0 13.5

5 5/7 128 QAM 5,120 13.0 13.5

5 5/8 256 QAM 2,048 12.3 12.8

5 5/8 256 QAM 5,120 11.8 12.3

6 6/8 256 QAM 2,048 14.5 15.0

6 6/8 256 QAM 6,144 14.2 14.7

6 6/9 512 QAM 6,144 14.5 15.0

7 7/10 1024 QAM 2,044 17.0 —
12 12/14 16384 QAM 31,200 28.0 28.5

[0640] 16. Computational Complexity saving
[0641] To fix ideas lets use the 16 QAM case.

[0642] Using independent I and Q with the Gray mapping,
the constellation will looks like the one shown in FIG. 13.

[0643] The conventional technique for extraction LLR
soft-decision information from the channel is create a value
representing the probability of the received symbol being a
one as:

Z of the measures (112)

with the transmit symbol was 0
> of the measures

with the transmit symbol was 1

[0644] where the measure is defined as:

e(—n'menic)

[0645]

[0646] metric=Euclidian distance (or square of the Euclid-
ian distance) from the possible transmit symbol to the
received symbol.

(113)

where:

[0647] In Figure Receiving the point x if we do not use an
independent I and Q technique, we have to compute the 8
exponentials (4 in each dimension) that is the distance of the
point x to the four point in the I dimension and to the 4 points
in the Q dimension as shown (x1, x2, x3, x4, y1, y2, y3, y4).
To compute the 4 LLR probabilities we need 4*14 adds and
4*16 multiplications and 4 divisions. The total number of
operations is 132.

T rT) 1 07 +03) 4 LT Hd) 4 ) 4 (114)
2 o R Ed) )
i g(X%*V%) + g(‘%*y%) + ¢ X%*V%) + ¢ X%*yzzt) +
2 2 2 2.2

31
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-continued

(1 + ed)ebTrEndnd)

2 2 22 w202
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=2 2
&2 +e3

[0648] With the independent T and Q if we want to
compute the LLR of the least significant bit,

[0649] With the independent I and Q if we want to
compute the LLR of the second-least significant bit,

Z 2 L A 0Rednded) (115)
o (T +e2)ebTEsR
2, (e red)bininiod)
_ ot et
e
(116)

g

(o 4 R )it B3

b=l _
=2 I )
_Z (ey2 +ey3)e(xl+x2+x3+x4]
bit=0
2 2
T 474
=7 )
2 +e%3

[0650] With the independent I and Q if we want to
compute the LLR of the most significant bit,

3 (117

bit=1

(ey% + ey% )e("% ”%*"% *"421)

z

2T A AEA
1=

2 2
e’l +¢e72

=7 7
2’3 +e74

[0651] The same reduction of calculations occurs for all
bits.

[0652] The number of exponentials to compute is the
same, 8, the number of additions is 4*2=8, the number of
multiplications is 0 and the number of divisions is 4. The
total number of operations is 20.

[0653] When the constellation size increase the saving in
computations also increase considerably.

[0654] For the case of 16 QAM, 64 QAM, 256 QAM and
16384 QAM the comparison is as follows:
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[0655]

#exp #add #mul  #div TOTAL
16 QAM
Full 8 414 16 4 84
Independent I & Q 8§ 4%2 0 4 20
64 QAM
Full 16 6%62 64 6 458
Independent I & Q 16 6*6 0 6 58
128 QAM
Full 32 7*126 121 7 1,042
Independent I & Q 32 714 +2%14 14 14 186
256 QAM
Full 32 8+*254 256 8 2,328
Independent I & Q 32 8*14 0 8 152
16384 QAM
Full 256 14*16382 16384 14 246,002
Independent I & Q 256 14*126 0 14 2,034

N odd
N = 2" QAM
Full 2(2N)*? n(N - 2) N-n n o 22N+ (n+ DN -
2n
Independent [ & Q  2(2N)'2 2n% + 4n 2n 2n 2(2N)Y2 4 2n% + 8n
N even

N = 2" QAM
Full IN'2 n(N - 2) N n INV2+ @+ UN —n
Independent [ & Q INYZ (N2 - 2) 0 n (n + 2)N*2 4+ n

[0656] The increase complexity for this type of constel-
lation can be shown to be of O((N)*) where N is the number
of constellation points. For the odd constellation the proce-
dure defined in Provisional Patent Application Serial No.
60/248,099 has been used.

[0657] 17. Use of Puncturing Patterns and Protection on
Parity/Information Bits

[0658] In conventional Turbo Codes, when no comment
about puncturing is made, it is understood that the punctur-
ing pattern used selects one parity bit from the first encoder
as one encoded bit and parity bit from the second encoder as
the next encoded bit in an alternating fashion. Thus in the
conventional Turbo Code using a four bit constellation, two
parity bits are selected for every two information bits, and as
such the number of parity bits represented in each symbol is
equal to the number of information bits represented in the
symbol.

[0659] In accordance with embodiments of the invention,
for the constellations selected, one or two parity bits are sent
in each dimension, providing, for this reason, the possibility
to protect the parity bit(s) more than the information bit(s),
or less than the information bit(s), because of the Gray
mapping. The number of parity bits represented in each
symbol is less than the number of information bits repre-
sented in the symbol.

[0660] In an AWGN channel, if the information bits are
more protected, for BER higher than 1077, the performance
is 0.5 dB better. This means that for the same BER, the
E/Ng in the case that the information bits are more pro-

tected, is 0.5 dB lower than the E, /N, if the parity bits are
more protected. For BER below 1077, this statement is
reversed. For the same BER, the E,/N_, in the case that the
information bits are more protected, is 0.5 dB higher that the
E/N, if the parity bits are more protected.

[0661] In an Impulse Noise environment, the greater pro-
tection of the parity bits provides more immunization
against impulses (around 5 to 10 dB more). Once the
impulse affects the more protected parity, they are more
harmful than the case where the parity is less protected and
the information is more protected.

[0662] FIG. 74 shows the performance of the 6/4 rate 64
QAM for the case that the parity bits are most protected and
for the case that the parity bits are least protected.

[0663] A detail explanation of the encoding and punctur-
ing procedures is shown in FIG. 75, where matrix |Al, is the
total set of bits that are encoded. The number of rows of this
matrix is the number of input symbols to be transmitted,
“m”. The number of rows of this matrix is the number of bits
encoded in each symbol, “n”.

(118)

ai; Ay ... Ay

|A] = LAj=1{aj1. Qjz. .. . Qjn)

Al Q2 - Gmp

[0664] Each row of the matrix |A| is sent to the Turbo
Encoder once every symbol time. For symbol j, the input to
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the turbo encoder is |Aj={a;,, a;5, . . . ,a;,}. For each
symbol, the output of the first convolutional encoder will be
|P|=p;1, Piss - - - » Pin» and the output of the second
convolutional encoder will be |Q||=q; 1, q;2, - - - »Pj» Each
encoded bit a; ;, produces one parity bit in the first encoder
P; ;» and one parity bit in the second encoder, g; ;. Essentially
the encoder runs “n”times for each symbol.

PL1 Prz2 - Pin (119)
17 IR |

Pml Pm2 -+ Pmn
Pi=Apj1> Pj2> - » Pjn}

g1 912 - Gin (120)
Q=] : A

gml 9m2 - YGmn

Q; =191, gj2> - > Gjm}

[0665] The output of the first convolutional encoder and
the output of the second convolutional encoders go to the
puncturing pattern block, as shown in FIG. 75. This punc-
turing pattern block, selects the parity bits to be transmitted.
The first output provides the parity bits to be transmitted
from the first encoder [P’ |=P*, ,P*; 5, .. ., P’; .. The second
output provides the parity bits to be transmitted from the

second encoder |Q*|=q"; 1, 9" 2 - - - q’jp-
PLL Pla o Pla azn
TZE R
Pt Pn2 - Pma
P=Apj1s Pias o s Plat
g G2 - dip (122)

Q=] : Poor
Q;n,l q;rx,Z q}/'n,ﬁ

Qi =1d;1 42> - > g}

[0666] In accordance with an embodiment of the inven-
tion, o+f<n. The total number of parity bits sent in each
symbol is a+f. In traditional puncturing, a+p=n/2.

[0667] The implementation shown in FIG. 76 includes
additional uncoded information bits, where matrix |B| is the
total number of information bits. This is the general form for
Multi-level Turbo Codes, where not all the information bits
are coded. The number of rows of this matrix is the number
of input symbols to be transmitted, “m”. The number of rows
of this matrix is the number of bits in each symbol, “N”.
Matrix |B| has a sub-matrix |A|, which represents the infor-
mation bits to be encoded. The number of rows of this matrix
is the number of input symbols to be transmitted, “m”. The
number of rows of this matrix is the number of bits that are
encoded in each symbol, “n”.

May 2, 2002
by by ..o by (123)
B=| A
bt bmp oo by
al a2 - Arp brpa. by
Om1 Gm2 - Gmn Dmne1e By

[0668] 18. Puncturing Rate Adaptation

[0669] Using the Channel State Information (values of gi
and bi for each tone for the case of a G.992.1 or G.992.2
modem), the puncturing and mapping can be adapted to alter
the transmitted signal bandwidth, which allows communi-
cation at a desired BER.

[0670] If there are too many errors (i.e., BER is too high),
this can be improved by increasing the constellation size and
reducing the puncturing, thereby sending more parity bits.
The puncturing of the system is reduced, increasing the
values of a and f3. If the values of o and [ are increased to
twice their original values, the redundancy of the commu-
nications is also increased to twice its original value.

[0671] Alternatively, if there are too many errors (ie.,
BER is too high), this can be improved by reducing the
information data rate and reducing the puncturing, thereby
sending more parity bits. The puncturing of the system is
reduced, increasing the values of a and 3. If the values of a
and B are increased to twice their original values, the
redundancy of the communications is also increased to twice
its original value.

[0672] If the channel is working with a very low number
of errors, it is possible to send information with fewer parity
bits, by increasing the puncturing which reduces the values
of a and p.

[0673] In the case that the bandwidth of the system is not
a concern (ie. spread spectrum systems or low data rate
situations), reducing the puncturing increases the perfor-
mance. For this case a and [ should use their maximum
value, “n”,

[0674] The monitoring of the error rate may be performed
in the receiver using various techniques. Noise measure-
ments based on the distance between each actual QAM
signal point received and its nearest constellation points is a
frequently used MSE (Mean-Squared Error)performance
metric. Alternatively, the detection of errors in a bit-stream
by a forward error-correction protocol, such as Reed
Solomon or Turbo Decoder, may be used to determine
performance metric. Higher-level protocol detection of
errors, such as from an HDLC CRC checker, may also be
used to determine a performance metric. Thus the actual
error rate need not be measured. Rather, a performance
metric may be derived in the receiver using any suitable
technique and then characterized to determine when the
receiver would benefit from a change in the puncturing
pattern. Once the receiver decides to select a different
operating puncturing pattern, it communicates this selection
to the transmitter using a renegotiation process.

[0675] Taking into account these possibilities, it is clear
that the system may adapt to different scenarios modifying
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the puncturing pattern using a “puncturing pattern adapta-
tion” based on the condition of the channel, increasing or
reducing the values of o and 3. The operation of the channel
can be controlled using a a-mask and (-mask. The a-mask
and f-mask are “n” bits long; each position can take a “0”
value or a “1” value.

[0676] The “0” value in the position “i” in the c-mask
means that the puncturing pattern will not include the parity
bit “p; ;“from the first encoder. The “1” value in the position
“i” in the a-mask means that the puncturing pattern will
include the parity bit “p;“from the first encoder. The “0”
value in the position “i” in the P-mask means that the
puncturing pattern will not include the parity bit “q; ;“from
the second encoder. The “1” value in the position “1” in the
-mask means that the puncturing pattern will include the
parity bit “q; ;“from the second encoder. Equations (124) and
(125) shows the values of these masks.

aymask={0y 1, G - - - 5 Hnf0y=0,1i=1...n (124)
pmask={p; 1, Bj2 - - - » BayB=0,11=1...n (124)

[0677] As scen in the puncturing patterns disclosed in
Tables 7-22, the a-mask and §-mask of a puncturing pattern
typically utilize the same repetitive bit selection pattern,
with the pattern in the -mask being shifted by one or more
bits with respect to the pattern in the c.-mask. The patterns
of the a-mask and f-mask are typically non-coincidental, in
that the two patterns do not select a parity bit at the same
time.

[0678] 19. Summarv of operation of transmitters and
receivers in preferred embodiments of the invention

[0679] FIG. 77 illustrates a basic process in a transmitter
in accordance with an embodiment of the invention. The
process produces a modulated signal with forward error
correction from an information bit stream in a QAM trans-
mitter. The transmitter produces 100 parity bit streams that
correspond to an inputted information bit stream using first
and second concatenated coders interconnected by an inter-
leaver. The transmitter selects 102 subsets of the first and
second parity bit streams in accordance with a puncturing
pattern. The transmitter combines 104 the selected subsets of
said first and second parity bit streams with said information
bit stream. A QAM symbol stream is produced 106 by
mapping a first subset of the combined bit streams to an [
dimension and mapping a second subset of the combined bit
streams to a Q dimension. The QAM symbol stream is
modulated 108 to produce a modulated signal, and the
modulated signal is transmitted 110 over a communication
link.

[0680] As described above, any puncturing pattern may be
implemented in accordance with the above process. How-
ever, it is preferred to implement one of the novel puncturing
patterns disclosed herein. As described above, the novel
puncturing patterns disclosed herein are characterized in
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that, for an c-bit constellation, wherein each symbol repre-
sents n information bits and c-n parity bits (also o+ parity
bits using the terminology of Section 17 above), the number
of parity bits c-n selected by the puncturing pattern is less
than n. In other words, the number of parity bits represented
in each symbol is less than the number of information bits
represented in that symbol. Examples of such puncturing
patterns are provided in Tables 7 and 9-22, and those of
ordinary skill will recognize a variety of other patterns that
may be implemented in accordance with the parameters
described herein.

[0681] FIG. 78 illustrates a basic process in a receiver that
is complementary to a transmitter as described above. The
process recovers an information bit stream from a noisy
modulated signal with forward error correction in a QAM
receiver. The receiver receives 120 a modulated signal from
a communications link. The signal includes errors. The
received signal is demodulated 122, and a decoded bit
stream is produced 124 by iteratively decoding the demodu-
lated signal using first and second concatenated coders
connected by an interleaver. The demodulated signal is
decoded independently in the I dimension and the Q dimen-
sion using a puncturing pattern. The puncturing pattern
corresponds to a puncturing pattern implemented in the
transmitter that produces the modulated signal. The receiver
regenerates 126 the information bit stream from the decoded
bit stream.

[0682] As noted above, embodiments in accordance with
the invention may adapt the puncturing pattern used in the
transmitter in accordance with conditions in the communi-
cation system. FIG. 79 illustrates a basic process in a
receiver for adapting to conditions in the communication
system. The receiver receives 130 a QAM symbol stream
from a transmitter of the communication system. The
receiver determines 132 a performance metric of the com-
munication system based on the received QAM symbol
stream. The performance metric may be determined based
on detection of errors in the QAM symbol stream in accor-
dance with the error detection techniques discussed above or
any other conventional error detection technique. If the
performance metric is unsatisfactory, the receiver selects
134 a new puncturing pattern for use in the transmitter to
improve the performance of the communication system. The
puncturing pattern is selected based on the performance
metric. The puncturing pattern is then communicated 136 to
the transmitter. This may be accomplished by communicat-
ing the actual pattern to the transmitter, or by transmitting an
identifier of a predefined puncturing pattern.

[0683] While the foregoing disclosure addressed a variety
of preferred embodiments of the invention, those having
ordinary skill in the art will recognize a variety of further
embodiments that may be implemented in accordance with
the novel principles disclosed herein.
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| Votc.h |

J*

***k****************************************************)\'********************

* file: tc_vZ.h

* date: April 12, 2000

* function: tests turbo codes

* Modulation: QAM

* Decoder: MAP algorithm

***********1***********************************')(******************************

*/
#include <math.h>

$include <stdio.h>

#include <malloc.h>

$include <dos.h>

/% Definition of the first recursive systematic code (RSC1): */
#define RSC1_ENC_MEM 4 /* encoder memory order */
#define RSCl_STATES (1 << RSC1l_ENC_MEM)

#define RSC1_FP 035 /* forward polynomial in octal */
$define RSC1_BP 023 /* backward polynomial in octal */

/* Definition of the second recursive systematic code (R3C2): */
#define RSCZ_ENC MEM 4 /* encoder memory order */
#define RSCZ_STATES (1 << RSC2_ENC_NMEM)

d{define RSC2_FP 035 /* forward polynomial in octal */
jdefine RSC2Z_BP 023 /* backward polynomial in octal */
jdefine NR_ITER 8 /* nr. of iterative decoding stages */
jdefine EBNO 6.0 /* Eb/No in dB */
#define MAX EFRRORS 1000 /* stop when this nx. is reached */
#define INT SIZE 6144 /* nr. of info bits to be ileaved */
#define MAX (exp(31.0)) /* limit soft outputs */
#define E_STEPS 1000 /* number of values for E val */
#define PRINT_BLOCKS 100 /* how often to print results */
#define SEEDL 13733 /* seeds for random nr. gen. */
#define SEEDZ 1935791

#define SIGMA 12_4AM sqrt(2.50 * pow(10.0, (-EBNO / 10.0))) /* A = 1.0 */
#define SIGMA_12_ 160AM sgrt(2.50 * pow(10.0, (-EBNO / 10.0)))

4$define SIGMA_34_160AM sqrt ((10.0/6.0) * pow(10.0, (-EBNO / 10.0)))

/* For B8AM, 64QAM, 2560QRM, A = 0.5 => A*A = 0.25. Thus, Eav = 5.25*A*A = Eav/4 */
#define SIGMA 56 640AM sqrt(4.2/4 * pow(10.0, (-EBNO / 10.0)))

#define SIGMA 46 640QAM sqrt(5.25/4 * pow(10.0, (-EBNO / 10.0)})

#define SIGMA 23_8AM sqrt(5.25/4 * pow(10.0, (-EBNO / 10.0)))

#define STGMA_12 8AM sqrt(7.0/4 * pow(10.0, (-EBNC / 10.0)))

#define SIGMA 58 256QAM sqrt(17.0/4 * pow(10.0, (-EBNO / 10.0)})

#define SIGMA_68_2560AM sqrt((170.0/12)/4 * pow(10.0, (-EBNO / 10.0))}))

/* For 4QAM (A = 0.5):*/

#define SIGMA 24 4QAM sqrt(2.0/2.0/4 * pow(10.0, (-EBNO / 10.0))) /* 1 info */
#define SIGMA 26 40BM  sqrt(2.0/(4.0/3)/4 * pow(10.0, (-EBNO / 10.0})) /* 2/3 info */
/* For 8QAM (R = 0.5):%/
#define SIGMA 4AM of 46 _80AM  sqrt(6.0/4.0/4 * pow(10.0, (-EBNO / 10.0))) /* 2 info*/
#define SIGMA 2AM of 46 SQAM  sqrt(6.0/4.0/4 * pow(10.0, (-EBNO / 10.0))} /* 2 info*/
#define SIGMA_4AM of_ 26_80AM sqrt(6.0/2.0/4 * pow(10.0, (-EBNO / 10.0))) /* 1 info*/
#define SIGMA ZAM of 26 BQAM  sqrt(6.0/2.0/4 * pow(10.0, (-EBNO / 10.0))) /* 1 info*/
#define SIGMA 4AM of 13 _8QAM  sqrt(6.0/2.0/4 * pow(10.0, (-EBNO / 10.0))) /* 1 info*/
#define SIGMA 2BM of 13 _8QAM  sqrt(6.0/2.0/4 * pow(10.0, (-EBNO / 10.0})) /* 1 info*/
#define SIGMA_36_ 64QAM sqrt(42.0/6.0/4 * pow(10.0, (-EBNO / 10.0)})) /* 3 info */

/* For 160AM, 640AM, 2560QaM, 1024QAM (A = 0.5):%/

#define SIGMA 412 160AM  sqrt(10.0/¢8.0/3)/1 * pow(10.0, (-EBNC / 10.0}]) /* 4/3 A=1 */
fdefine SIGMA 26 64QAM  sqrt(42.0/4.0/4 * pow(10.0, (-EBNO / 10.0))} /* 2 info */
#define SIGMA_824_2356QAM sqrt(170.0/(10.0/3)/4 * pow(10.0, (-EBNO / 10.0))) /* 10/3*/
#define SIGMA_1030_1024QAM sqrt(341.0/(10.0/3)/4 * pow(10.0, (-EBNO / 10.0))) /*10/3 */
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/* For 320AM, 128QAM, 5120AM, (A = 0.5):%/

$define SIGMA_8AM of_ 115 3208M  sqrt(21.0/2/4 * pow(10.0,(-EBNO / 10.0))) /* 1 info */
#define SIGMA 4AM of 115 32QBM  sqrt(5.00/(4/3)/4 * pow(10.0, (-EBNO / 10.0))) /*2/3+/
#define SIGMA 16AM of 721_1280aM sqrt(85.0/(8/3)/4 * pow(10.0, (-EBNO / 10.0))) /*a/3%/
#define SIGMA 8AM of 721 1280AM sqrt(21.0/2/4 * pow(10.0, (-EBNO / 10.0))) /* 1 info */
#define SIGMA 32AM of 39 5120AM sqrt(341.0/4/4*pow(10.0, (-EBNO / 10.0))) /* 2 info */
#define SIGMA_16AM of 39_5120AM  sqrt(85.00/2/4*pow(10.0, (-EBNC / 10.0))) /* 1 info */

/* For 32QRM (& = 0.5):*/
#define SIGMA_8AM of_ 320aM sqrt (26.0/6/4 * pow(10.0, (-EBNO / 10.0)))
#define SIGMA 4AM of 320AM  sqgrt(26.0/6/4 * pow(10.0, (-EBNO / 10.0)})

/* 3 info */
/* 3 info */

/* For R57_128QAM (A = 0.5):%/
#define STIGMA 16AM of_128QRM  sqrt(106.0/10/4 * pow(10.0, (-EBNO / 10.0))) /* 3 info */
#define SIGMA 8AM of_ 128QAM sqrt(106.0/10/4 * pow{10.0, (-EBNO / 10.0))) /* 2 info */

/* For RE9 51208M (A = 0.5):*/
#define SIGMA 32AM of 512QAM sqrt(426.0/12/4*pow(10.0, (-EBNC / 10.0))) /* 4 info */
#define SIGMA_L6AM of 5120AM  sqrt(426.0/12/4*pow(10.0, (-EBNC / 10.0))) /* 2 info */

/* For R710_10240aM (A = 0.5):*/
#define SIGMA 710_10240AM sqrt((341.0/7)/4 * pow(10.0, (-EBNO / 10.0))) /* 3.5 info */

/* Define the particular coding and modulation case for simulation */
#define R36_64QAM

#define BIT HIST

#define THRESHOLD_ITER 10 /* record bit histogram for higher iterations */
#define MAX BIT HIST_ARRAY (2 * INT_SIZE)

$define ERROR FILE_NAME w../results/R36_640AM 6144 test_30.err”

$define FRAME HIST FILE_NAME "../results/test.fhist"

#define BIT_HIST FILE NAME "../results/map.hist"”

#define INTERLEAVER FILE "../results/6144/56144"

/*

* Notel:

Make sure that for each simulation, the INT SIZE represents the size of the interleaver
defined in INTERLEAVER_FILE
*/

/*
* Note2:
d
In rate 4/6 640AM TTCM only two bits out of four are coded rate half. Therefore,
the first half of the interleaver table used has a INT_SIZE/2 interleaver,
the rest is mapping the bits in the same position.
x/
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-

Votc.c

/*

O s L TR L L R e e e S e e S e e T R L R s S Rt E

* file:
* date:
* function:

*/

tc_v2.c

March 20, 2000
tests turbo codes
Modulation: QAM

Deccder: MAP algorithm

KA KKK ARG AARAAAAR R R h sk d ke ko hk bk kb ah Ak kA XX T A I I TR xFhhk ko drkh kb rrhhdhhrr

#include "tc_v2.h"

typedef struct {

int
int
int
int
int
int
int
int
int
int
int
} jat_code;

void
void
void
int
int
void
void
void
void
double
int
double
int
int
double
double

int
int

int
int
int
long

enc_state:
nr_states;
enc_wem;
bp;

fp;
*POstate;
*Plstate;
*NOstate:
*Nlstate;
*CodedQ;
*Codedl;

/* encoder state */
/* number of encoder states */
/* encoder memory */
/* backward polynomial */
/* forward polynomial */
/* previous state for i=0 branch */
/* previous state for i=1 branch */
/* next state for i=0 branch */
/* next state for i=1 branch */
/* coded bit for i=0 branch */
/* coded bit for i=1 branch */

jat_mapl(jat_code *, double *, double *, double *, double *};
jat_map2(jat_code *, double *, double *, double *, double *};
jat_trellis bp fp(jat_code *};

jat_ps(jat_code *, int);

jat_enc_bp_ fp(jat_code *, int}:;

r_ileav{double *, int *)
r_ileava{int *, int *);
r_deileav(double *, int
r deileava(int *, int *)
nrgen(};

nrgenbin();

gasdev();

errors(int *, double *,
print_err{int *, double
find_tx_I{int);
find_tx_Q(int);

*frame_hist;
**pit_hist_array:

*bit_hist_block;

frame_err;
total_err;
sl, s2i

;

*)i

;

int, int);
*, int, int, int *);

/* now many frames with how many errors*/
/* pointer to NR_ITER pointers
to blocks of data organised as:

block nr.,bit pes. in error,

block nr.,bit pos. in error */
/* current number of blocks in error

for each iteration */

/* frame/block error rate */
/* total nr. of exx. after NR_ITER >/
/* seed generators *f

/**x**************************************************************************/

main ()

{
jat_code
jat_code
int
double
double
int

int

int

*jat_codel;

*jat_codez;

ul, u2, u3, ud, us, ub;
tx I, tx_Qy rx I, X O;
v00_I, vi0_Q, v01_I, v01

/* bits of a 64QAM symbol in TTCM */

@, vi0 I, vl0_Q, vl11_I, vil_Q;

i, 3, k., block, iteration;
*rule ; /* interleaver */
*datas /* the information block of data */
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COMPUTER PROGRAM LISTING APPENDIX

the interleaved information block of data*/
the deinterleaved inf. block of data */
Encoderl output */
Encoder2 output */
stores nr. err. for each iteration */
Decoderl input data */
Decoderl input parity */
Decoderl input a priori information *f
Decoderl output extrinsic information */
DecoderZ input data */
Decoder? input parity */
DecoderZ input a priori information */
Decodex? output extrinsic information */
Decoded data */
zero data */

d0, L dl, L d2, L d3, tx, rx,K,noisel,n;

L_ud4, L_u5, L_u6;

/* initialize the seeds for the noise generator */

int *data_i; /*
int *data_d; /*
int *Encl; /*
int *Enc2; /*
int *no_ err; /*
double *D1_data; /*
double *Dl_parity: /*
double *D1_app: /*
double *D1_exi; Iad
double *D2_data; /*
double *D2_parity; /*
double *D2_app; /*
double *D2_exi; /*
double *Dec_data; Pad
double *Zero_data; /*
double do, &1, d2, d3, d4, L i
double L_d4, L_d3;

double L_ul, L_u2, L_u3,
double noise_I, noise_Q;
FILE *out_file = NULL;

sl = SEED1;

52 = SEED2;

frame err = 0;

total_err = 0;

/%

* initialize the code structures:
*/

jat_codel =
jat_codel->enc_mem = RSC1_ENC_MEM;
jat codel->bp = RSCl_EP;
jat_codel->fp = RSC1_FP;

jat codel->enc_state = 0;

jat_codel->nr_states

(jat_code *)malloc(sizeof(jat_code));

jat codel->P(Ostate = (int
jat_codel->Plstate = (int
jat_codel->NOstate = (int
jat_codel->Nlstate = {int
jat_codel->Coded0 = (int
jat_codel->Codedl = (int

jat_code2

jat_code2->enc_mem = RSCZ_ENC_MEM;
jat_code2->bp = RSCZ_BP;
jat_codez->fp = RSC2_FP;

jat_cocde2->enc_state = 0;

states = (1 << RSC2_ENC MEM);

*Imalloc(sizeof (int)*jat_code2->nr_states);

*Ymalloc(sizeof (int)*jat_codeZ->nr_ states):;

*)malloc(sizeof (int)*jat_code2->nr_states);
malloc(sizeof (int)*Jjat_code2->nr_states);

jat_code2->nr_.

jat_code2->POstate = {int
jat_code2->FPlstate = (int
jat_code2->NOstate = (int
jat_code2->Nlstate = (int
jat_code2->Coded( = (int
jat_codeZ->Codedl = (int

{1 << RSCl_ENC_MEM);

*Imalloc(sizeof(int)*jat_codel->nr states}:
*)malloc(sizeof (int)*jat_codel->nr_states);
(
(

*)malloc(sizeof

int)*jat_codel->nr_states).

*)malloc({sizeof (int) *jat_codel->nr_states};
*imalloc(sizeof {int)*jat_codel->nr_states);
*)malloc(sizeof (int)*jat_codel->nr_states);
jat_trellis_bp fp(jat_codel);
= (jat_code *)malloc(sizeof(jat_code));

*)
*)malloc(sizeof (int)*jat_code2->nr states);
*)malloc(sizeof(int)*jat_code2->nr_states):;

jat_trellis_bp_fp(jat_code2);

data = (int *)malloc{sizeof (int)

if(data == 0)
{

* INT_SIZE}:

printf ("Couldn't allocate data memory!\n"};

exit (1):
}

data_i = (int *)malloc(sizeof(int) * INT SIZE);
if(data_i == 0)

{

printf ("Couldn't allocate data_i memory!\n");

exit (1),
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data d = (int *)malloc(sizeof(int) * INT_SIZE);
if (data_d == 0)
{
printf("Couldn't allocate data_d memory!\n"}:
exit{l);
}

no_err = (int *)malloc(sizeof(int) * NR_ITER);
if (no_err == 0)
{

printf("Couldn't allocate no_err memory!\n"};

exit(1};
}
else
for(i = 0; i < NR_ITER; i++)
no_err[i] = 0;

Encl = (int *)malloc(sizeof(int) * INT_SIZE);
if (Encl == 0)
{
printf("Couldn't allocate Encl memory!\n"):

exit (1l};
}
Enc2 = (int *)malloc(sizeof(int) * INT_SIZE);
if (Enc2 == ()
{
printf("Couldn't allocate Enc2 memory!\n”};
exit(l);

}

Dl data = (double *)malloc(sizeof(double) * INT_SIZE);
if(D1_data == 0)
{
printf ("Couldn't allocate Dl_data memory!\n");
exit(1);
}

D1_parity = (double *)malloc {sizeof {(double) * INT SIZE);
if(Dl_parity == 0)
{
printf{"Couldn't allocate Dl_parity memory!\n");
exit (1}
}

D1_app = (deuble *)malloc(sizeof (double} * INT_SIZE):
if(Di_app == 0)
{

printf("Couldn't allocate D1_app memory!\n"):
exit (1);
}

Dl exi = {(double *)malloc(sizeof (double) * INT_SIZE):

1£{Dl_exi == 0)
{

printf("Couldn't allocate D1_exi memcry!\n"):
exit(l):;
}

D2_data = (double *)ymalloc (sizeof (double) * INT SIZE);
if(D2_data == 0)

printf ("Couldn't allocate D2_data memory!\n"};
exit(1l);
}

D2_parity = (double *)malloc(sizeof (double) * INT_SIZE};
if(D2_parity == 0)
{
printf{"Couldn't allocate D2_parity memory!\n");
exit(l):
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}

D2_app = (double *)malloc(sizeof (double) * INT SIZE):
if(D2_app == 0)
{

printf("Couldn't allocate D2_app memory!\n");

exit(l);
}
D2_exi = (double *)malloc(sizeof (double) * INT_SIZE);
if(DZ_exi == ()

printf("Couldn't allocate D2_exi memory!\n");

exit(1l);
}
Dec_data = (double *)malloc(sizeof(double) * INT_SIZE):
if (Dec_data == 0)

{

printf{"Couldn't allocate Dec data memory!\n");
exit(1l);
}

Zero data = (double *)malloc(sizeocf(double) * INT SIZE);
if(Zero_data == 0)
{
printf ("Couldn't allocate Zero_data memory!\n"):
exit(1);
}
for(i = 0; i < INT_SIZE; i++)
zero_datali] = 0.0;

frame hist = (int *)malloc(sizeof(int) * (INT_STZE+l) * NR_ITER);
if(frame_hist == 0)
{
printf("Couldn't allocate frame hist memory!\n");
exit{l);

else
{
for(i = 07 i < (INT _SIZE+1)*NR_ITER; i++)
frame hist[i] = 07
}

bit_hist_array = (int **jmalloc(sizeof{int *) * 2 * NR ITER);
if(bit_hist_array == 0)
{
printf("Couldn't allocate bit_hist _array memory!\n");
exit(1l);
}
else
{
for (i = THRESHOLD ITER; i <= NR_ITER; i++)
{

bit_hist array({i] = (int *)malloc(sizeof(int) * MAX BIT HIST ARRAY);
bit_hist_array[i+NR_ITER] = bit_hist_array[i]; /* store the original pointer */
if(bit_hist_array[i] == 0)

{
printf("Couldn't allocate bit hist array[i] memory!\n");
exit(1l);

}

bit hist block = (int *)malloc({sizeof(int) * (NR_ITER+1)};
if(bit_hist_block == 0)
{
printf("Couldn't allocate bit_hist_block merory!\n");
exit(1);
}
else
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{
for(i = 0@ i <= NR_ITER; i++)
bit_hist_block[i] = 1;

}
rule = (int *)malloc(sizeof(int) * INT_SIZE * 2);
if (rule == 0)
{
printf("Couldn't allocate rule memory!\n");

exit (1)
}

for(i = 0; 1 < INT_SIZE; i++)
rule(2*il = 0;

/*
* read the interleaver file
*/

out file = fopen(INTERLEAVER FILE, "r"};

if (lout_file)
{
printf ("Errorl: the output file could not be opened!\n");
exit (1):
}
for(i = 0; i < INT_SIZE; i++)
fscanf (out_file, rsdsd", &i, &rule[2*i+1]};
fclose(out_file);

/*

* initialize the noise generator seeds in order to have the same data and
* noise for different random interleavers

>/

sl = SEEDL;
s2 = SEED2;

/*

* start the big loop:

*/

for (block = 1; total_err < MAX ERRORS; blockt+) :

{

jat_codel->enc_state = 0; /* reset encoderl's state
jat _ccde2->enc_state = 0; /* reset encoder2’'s state
for(i = 0; i < INT_SIZE; i++) /* no app for first decoder

pl_app(i] = 1.0;

/*
* generate random data:
*/

for (i

= 0; i < INT SIZE; i++)
datalil

= nrgenbin();

/-k
* encoderl:
*/
for(i = 0; 1 < INT_SIZE; i++)
Encl[i] = jat_enc_bp_fp(jat_codel, datal[il);

/*
* interleave data:

*/

for(i = 0; i < INT_SIZE; i++)
data_i[i] = datali];

r ileava(data_i, rule);

/%
* encoder2:
*/
for(i = 0; i < INT SIZE; i++)

*/
*/
*/
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Enc2 (i) = jat_enc_bp_ fp(jat_code2, data_ilil):

/*
* deinterleave data:
*/

for(i = 0; i < INT SIZE; i++)
data_d[i] = datalil:

r deileava(data d, rule);

/-A-
* modulate and add AWGN noise:
*/

$ifdef R12 4AM
o
* Channel:
* d0 is MSB and dl is LSB in a 4-AM: (d0,dl) = 01--00-]-10--11
* -3 -1 1 3
*/

n = (-1.0) / (2 * SIGMA_12_4AM * SIGMA_12_4AM);
for{i = 0; i < INT_SIZE; i++)

d0 = datali]:

if(i & Ox1)
dl = Encl(i]:
else
dl = Enc2[i];
tx 2*¥d0 - 2*dl + 4*d0*dl - 1.0;

i

rx tx + SIGMA 12 4AM * gasdev();
L_d0 = log({(exp(n* (rx-1)* (rx-1)) +exp (n* (rx-3) * (rx-3) )} /
(exp (n* (rx+1)* (rxr+l) ) +exp(n* (rx+3) *(rx+3})));
log{ (exp (n* (rx+3) * (rz+3))+exp(n* (rx-3)* (rx-3))) /
(exp (n* {rx-1) * {rx-1) ) +exp (n* (rx+1) * (rx+l) ) )}/
D1_datali] = L_dO;
if(i & Oxl)
{

L_dl

D1_parity[i] = L_di;
D2_parity[i] = 0.0;
}
else
{
D1 parity[i]l = 0.0:
D2_parity[i] = L_di;

}
}
$endif

#ifdef R13 8AM
A
* Channel:
* d0 is MSB and d2 is LSB in 8-AM: (d0,d1,d2):

* 010=--011---001---000---100---101---111~~-110
* -3.5 -2.5 -1.5 =-0.5 0.5 1.5 2.5 3.5
*/
n = (-1.0) / (2 * SIGMA_13 8AM * SIGMA_13_8AM);
for(i = 0; i < INT_SIZE; i++)

{
d0 = datafil;
if(i & 0xl)

{
dl = Encl[i]:
d2 = Enc2[i];

}

else

{
dl = Enc2[il;
d2 = Encl[i};
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tx = 2*d0 - 2*dl + 4*d0*dl - 1.0 + (({2*dC-1)*(2*dl-1})<0?(d2-0.5):(0.5-d2));
rx = tx + SIGMA_13 BAM * gasdev(};
L_d0 = log((exp(n* (rx—0.5)*(rx-0.5))+exp(n* (rx-1.5)* (rx-1.5)) +

exp (n* (rx-2.5)* (rx-2.5) ) +exp(n* (rx-3.5) *(xx-3.5) )}/
(exp (n* (rx+0.5)* (rz+0.5) ) +exp(n* (rx+1.5) * (rx+1.5)) +
exp (n* (rx+2.5) * (rx+2.5) }+exp{n* (rx+3.5) * (rx+3.5)))):

L dl = log( (exp(n* (rx+3.5)* (rx+3.5) ) +exp (n* (rx+2.5) * (rx+2.5)) +
exp (n* (rx-2.5)* (rg-2.5) ) +exp(n* (rx-3.5) * (rx-3.5)) )/
(exp(n*(rx+1.5)*(rx+1.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp (n* (rx-0.5)*{rx-0.5) ) +exp(n*{rx-1.5)*{rx=-1.5}))1};

L _d2 = log((exp{n* (rx+2.5)% (rx+2.5))+exp (n* (rx+1.5)* (rx+l.3)) +
exp (n* (rx-1.5)* (rx-1.5) ) +exp(n* (rx-2.8)* (rx-2.5)) )/
{exp (n* (rx+3.5) * (rx+3.5) ) +exp(n* (rx+0.5)* (rx+0.5)) +
exp(n* (rx-0.5)* (rx-0.5) ) +exp (n* (rx~3.5) * (rx-3.5)) )}/

D1_data[i] = L_do0;

if(i & O0xl)
{
Dl_parity[i] = L_dl;
D2_parity(i] = L_d2;
}
else
{
D1 _parity[i] = L_d2;

D2_parityli] = L_dl;
}

}
#endif

#ifdef R12_8AM

/*

* Channel:

* 40 is MSB and d2 is LSB in 8-AM: (d0,d1l,d2):

* 010---011---001---000-—-100~~-101---111---110
* -3.5 -2.5 -1.5 -0Q0.5 0.5 1.5 2.5 3.5
*/

/*

* Channel: we transmit two 8AM symbols to emulate a 640aM symdol.

* ¢ info bits and 6 parity bits are mapped to 2 64QAM symbols which in
* turn are simulated as 4 $AM symbols to achieve 3bit/s/Hz

*

* INT_SIZE to be a multiple of §

*/
n = (-1.0) / (2 * SIGMA_12_8AM * SIGMA_12_8AM);
for{i = 0; i < INT_SIZE; it+)
{
/* symbol 1 */
d0 = datali]);
dl = datafi+1];
d2 = Encllil;
tx = 2%d0 - 2*dl + 4*d0*dl - 1.0 + {({2*d0-1}*(2*d1-1))<0?(d2-0.5):(0.5-d2));
X = tx + SIGMA_l2 8AM * gasdev();

L d0 = log(({exp(nr(rx~0.5)*(rx-0.5))+exp(n* (rx-1.5)*(rz-1.5)) +
exp (n* (rx-2.5)* (rx=2.5)) +exp (n* {rx-3.5)* (rx-3.5) 1)/
(exp (n* (rx+0.5) * (rx+0.5) ) +exp (n* (rx+1.5)* (rx+1.5)) +
exp (n* (rx+2.5)* (rx+2.5) ) +exp (n* (rx+3.5) * (xx+3.5))))

L dl = log((exp(n*{rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp (n* (rx-2.5)* (rx=2.5) } +exp (n* {rx-3.5)* (rx-3.5)) )/
{exp (n* (rx+1.5)*(xx+l.5) ) +exp (n* {rx+0.5) * (rx+0.5)) +
exp (n* (rx-0.5)*(rx-0.5) ) texp(n* {(rx-1.5) * (rx-1.5))) )7

L d2 = log((exp(n*(rg+2.5)* (rx+2.5))+exp (n* (rx+1.5)* (rx+1.5)) +
exp (n* {rx-1.5)* (rx-1.5) ) +exp (n* (rx-2.5) * (rx-2.5}))/
{exp (n* (rx+3.5) * (rx+3.5) ) +exp (n* {(rx+0.5) * (rx+0.5))} +
exp (n* (rx-0.5) * (rx-0.5) ) +exp (n* (rx-3.5)* (rx-3.5))))

i

)
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D1_datali] ;
D1_dataf[i+1] _dl;
D1_parity{il] ;
Dl_parity[i+l]
D2_parity[i]

/% symbol 2 */

do = datali+2];
dl Encl[i+2];
dz Enc2{i+1];

txr 2%xd0 - 2*dl + 4*d0*dl - 1.0 + (((2*d0-1)*(2*d1-1))<02{d2-0.5):(0.5-d2));
rx
L_d0

tx + SIGMA 12 8aM * gasdev();

log((exp (n*(rx-0.5)* (rx-0.5)) +exp (n* (rx-1.5)* (rx-1.5})
exp(n* (rx-2.5)* (rx-2.5) ) +exp (n* (rx-3.5) * {(rx-3.5) 1}/
(exp(n* (rx+0.5) * (rx+0.5)) texp (n* (rx+1.5) *(rx+1.3)) +
exp(n* (rx+2.5) * (rx+2.5)) +exp(n* (rx+3.5) *(rx+3.5)}))

;

L dl = log((exp (n*{rx+3.5)* (rx+3.5) Y+exp (n* (rx+2.5) * (rz+2.5}) +
exp (n* (rx-2.5)* (rx-2.5) ) +exp(n* (rx-3.5) * (rx-3.5)))/
(exp(n*(rx+1.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp (n* (rx-0.5) * (rxk-0.5)) +exp(n*(xx-1.5) *(rx-1.5))));

L d2 = log((exp(n* (rx+2.5)* (rx+2.5))+exp (n* (rx+1.5)* (rx+1.5}} +
expin* (rg-1.5)* (rx-1.5)) +exp(n* (rx-2.5) * (rx-2.5)))/
(exp (n* (rx+3.5)* {rx+3.5) ) +exp(n* (rx+0.5) * (rx+0.5)) +
exp(n* (rx~0.5)* (rx-0.5) ) +exp (n* (xrx-3.5} *{rx~3.5))) };

Dl_data[i+2]

Dl _parityl[i+2]
D2_parity[i+1]
D2_parity[i+2]

/* gymbol 3 */

d0 = datali+3]:
dl datali+4]:
d2 Enc2[i+3];

tx 2%d0 - 2*dl + 4*d0*dl - 1.0 + {({{2*d0-1)*(2*d1-1))<0?(d2-0.5):{0.5-d2));
rx
L_do

tx + SIGMA 12 B8AM * gasdev();

log((exp(n*(rx—O‘S)*(rx—O.S))+exp(n*(rx—l.S)*(rx—l.S)) +
exp(n*(rX—Z.S)*(rx-2.5))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp (n* (rx+0.5) * (rx+0.5)) +exp (n* (rx+1.5) * (rx+1.5)) +
exp (n* (rx+2.5) * (rx+2.5) ) +exp(n* (rx+3.5) * (rx+3.5))) )}

Wy oy

L dl = log((exp(n*(rx+3.5)* (£x+3.5))+exp (n* (rr+2.5)* (rx+2.5)) +
exp(n*(rx-2.5)*(rx-2.5))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp (n* (rx+1.5) * (rx+1.5)) +exp {(n* (rx+0.5) * (rx+0.5)) +
exp (n* {rx-0.5)*{rx-0.5) ) +exp (n* (rx-1.5) *(rx-1.5))));

L_dZ = log((exp (n* (rx+2.5)* (rr+2.5) ) +exp (n*{rx+1.5)* {rx+1.5)) +
exp (n* (rx-1.5)* (zx-1.5)) +exp(n* (rx-2.5) * (rx-2.5) )}/
(exp (n* (rx+3.5)* (rx+3.5) ) +exp (n* (rx+0.5) *(rx+0.5)) +
exp (n* (rx-0.5)* (rz-0.5) ) +exp(n* (rx-3.5) *{rx=3.5))));

D1_datali+3] = L _do;
D1_datali+4] 1_dil;
D2_parity[i+3]
leparity[i+3]
D2_parity[i+4]

oy

L dz2;
0;
0;

/* symbol 4 */

do data[i+5];
dl Encl[i+4];
d2 Enc2{i+5];

= 2%d0 - 2*dl + 4*d0*dl - 1.0 + ({({2*d0-1)*(2*d1-1))<0?2(d2-0.5):(0.5-d2});
rx
L d0

tx + SIGMA 12_B8AM * gasdev();

log({ (exp(n* (rz—-0.5)*(rx-0.5))+exp (n* (rx-1.5)*(rx-1.5)) +
exp(n*(rx—2.5)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp (n* (xx+0.5) * (rx+0.5) ) +exp (n* (rx+1.5) * (rx+1.5)) +
exp (n* {rx+2.5) * (rx+2.5) ) +exp (n* (rx+3.5)* (rx+3.5))) ) :

g oy oy

L dl = log{ (exp(n* {rx+3.5)* (rx+3.5) ) +exp (n* (rx+2.5) * (rx+2.5)) +
exp (n* (rx-2.5)* {rx-2.5) ) +exp (n* (rx-3.5) * (rx-3.5}))/
+

(exp(n*(rx+l.5)*(rx+1.5))+exp(n*(rx+0.5)*(rx+0.5))

11
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exp(n* {rx-0.5)*{rx-0.5)) +exp (n* (rx-1.5)*(rx-1.5)})):

L d2 = log({exp{n* (rx+2.5) % (rx+2.5))+exp(n* (rx+1.5)* (rx+1.5)) +
exp(n* (rx-1.5)* (rx-1.5)) +exp (n* (rx-2.5) * (rx-2.5)))/
(exp(n* (rx+3.5) * (rx+3.5) ) +exp (n* (rx+0.5) *{rx+0.3)) +
exp(n* (rx-0.5)* (rx-0.5)) texp (n*(rx-3.5) * (rx-3.9)))):
D1_datali+5] = 1_do;

[N

D1_parity([i+4] L dl;
D2_parity[i+5] = IL_d2;
Dl_parity[i+5] = 0;

i = i+5;
#endif

#ifdef R23 8AM
/*
* Channel:
* d0 is MSB and d2 is LSB in 8-AM:(d0,dl,d2):

* 010---011---001---000---100---101---111---110
* -3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5 3.5
*/

n = (-1.0) / (2 * SIGMA 23 8AM * SIGMA 23 8AM);

for{(i = 0; i < INT_SIZE; i++)

d0 = datalil;
dl = datali+l];
if(i & 0x4)

d2 = Encl[i]:

d2 = Enc2[i]:

b4 = 2*d0 - 2*dl + 4*d0*dl - 1.0 + (((2*d0-1)*(2*d1-1))<07?(d2-0.5):(0.5-d2));
rx = tx + SIGMA_23_BAM * gasdev()s
L_d0 = log{(exp(n*{rx-0.5)* (rx-0.5))+exp(n* (rx-1.5)* (rx-1.3))

(exp (n* (rx+0.5) * (rx+0.5) ) +exp(n* (rx+1.5) * (rx+1.5)
exp (n* (rx+2.5) * (rx+2.5)) +exp (n* (rx+3.5) * (rx+3.5)})

4

exp (n* (rx-2.5) * (rx-2.5)) +exp(n* (rx-3.5)*(rx-3.5)) )/

-

)

L_dl = log{(exp(n* (rx+3.5)* (rx+3.5)) +exp (n* (rx+2.5)* (rx+2.5)) +
exp(n*(rx—Z.S)*(rx—2.5))+exp(n*(rx-3.5)*(rx—3.5)))/

(exp (n* (rx+1.5) * (rx+1.5)) +exp (n* (rx+0.5) *(rx+0.35)) +

exp(n* (rx-0.5)* (rx—0.5)) texp (n* (rx-1.5) *(rx-1.5)))};

L d2 = log((exp(n* (rx+2.3)* (rx+2.5))+exp (n* (rx+1.5)* (rx+1.3)) +
exp (n* {rx-1.5)* (rx-1.5)) +exp (n* (rx-2.5) *(rx-2.5)))/
(exp(n* (rx+3.5) * (rx+3.5)) +exp (n* (xx+0.5) * (rx+0.5)) +
exp(n* (rx-0.5) * (rx-0.5)) +exp (n* (rx-3.5) *(rx-3.5)}));

D1_datal[i] = L _do;
Dl _datal[i+l] = L_dl;
if(i & 0x4)
{
D1_paritylil = L_d2;
D1_parity[i+l] = O;
DZ2_paritylil = 0;
D2_parity[i+l] = 0;
}
else
{
D1_paritylil = 0;
D1_parityli+l] = 0;
D2 parityli] = L _dz;
D2_parityl[i+l] = 0;

it+;
}
#endif

12
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#ifdef R35 32QAM
T
* I dimension:

* d0 is MSB and dZ is LSB in 8-AM: (d0,di,d2):

* 010---011---001---000---100---101---111---110

* -3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5 3.5

* @ dimension:

* d0 is MSB and dl is LSB in a 4-AM:(d0,dl):

* 01----00----10----11

* -1.5 -0.5 0.5 1.5

*

*

* We transmit one 8AM symbol and one 4AM symbol to emulate a 32QAM symbol.
* 6 info bits and 4 parity bits are mapped to 2 320AM symbols.
*

* INT_SIZE to be a multiple of 6

*/

for(i = 0; i < INT_STIZE; i++)
{
/* symbol 1: BAM */
dd = datalil];
dl = data(i+2];
d2z = Encl([i);
tx = 2*d0 - 2*dl + 4*d0*dl - 1.0 + {{(2*d0-1)*(2*d1-1))<02{d2-0.5):(0.5-d2));
rx = tx + SIGMA BAM of 320AM * gasdev();
n = (-1.0) / (2 * SIGMA_8AM of_320AM * SIGMA 8AM of 320QRM);
L do = log{{exp(n*(rx-0.5)*(rx-0.5))+exp(n* (rx-1.5)*{rx-1.3)) +
exp(n*(rx—Z.S)*(rx—Q.S))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp(n* (£x+0.5) * (rx+0.5) ) texp(n* (rx+1.5) *(rx+1.5)) +
exp (n* (rx+2.5) * (rx+2.5)) +exp(n* (rx+3.5) * (rx+3.58) )} )

L dl = log ({exp(n* (rx+3.5)* (rx+3.5)) texp(n* (rx+2.5) * (rx+2.5)) +
exp(n*(rx—2.5)*(rx-2.5))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp (n* (xrx+1.5) * (rx+1.5)) +exp(n* (rx+0.5) * {rx+0.5)) +
exp (n* (rz-0.5) * {rx—0.5) ) +exp(n* (rx-1.5) * (rx-1.5))}));

L dz = log( {exp(n* (rx+2.5) * (rx+2.5) ) +exp (n* (rx+1.5) * (rx+l.5)) +
exp(n*(rx—l.S)*(rx—l.S))+exp(n*(rx—2.5)*(rx—2.5)))/
(exp(n* (rx+3.5)* (rx+3.5)) texp(n* (xx+0.5) * (rx+0.5}) +
exp(n* (rx-0.5) * (rx-0.5) ) +exp(n* (rx-3.5) *(r8-3.5)}) )}

Dl_data[il] = L_d0;
D1_datafit+2] = L_d1;
D1_parity[i] = L_dZ;
Dl _parityl[i+l] = 0.0;
Dl_parity[i+2] = 0.0;
D2_parity(i] = 0.0;
D2_parity(i+2] = 0.0;

/* symbol 2: 4AM */
d0 = datali+l];
dl = Enc2[i+l];

tx = d0 - d1 + 2*d0*dl - 0.5;

rx = tx + SIGMA 4AM of 32QAM * gasdev(};

n = (-1.0) / (2 * SIGMA 4AM of_ 32Q0AM * SIGMA_4AM_ of_ 320QAM);

L do = log((exp (n* (rx-0.5)* (rx—0.5))+exp (n* (rx-1.5}*(rx-1.5))) /
(exp{n* (rx+0.5) * {rx+0.5) ) +exp (n* (xx+1.5) * (rx+1.5))));

L_dl = log((exp(n*{rx+l.5)*(rx+l.5))+exp(n*(rx—1.5)*(rx—1.5))) /
{exp{n* (rx-0.5)* (rx=0.5) ) +exp (n* (xx+0.3) * (rx+0.5)) )} ;

D1_data[i+l] = L _d0:

D2 _parity[i+l] = L _dl;

/* symbol 3: 8aM */

do = data[i+3];
d1 = data[i+5];

d2 = Enc2[i+4];

tx = 2%*d0 - 2*dl + 4*d0*dl - 1.0 + {{{2*d0-1)*(2*d1-1))<0?{d2-0.5):(0.5-d2));
rx = tx + SIGMA 8AM of 32QAM * gasdev();

n = (-1.0) / (2 * SIGMA_82M of 320AM * SIGMA 8AM of 32QaM);

13
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L_do = log((exp (n*(rx-0.5)* (rx-0.5) ) +exp (n* {rx-1.5) * (xrx-1.5)) +
exp(n*(rx—Z.S)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp (n* (rx+0.5) * (rx+0.5) ) texp(n* (rx+1.5) * (rx+l.5)) +
exp (n* (rx+2.5) * (rx+2.5) ) texp(n* (rx+3.5) * (rx+3.5}) )}

log{(exp (n* (rx+3.5)* (rx+3.5) ) +exp (n* {rx+2.5) * (rx+2.5)) +
exp (n* (rx-2.5) * (rx-2.5) ) +exp (n* (rx-3.5) * (zx=3.5}))/
{exp(n* (rx+1.5)* (rx+1.5)) +exp(n* (rx+0.5) * (rz+0.5)) +
exp (n* (rx-0.5)*(rx-0.5)) +texp (n* (rx-1.5) * (rx-1.5)}));

1_d1

exp (n* (rx-1.5)#* (xx-1.5) ) +exp (n* (rx-2.5) * (rx-2.5)) )/
{exp{n* (rx+3.5) * (rx+3.5) ) +exp (n* (rx+0.5) * (rx+0.5)} +

L d2 = log((exp(n* (rx+2.5)* (rx+2.5) ) +exp(n* (rx+1.3) * {(rx+1.5)) +
exp{n* (rx-0.5) * (rx—-0.5) ) +texp (n* (rx-3.5) * (rx-3.5)}));

D1 _datal[i+3] = L_d0:
D1 datali+5] = L dl;
D1 parity([i+4] = 0.0;
D1l_parity[i+5] = 0.0;
DZ_parity[i+3] = 0.0;
D2_parity(i+4] = L_d2;
D2_parity[i+5]1 = 0.0;

/* symbol 4: 4AM */
d0 = datal[i+4]:
dl = Encl[i+3];

tx = d0 - dl + 2*d0*dl - 0.5;
r< = tx + SIGMA_4AM of 320AM * gasdev();
n = (-1.0) / {2 * SIGMA 4AM of 320QAM * SIGMA_4AM_of_ 32QAM);

L d0 = log((exp(n* {rx-0.5) * (rx-0.5) ) +exp (n* (rz-1.5) *(rx-1.5))) /
(exp (n* (rx+0,5)* (rx+0.5) ) +exp (n* (rx+1.5) * (rx+1.5)}) ) ;
L_dl = log(({exp{n* (rx+l.5)* (xx+L.5))+exp (n* (rx-1.5)*(rx-1.5)}) /
(exp (n* (rx-0.5)* (rx-0.5) ) +exp (n* (rx+0.5} * (rz+0.5)}));
Dl1_data[i+4] = L _do;
D1_parity[i+3] = L_d1;
i = i+5;
}
#endif

4ifdef R46_64QAM TTCM VoCAL
/* Option 4
Channel: I & Q defined as

*

* =l===-- | ===== | === fom—— [===== |===== |—==- =

* -3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5 3.5

* the 64QAM symbol is defined as: (ul, u2, u3, u4, ubd, ub)
* where u4 = d0

* u3d = dil

* u2 = p0 parity from ENC H

* ul = gl parity from ENC_V

* 5 = d uncoded

* u6 = d uncoded

* Use s4096v interleaver — only first 2048 bits are interleaved
*/

n = (=1.0) / (2 * SIGMA_46_64QAM * SIGMA_46_64QAM);
for(i = 0; 1 < INT_SIZE/Z -1

{

/* Encode only first half of INT_SIZE
* d0, d1, 42, d3,... up to INT_SIZE/2 - 1
* p0d, 0, P2, O,...

* 0, ql, 0, g3,...
*/

u4 = datalil;

u3 = datal[i+l]s

u2 = Encl[i];

ul = Enc2[i+1];

ub = data[i+INT_SIZE/2]:

ué = data[i+INT_SIZE/2+1]:

k = ué+2*ub+4*ud+8*uld+lé*u2+32*ul;

14
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find tx I(k);
find tx Q(k);
tx I + SIGMA_46_64QAM * gasdev();
tx_Q + SIGMA_46_640AM * gasdev();

log{(exp(n* ({rx_T+3.5)*{rx_I+3.5)

exp (n* ((rx_I+1.5)*(rx I+1.5)
exp(n* ({rx I-0.5)*(rx_X-0.5)

exp(n* ((rx_I-2

exp(n* ({rx_I+2.
exp (n* ({xx_I+0.
exp(n* ({rx_TI-1.
exp (n* ({rx_I-3.
exp(n* ({rx_I+3.
exp(n* ((rx_I+1l.
exp(n* ((rzx_I-0.
exp(n* ((rx_I-2.
exp(n* ((rx_TI+2.

exp(n* (
exp(n* {((rzx_I-1
exp(n*{(rx_I-3

(rx_I+0.

5)*(rx_I-2.5})
5)* (xx_T+2.5}
5)* (rx_I+0.5)
5)*(rx I-1.5)
5)*(rx_I-3.5)
5)* (rx_I+3.5)
5)* (rx_I+1.5)
5)* (xx_I-0.5)
5)*(rz_I-2.5)
5)*(rx_I+2.5)
5)*(rz_I+0.5)

5y*(rx_I-1.5)
.5)*(rx_I-3.5)

exp(n* {(rx_TI+3.
.5)*(rx_I+1.5)
.2)*(rx_1-0.3)

(

exp(n* ({rx_I+1

exp(n*{(rx_I-0
(

exp(n* ({rx_I-2.
L5)* (rx_I+2.5)

exp(n* {(rx_I+2

exp (n* ({rx_I+40.
exp(n*{(rx_I-1.
exp(n* ((rx_I-3.
exp (n* ((rx_I+3.
exp(n* ({rx_I+l.
exp(n* ((rz_I-0.

exp(n* ((rx_I-2.5)%*
5)*
*

exp (n* ((rx_I+2

exp(n*{(rx I+0.
exp{n* {(rx_I-1.
exp(n*{(rx_I-3.5
.5
exp{n*({rx_I+0.5)*

(exp (n* ((rx_I+2

exp(n* ((rx_T-1.
exp(n*({rx_I-3.
exp (n* ({rx_I+3.
exp (n* ((rx_I+1.
exp (n* ((rx_I-0.
exp(n* ((rx_I-2.

exp (n* ((rx_I+C.
exp(n*((rx_I-1.
exp(n* ({rx_I-3.

exp (n* ( (xx_I+3
exp (n* ( (rx_I+1

(
{
(
exp (n* ((rx_I+2.
(
(
(
(

exp(n*((rx_I-0.
exp(n*((rx_I-2.
exp (n* ((rz_I+2.
exp{n* ({(rx_I+0.
exp (n* ((rx_I-1.
exp(n* ((rx_I-3.
exp(n* ((rx_T+3.
exp(n* ((rx_I+1.
exp (n* ({rx_I-0.
exp(n* ((rx_I-2.
exp{n* ({rx_T+2.
exp (n* ({rx_I+0.

exp(n*
exp(n*

(rx_I-1.
(rz_T-3.

exp(n* {({rx_I+l.
exp(n*((rx_I-0.
exp(n*((rzx_I-2.

(
(
exp(n* ((rx_I+3.
(
(

5)*(rx_I+3.5)

5)*(rx_I-2.95)

5y *{rx_I+0.5)
5)*(rx_I-1.5)
5)*{rx_T-3.5)
5)*(rx_I+3.5)
5)*(rx_I+1.5)
5)*{rx I-0.5)

y*(rx_I-2.5)

(rz_I+2.5)
5)#* (rx_I+0.5)
5)*(rx_I-1.5)

y*(rx_I-3.5)
(rx_I+2.5)

)* (rx_I+0.5)
5)*(rx_I—l.5)
5)* (rx_I-3.5)
5)*(rx_I+3.5)
5)*(rx I+1.5)
5)*{rx_I=-0.5)
5)* (rx_I-2.5)
5)* (rx_TI+2.5)
5)* (xx_I+0.5)
5)*(rx _I-1.5)
5)*(rx I-3.5)

.5)* (rx_I+3.5)

5)* (rx_I+1.3)
5)* (rx_I-0.5)
B)*(rx_I-2.5)
5) % (rx_I+2.5)
5)*(rz_I+0.5)
5)*(rz_I-1.5)
5)*(rx_I-3.5)
5)*{rx_I+3.5)
5)*(rx_I+1.5)
5)*(rx_I-0.5)
9)*(rx_I-2.5)
$)*(rx_TI+2.5)
5) *(rx_I+0.5)
5) *(rx_I-1.3)
5) *(rx_I-3.5)
5)*(rx_I+3.5)
5)*(rx_I+1.5)
5)*(rx_I-0.5)
5)*(rx_I-2.5)
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{rx_Q-3.5)* (rx_0-3.5))) +
.5) * (rx_Q-3.
.5)*(rx_Q-3.
S)Y*(rx -3,
L5)*{rx_Q-2.
L5)*(rx_Q-2.
L5)* (rx Q-2.
LS5)*{rx Q-2.
L5) *(rx_Q-1.
SO)*(rx_Q-1.
5)*(rx_Q-1.
L5y ¥ (rx_Q-1.
LS)y*{rx_0-0.
.B)*{rx_Q-0.
JB)* (rx_Q-0.
.5)*(rx_Q-0.
.5)* (rx_Q+0.
L5 * (rx Q+0.
.5)* (rz_Q+0.
L5)*(rx _Q+0.
L5)*(rx_Q+l.
.5)* {rx_Q+l1.
5)* (rx_Q+1.
5) * {rx_Q+1.
5) *{rx_Q+2.
5)* (rx_Q+2.
5) *{rx_O+2.
5)*(rx_Q+2.
5)* (rx_Q+3.
5)* (rx_Q+3.
5)* (r®_Q+3.
5)* (rst_Q+3.
5)* (rx_Q-3.
5) * (rx_Q-3.
5)* (rx_Q-3.
5)y* (rx_Q-3.
5)* (rx_Q-2.
5)y*(rx_Q-2.
5)*(rx_0-2.
LBy *(rx_Q-2.
S)y*(rx_O-1.
5)*(rx_Q-1.
5y *(rx_Q-1.
5)*(rx Q-1.
5)*(rx_Q—O.
5)*(rx_Q-0.
5)*{rx_Q-0.
5)* (xx_Q-0.
5)* (rx_Q+0.
5)* (rx_Q+0.
5)* (rx_Q+0.
5) * (rx_Q+0.
5)* (rz_Q+1.
5)*% (rx_Q+l.
5)*(rx_Q+1.
5)* {rx_Q+1.
5) * (rx_Q+2.
5)*{rx_Q+2.
5)* (rx_Q+2.
5)* (rx_Q+2.
5)* (rx_Q+3.
5)*(rx_Q+3.
5)* {rx_Q+3.
5)* (rx_Q+3.

" M
1 (! [
E)()()? (JOIO 00 Qlo ol ol o

(rx O+1.
(rx_Q+1.
(rs_Q+2.
(rx_Q+2.
(rx Q+2.
(rx_Q+2.
(rx_Q+3.
(rx_Q+3.
(rx_Q+3.
(rx Q+3.
(rz_Q-3.
(rx_Q-3.
(rzx_Q-3.
{rx_Q-3.
(xx_Q-2.
(xx_0-2.
(rx Q-2.

(rz_Q-2

(rx_Q-1.
(rx_Q-1.
(rx_0Q-1.
(rx_Q-1.
(rz_Q-0.
(rx_Q-0.
(rx_Q-0.
(rx_Q-0.
(rz_Q+0.
(rx_0+0.
(rx_Q+0.
(rx_Q+0.
(rx Q+1.
(rx_Q+1.
(rx_Q+1.
(rx_Q+1.
(rx_Q+2.
(rx_Q+2.
{rx_Q+2.
{rx Q+2.
(rx_Q+3.
(rx_Q+3.
(rx_Q+3.
(rx_Q+3.

5)
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L dl = log((exp(n*((rx_1+3.5)*(rx_I+3.5)

exp(n* {(rx_ I+2.
exp(n* ({rx_T+1.
exp (n* ((rx_I+0.
exp (n* ({rx_I-0.
exp(n*((rx I-1.

exp (n* ((rx_I-2.

exp(n*{ (rx_I-3.

exp(n*{(rx_I+3.
exp (n* ((rx_I+2.
exp (n* {(rx_I+l.
exp (n* ((rx_TI+0.

exp (n* ((rx_I-0.
exp (n* ({rx_I-1.
exp {n* { (rx_I-2.
exp (n* ((rx_I-3.
.5)* (rx_I+3.5)

exp{n* {{(rx_I+3
exp (n* rx_I+2.
exp(n* ((rx_I+1.
exp (n* ((rx_I+0.

exp(n* ((rx_I-1.
exp (n* ((rx_I-2.
exp(n* ({rx_I-3.
exp (n* ((rx_I+3.
exp (n* ((rx_I+2.

exp (n* ((rx_T+1.
exp (n* ((rx_I+0.
exp (n* ((rx_I-0.

exp(n* ((rx_I-1.

exp(n*((rx I-2.
exp(n* ((rx_I-3.
(exp (n* ({rx_I+3.
exp(n* ((rx_I+2.
exp(n* ((rx_I+1.
exp(n* { (rx_I+0.
exp (n* ((rx_I-0.
exp{n* ((rx_I-1.
exp(n* ({rx_I-2.
exp (n* ({rx_I-3.

exp (n* ({rx_I+3.
exp (n* ((rx_T+2.
exp (n* ((rx_I+1.
(rx_I+0.
exp (n* {(rx_I-0.
exp (n* ((rx_I-1.
.5)* (rx_I-2.5}

exp{n*(

exp (n* ({rx_I-2

exp(n* ((rx_I-3.
exp (n¥ ( {(rx_I+3.
exp(n*{(rx_I+2.
exp(n* {(rx_I+1.
exp(n* {(rx_I+0.
exp(n* { (rx_I-0.
5)*(rx_I-1.9)
exp (n* ({rx_I-2.
exp(n* ((rx_I-3.
exp{n* ((rx_I+3.
exp{n*{ (rx_I+2.
exp(n* {{(rx_I+1l.
exp (n* ((rx_I+0.
exp(n* ({(rx_I-0.
exp (n* ((rx_I-1.
exp(n* ((rx_I-2.
exp(n* ( (rx_I-3.

(

exp (n* ({rx_I-1
{
(

(
(
(
exp (n* ({rx_I-0.
(
(
(

5)* {rx_I+2.5)
5)* (rx_I+1.5)
5)* (rx I+0.5)
5) % (rx_I-0.5)

5)*(rx_I-1.5) .

5)*{rx_I-2.5)
5)* (rx_I-3.5)
5)* (rx_I+3.5)
5)* (rx_I+2.5)
5)* (rz_I+1.5)
5)* (rx_I+0.5)
5)* (rx_I-0.5)
5)*(rx_I-1.5)
5y *(rx_I-2.5)
5y ¥ (rx_I-3.5)

5)* (rx_I+2.5)
5)*(rx_I+1.5)
S)* (rx_I+0.5)
5)* (rx _I-0.3)
5)* (rx_I~1.5)
5)* {rzx_I-2.3)
5)* (rx_I-3.5)
5)* (rx_I1+3.5)
5)* (rx_I+2.5)
5)* {rx_I+1.5)
5)* (rx_I+0.5)
5)* (rx_I-0.5)
5)* (rx_I-1.5)
5)* (rx_I-2.5)
5)*(rx_I-3.5)
5)*(rx_I+3.5)
5)*{rx _I+2.5})
5)*(rx_I+1.5)

5)* (rx_I+0.5)
Sy (rx I-0.5)
5)*(xx I-1.5)
5)*(rx I-2.95)

5)*({rx_I-3.5)
5)* (rx_I+3.5)
5)* (rx_T+2.5)
5)*(rx_I+1.5)
5)* (rx_I+0C.5)
5)* (rx_I-0.5)
5)*(rx_I-1.5)

5)*(rx_I-3.5)
5)* (xx_I+3.3)
5)*(rx_I+2.5)
5)*(rx_T+1.5)
5)*(rx_I+0.5)
5)*(rx_I-0.5)

5)y*(rx_I-2.5)
5)*(rx_I-3.5)
5)# (rx_I+3.5)
5)*(rx_I+2.5)
5)*(rx_I+1.5)
5)* (rx_I+0.5)
5)* (xx_I-0.5)
5)*(rx_I-1.5)
5)*(rx_I-2.5)
5)* (rx_I-3.5)

L d2 = log{(exp (n* ((rx_I+1.5)*(rx_I+1.5)

exp(n* {{rx_TI+0.
exp(n* ({rx_I-2.
exp(n* ((rx_I-3.5
exp(n* ((rx _I+1.5
exp(n*{ (rx_I+0.

5)*(rx_I+0.5)
5)*(rx_I-2.5)
y*({rx_I-3.5)}
y*{rx _I+1.5)
5)* (rx_I+0.5)
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+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

(rz_0-3.

(rxz Q-3.
(rx_9-3

(rx_Q-3.5
(rx ©-3.5
(rx_0-3.5
(rx_0-3.5

(rx_Q-3.

)

}

)

}

)

)

)

(rz_Q-1.5 )
LB)*(rx_0-1.5))
)

)

)

)

)

)

}

(rx_0-1
(rx_Q-1.
(rx_Q-1.
{rx_Q-1.
{rx_Q-1.

{rz_0-1.5)

{rz_Q-1.
(rx_Q+0.
(rx_Q+0.
(rx Q+0.
{rx_Q+0.

(rx_Q+0.5)

{rx_O+0.
(rx_Q+C.
(rz_Q+0.
(rx_Q+2.
(rx_Q+2

{rx Q+2.
(rzx_g+2.
(rz_Q+2.
{rx_Q+2.
(rx_Q-2
(rx_Q-2.

(rx_0-2.5)
L5y * (rx_Q-2.5)
(rx Q-2.5

(rx_Q-2

(rz_Q-2.
(rx_0-2.
(rx_Q-2.
(rx_Q-0.
(rx_Q-0.
(rx_0-0.
(rzx_Q-0.
(rx_Q-0.
{rz_0-0
{rx_Q-0.
(rx_Q-0
(rx_Q+1.
(rx_Q+1.
(rx_Q+1.5
(rx_Q+l.
(rx_Q+1.

(rx_Q+1.5

(rx_Q+1.
(rx_Q+1.
(rz_0Q+3.
(rz_Q+3.

(rz_Q+3.5

(rz Q+3.
(rx_Q+3.
(rx_Q+3.
{rx_0Q+3.
(xx_0Q+3.

(rx_Q-3.
L5)* (rx Q=3.5))

(rx_0Q-3
(rx_0-3.
(rx_0Q-3
(rx_Q-2.
(rx Q-2.

.5)* (rx_Q-3.5)

LB)* (rx_Q-2.5)

5)* (rx_Q-3.5)})
5)* (rx_0-3.5)

) * (rx_0Q-3.5)
)* (rx_Q-3.5)
y*(rxx Q-3.5)
) (rx_Q-3.5)
5)* (rx_Q-3.5)
Y*{rx_0-1.9)

5)* (rx_Q-1.5)
5)*(rx_Q-1.5)
5)*(rx_Q-1.5)
5)*(rx_Q-1.5)
*{rx_Q-1.5)
5)*(rx_0Q-1.5)
5)*(rx 0+0.5)
5)* {rx_Q+0.5))
5)* (rx_Q+0.5)))
5)* (rz_0Q+0.5)))
*(rx_Q+0.5)))
5)* (rx_Q+0.5)))
5)* (xx_0+0.5}))
5)* (rx_Q+0.5)))
5)% (rx_Q+2.5)))

L5)* (xx_0+2.5)))
(rz_Q+2.5
(rx_Q+2.5)

Y*(rx_Q+2.5)))
*(rx_Q+2.5)))
SYy*(rx _Q+2.5)))
5)*{rx_Q+2.2511))
5)* (rx_Q+2.5)))
5)* (rx_Q+2.5)))

)

5)* (rx_Q-2.9)
*(rx_Q-2.5)

)* (rx_0-2.5)
5)* (rx_Q-2.5)
5)*(rg_Q-2.5)
5)*(rx_Q-2.5)

5)*(rx_0-0.5)
5)*({rx_0Q-0.9)
5)*(rx_Q-0.5)
5)*(rx_0-0.5)

5)* (rx_0Q-0.3)
.B)* (rx_Q-0.5)

$) * (rx_Q-0.3)
L5)*{rx_Q-0.5)

5)*{rx_Q+1.5)

5)*{rx_Q+1.5)

y*(rx_Q+1.5)
5)* {rx_0Q+1.5)
5)* (rx Q+1.5)
Y*(rx_Q¥l.5)
5)* (rx_Q+1.5)
5)*(rx_Q+1.5)
5)*(rx_Q+3.9)
5)*{rx_0Q+3.5)

*
*

*{rx Q+3.5)
*(rx_Q+3.5)

5)*(rx_Q-3.5)))
5)* (rx_Q-3.5))

5)* (rx_Q-2.,5))
5)y*(rx_0-2.3))

}
)
L5y * (rx_Q-3.5)))
)
)

-
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COMPUTER PROGRAM LISTING APPENDIX

exp (n* ((rx_I-2.
exp(n* ({rx_I-3.
exp(n*{ (rx_IL+3.

exp(n* ((rx_I+2Z.
exp{n* ((rx_I-0.
exp(n* ((rx_I-1.
exp(n* ((rx_I+3.
exp(n* ((rx_T+2.
exp(n* ((rx_I-0.
exp(n*((rx_I-1.

((rx_I-3.
exp (n* ((rx_I-2.

(

exp{(n*
exp(n* ((rx I+l.
exp (n* { (rx_I+0.
exp (n* { (rx_I+0.
exp (n* ((rxz_I+1.
exp (n* ( (rx_TI-2.
exp (n*{{rx_I-3.
exp (n* ((rx I+3.
exp (n* ({rx_I+2.
exp (n* ( (rx_I-1l.

exp {n*((rx_I-0.
exp (n* ((rx_T-0.
exp (n* ((rx_T-1.
exp(n* ((xx_T+2.
exp(n* ((rx_I+3.
(exp (n* { (rx I+3.
exp n*((rx_I+2.
((rx_I-0.
(

{
exp (n*
exp (n* ( (rx_I-1.
exp (n* ((rx_T+3.
exp (n* { {(rx_I+2.

( *

exp (n* {(rz_I-0.
* ({rx_TI-1.
exp(n*((rx_l+l.
exp (n* ((rx_I+0.
exp (n* ((rx_I-2.
exp(n* ({rx_I-3.
exp(n* ((rx_I+1.
exp(n* ((rz_I+0.
exp(n* ((rz_I-2.
exp({n* ((rx I-3.
LBy*(rx I-1.5)
L5y *(rx_I-0.5)

exp (

exp (n* ({rx_I-1
exp (n* ((rx_I-0

exp (n* ((rx_I+2.
exp (n* { (rx_I+3.
exp{n* ((rx_I+3.
exp (n* {((rx_TI+2.
{{rx_1-0.
exp(n* ({rx_I-1.
L5)* (rx_I+1.3)

exp (n*

exp(n* ((rx_T+1

exp(n* ((rx_I+0.
exp(n* ((rx I-2.
exp{n* ((rx_I-3.
exp(n* {(rx I-3.
exp(n* ((rx_I-2.
exp(n* ({(rx_I+0.
exp (n* ({(rx_I+1.

exp (n* ((rx_I+0.5
exp(n*((rx I-0.
exp (n* ( (rx_I-1.
exp(n* ({rx_I-2.
exp (n* ( (rzx_I-3.

exp(n* ((rx_I+3.
exp(n* ((rx_I+2.
exp (n* ((rx_I+1l.
exp{n* ({rxz_I+0.

5)*(rx_ .3)
S)*{rx I 3 5)
5)* {rx_I+3.53)

5)*(rx_1+2 5)
5)*{rx_I-0.5)
5)* (rx_T-1.5)
5)* (rx_I+3.5)
5)* (rx _I+2.5)
5)*(rx_I-0.5)
5)*(rx_I—1.5)
5y *(rx_I-3.5)
5)*(rx_I-2.5)
5)* (rx_I+1.5)
5)* (rx_I+0.5)
5)*(rx_I+0.5)
5)*{rx_I+1.5)
5)*{rx_I-2.5)
5) * (rx_I- -3.5)
5)* (rx_ I+3.5)
5) *{rx_I+2.5)
5)*(rx_I-1.5)
5)*(rz_I-0.5)
5)*{rx_I-0.5)
5)* (rx_I-1.5)
5)*(rx_I+2.5)
5)* (rx I+3.5)
5)* (rx_I+3.5)
5)* (rx_I+2.5)
5)*(xrx_I-0.5)
5)* (rx_I-1.5)
5} * (rx_I+3.5)
5)* (rx_I+2.53)
5y* (rx_I-0.5)
5y * (rx_I-1.5)
5)* (rx_I+1.5)
5)* (rx 1+0.5)
5)* (rx_I-2.5)
5)* (rx_I-3.5)
5y % (rx_I1+..%5)
5)* (rx_I+0.5)
5)*(rx_I-2.5)
5)* (rx_I=-3.5)

5)* {rx_I+2.5)
5)*{rx_I+3.5)
5)* (rx_I+3.5)
5)*(xx_I+2.5)
5)* (xx_I-0.5)
5)* (rx_I-1.5)

5)* (rx_TI+0.5)
5)*{rx I-2.5)
5)* {rx_I-3.5)
5)*(rx_I—3.5)
5)*(rx_I-2.5
5)* (rzx_I+0.5
S)*(rx_I+1.5

log((exp(n*((rx_I+3.5)*(rz_I+3.5)
exp(n* ((rx_I+2.
exu(n*((rx_1+1.

5)*(rx_I+2.5)
5)*{rx_I+1.5)

) * {rx_I+0.5)
5)*(rx_I-0.5)
5)*(xx_I-1.5)
5y*{rx_I-2.5)
5)* (rx_I-3.3)
5)*(rx_I+3.5)
5)* (rx_TI+2.5)
5)* (rx_I+1.5)
5)* (rx_I+0.5)

17
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(rx 0-2.5)*(rx_Q-2.5
(rx_Q-2.5)*(rx_Q-2.5
(rx Q-1.5)* {rx_| Q0-1.5
(rz_Q-1.5)*{rx_Q-1.5
(rz_0Q-1.5)*{rx_Q-1.5

)
)
)
)
)
(rx_Q-1.5)*(rx_Q-1.5)
(rx_0-0.5)*(rx_Q-0.5)
(rx_0Q-0.5)*{rx_{Q-0.5)
(rx_Q-0.5)*(rx_Q-0.5)
(rzx ©-0.5)*(rx_0-0.5)
(rx Q+0.5)* (rx_0Q+0.5}
(rx_Q+0.5) * (rx_0+0.5)
(rx_Q+0.5) * (rx_Q+0.5)
(rx_0Q+0.5) * (rx_Q+0.5)
(rx_Q+1.5)*(rx_Q+l.5)
(rz O+1.5)* (rx_Q+1.5)
(rx_Q+1.5)* {rx_Q+1.5)
(rx_Q+1.5)* (rx_Q+1.5)
(rx Q+2.5)* (rx_Q+2.5)))
(rz_Q+2.5)* (rx_Q+2.5)})
{rx_Q+2.5)* (rx_Q+2.5)))
(rx_Q+2.5)* (rx_0+2.5)))
(rx_Q+3.5)* (rx_Q+3.5)))
(rx_Q+3.5)* (rz_0+3.5)))
(rz_Q+3.5)* (rx_0+3.5)))
(rz_Q+3.5)* (rx_0Q+3.5))))
{rx_Q-3.5)*(rz_0-3.5)
(rx ©-3.5)*(rzx_Q-3.53)
(rx_Q-3.5)* (rx_0-3.3)
{(rx_Q-3.5)*(rx_Q-3.5)
(rr_Q-2.5)*(rx_Q-2.5)
(rx_Q-2.5)* (rx_0-2.5)
(rr_Q-2.5)*(rx_0-2.3)
(rx_Q-2.5)*(rx_Q-2.5)
(rz_Q-1.5)*(rx_Q-1.5)
(rx_0-1.5)*(rx Q-1.5)
(rx_Q=-1.5)* (rx_ Q 1.5)
(rz_Q-1.5)*(r )
CIX_Q—O-S)*(rx Q 0.5)
(rz _0-0.5)* (rx_ )
(rx_0Q-0.5)* {xx_| )
(rx_Q—O.S)*(rx_Q 0.5)
(rx_0+0.5)* (rx_Q+0.5)
(rx_0+0.5)* (rx_0Q+0.5)
(rx_Q+0.5)* (rx_0+0.5)
(rx_Q+0.5)* (rx_Q+0.5)
(rx_Q+1.5)* (rx_Q+1.5)
(rx_Q+1.5)*(rx_Q+1.5)
(rx Q+1.5)* (rx_Q+1.5)
(rx_Q+1.5)*(rx_Q+1.5)
(rx_Q+2.5)* (xx_Q+2.3)
(rxz_Q+2.5)* (rx_Q+2.5)
(rz Q+2.5)* (rx_Q+2.5)
(rx_Q+2.5) * (rx_Q+2.5)
(rx _Q+3.5)* (rx_Q+3.5)
(rx_Q+3.5)* (rx_0Q+3.5)))
(rx_Q+3. 5)*(rx_Q+3.5)))
(rx_Q+3 5)* (rx_Q+3.5))))
(rx_Q-1.5)*{rx_Q-1.5}))
(rx_Q—l.S)*(rx_Q-l.S)))
(rx_Q-1.5)*(rx_0-1.5}))
(rx QO-1.5)*(rx_Q-1.5)))
(rx_0-1.5)*(rx_0-1.5)))
(rx_Q-1.5)*(rx_0-1.5)))
(rx_Q-1.5)*(rx_Q-1.5)))
(rx_Q-1.5)*(rx_Q-1.5}))
(rx_Q-0.5)*(rx _Q-0.5)))
(rx_0-0.5)*(rx_0Q-0.5)))
(rz_Q-0.5)*(rx_Q-0.3)))
(rx_Q=0.5)*(rx_0-0.5)))

T T T s T e N

/

+ 4+t

+
"
+
+
+
+
+
+
+
+
+
4
"
+
+
+
+
+
+
+
+
+
+
)

;

+

N

May 2, 2002



US 2002/0051501 Al

Dl _datali]

D1 datali+1]

51

COMPUTER PROGRAM LISTING APPENDIX

exp (n* {{rx_I-0.5)* (rx_
exp (n* ((rx_I-1.5)*(rx_
exp (n* ((rx_I-2.5)* (rx_I-2.5)
exp(n*((rx_I-3.5)*(rxéI-3.5)
exp(n* ((rx_I+3.5)* (rx_I+3.5)
exp(n* {(rx_I+2.5)*(rx_I+2.5)
exp (n* ((rx I+1.5)* (rx_I+1.5)
exp(n*((rx_I+0.5)*(rxﬁI+O.5)
exp (n* ((rz_I-0.5)*(rx I-0.5)
exp (n* { (rz_I~1.5)* (rx_I-1.3)
exp(n*((rx_I-2.5)*(rx_I—2.5)
exp (n* ((rx_I-3.5)*(rz_I-3.5)
exp (n* ((rx I+3.5)*(rx_I+3.5)
exp (n* ((rx_I+2.5)*(rx_I+2.5)
exp (n* ((rx_I+1.3)* (rx I+1.5)
exp (n* ( (rx_I1+0.5)* (rx_I+0.5)
exp (n* ((rx_I-0.5)*(rx_I-0.5)
exp(n* ((rx_I-1.5)*(rx_I-1.5)
exp(n*((rx_I-Z.S)*(rx_I—z.S)
exp(n* ({rx_I-3.5)*{rx_I-3.5)
(exp(n* ((rx_TI+3.5)*(rx_I+3.5)
exp(n* ((rx_I+2.5)* (rx I+2.5)
exp(n* ((rx_I+1.5)*(rx I+1.5)
exp{n* ({rx_I+0.5)*(rx_I+0.5)
exp{n* ({rx_I-0.5)*(rx_I-0.5)
exp(n*({rx*I—l.5)*(rx_I-1.5)
exp(n*((rx_I—Z.S)*(rx_I—Z.S)
exp (n* ((rx_I-3.5)%(xx_I-3.3)
exp (n* ((rx_I+3.5)* (rx_I+3.3)
exp (n* ({rx_I+2.5)% (rx_I+2.5)
exp (n* ( (rx_I+1.5)* (rx_I+1.3)
exp (n* ((rx_I+0.5)* (rx I+0.5)
exp (n* ((rx_I-0.5)*(rx_I-0.5)
exp{n* ((rx_I-1.5)*(rx_I-1.5)
exp(n*((rx:I-Z.S)*(rx_I—Z.S)
exp(n* {{rx I-3.5)*(rx_I-3.5)
exp(n* ((rx_I+3.35)*(rx_I+3.5)
exp (n* ( (rx_I+2.5)*(rx_I+2.5)
exp (n* { (rx_TI+1.5)%{(rx_I+1.5)
exp(n*((rx_I+0.5)*(rx_I+O.5)
exp(n* ({rx_I-0.5)*(rx_I-0.5)
exp (n* ((rx_I-1.5)*(rx_I-1.5)
exp (n* ({rx_I~2.5)*(rx_I-2.5)
exp[n*((rx_1—3.5)*(rx~1-3.5)
exp (n* ((rx_I+3.5)* (rx I+3.35)
exp(n* ((rx_I+2.5)*(rx I+2.3)
exp(n* ((rx_I+1.5)*(rx _I+1.5)
exp(n* ((rx_I+0.5)* (rx_I+0.5)
exp(n* ({rx_I-0.5)*{(rx_I-0.5)
exp(n*((rx_I-1.5)*(rx_I-1.5)
exp(n*((rx_1—2.5)*(rx_1-2.5)
exp(n*((rx_I—3.5)*(rx_I—3.5)

I-0.5)
I-1

L_d3;
L_dz2;

o

D1_datali + INT_SIZE/2] = rx_T;
D1_datali + INT_SIZE/2 + 1] = rx Qi
D1l _parityli] = 1 _dl:
D1_parity[i+l] = 0;

D2 _parity[il = 0;

D2_parity(i+l] = L_d0;

i=1i+2;

}
#endif

$ifdef R46_64QAM TTCM_Ungerboeck Map
/* Option3: conventional set partitioning used in TCM
* Channel: I & Q defined
* el Rl |===== | === == === f=m— |===-= 1=

18

+
+
¥
+
+
¥
+
+
+
+
+
+
+
¥
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
4
+
+
+
+
+
+
+
+
+
+

(rx _0-0.5)*(rx_0Q-0.5
(rzx_0-0.5)*(rx_Q-0.5
(rx_Q-0.5)*(rx_0-0.5
(rx_Q-0.5)*({rx _Q-0.5
(rx_Q+2.5) *(rx_Q+2.5
(rx_Q+2.5)* (rx_Q+2.5
(rx Q+2.5) *(rz_Q+2.5
(rx_Q+2.5)*{rx_Q+2.5
5)*(rx Q+2.5
5)*(rx_Q+2.5

5)* (rx_Q+2.5

5)* (rx_Q+2.5
5)*(rx_Q+3.5

5y *(rx_Q+3.5
5)*{rx_0Q+3.3
(rs_Q+3.5) * (rx_Q+3.5
(rx_Q+3.5) *(rx_0Q+3.5
(rx_Q+3.5)*(rx_Q+3.5
(rx_0+3.5)* (rx_0+3.5
(rx_Q+3.5) *(rx_Q+3.5
(rx_Q-2.5)*(rx_0-2.5
(rzx_Q-2.5)*({rx_Q-2.5
(rx_Q-2.5) *(rx_0-2.5
(rz_0-2.5)*(rx_Q-2.5
5

5

5

5

5

5

5

5

(rs_Q+2.
(rx_Q+2.
(rx_Q+2.
(rx_Q+2.
(rx_Q+3.
(rx_Q+3.
(rx_Q+3.

T T T T T N B

—

(rx_0-2.5)*{rx_Q-2.

(rx_Q-2.5)*{rx_Q-2.

(rx_Q-2.5)*{rx_0Q-2.

(rx_Q-2.5)* (rx_0-2.

(rx_Q-3.5)* (rx_0-3.

(rx_0-3.5)* (rx_Q-3.

(rx_Q-3.5)*(rx_Q-3.

(rx_Q-3.5)* (rx_Q-3.

(rx_Q-3.5) * (rzx_0-3.5
(rx_Q-3.5)*(rx_0-3.5
(Ix_Q—3.5)*(rx_Q—3.5)
(rx_Q-3.5}*(rx_Q—3.5)
L5)Y*(rx_Q+1.5)
L9y *(rx_Q+1.5)
L9y * (rx_Q+1.5)
L5Y*(rx_Q+1.3)
.5)* (xx_0+1.5)
.5)* (rx _Q+1.5)
LBy *{ex_Q+1.5) 1))
LB)Y* (rx_Q+l.
- .5)* (rx_Q+0.
(rx_Q+0>5)*(rx_Q+O.5)))
(rx_Q+0.5)* (xx_Q+0.
(rx_Q+0.5)* (rx_Q+0.
{rx_Q+0.5)*(rx_0+0.5)
(rx_Q+0.5)* (rx_0+0.5)
(rx_Q+0.5)*(rx_Q+O,5)
(rr_Q+0.5) * (rx_0+0.5)

A e e
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COMPUTER PROGRAM LISTING APPENDIX

* -3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5 3.5
* the 64Q0AM symbol is defined as: (ul, w2, u3, u4, us, ub)
* where

* ué = do

* ub = di

* ud = d2

* u3 = d3

* u2 = p0 parity from ENC H

* ul = gl parity from ENC_V

*/
I*

* deinterleave data:

*/
for(i = 0; 1 < INT_SIZE; 1++)

data_d[i] = datalil:
r_deileava(data_d, rule);

n =
for(i = 0; 1 < INT_SIZE;)
{
/* Puncturing patern is:
* d0, d1, d2, d43,...
* p0, 0, 0, C,...
* 0, 0, g2, O,...
*/
ul = Encli];
u2 = Enc2([il;
u6 = data_d[i+3];

oy

ub
ud

data d[i+2];
data d[i+1]:
uld = data_d[il:

k = ub+2*udb+4rud+8ru3+16*u2+32*ul;

tx I
tz Q

rx I
rZ Q

L_do

o

find_tx_I(k);
find_tx_Q(k);

tz I + SIGMA_46_64QAM * gasdev(];
tz_ O + SIGMA_46_5640BM * gasdev();

log ((exp (n* ( (rx_I+3.5)*(rx_I+3.5)

exp(n*{(rx_I+1
exp (n* ((rx_I-0
exp (n* ((rx_I-2
exp (n* ((rx_I+2
exp(n* ((rz_I+0
exp(n* ((rx_I-1
exp{n*((rx I-3
exp (n* ( (rx_I+3
exp (n* ((rx_I+l
exp (n* ({rx_I-0

exp(n*({rx_I-2.

exp(n* ( (rx_I+2
exp(n* ( (rx_I+0
exp{n* ((rx_I-1
exp{n* {{rx_I-3
exp(n* {(rx_I+3
exp (n* ( (rx_I+1

exp (n* ((rx_I-0.

exp(n* ((rz_I-2
exp{n* ((rx_I+2
exp (n* { (rx_I+0
exp (n* ({rx_I-1
exp (n* ((rx_I-3
exp (n* ((rx_I+3
exp(n* ({rx_I+l
exp (n*( (rx_I-0
exp(n* ((rx_I-2
exp(n* ((rx_I+2

exp (n* ( (rx_I+0.

exp(n* ((rx_I-1

LBy ¥ (rx_I+1.5)
.5)* (rx_I-0.5)
5y *(rx_I-2.5)
W5)*{rx_I+2.5)
.5)*(rx_I+O.5)
.5)*(rx_I-1.5)
.5)*(rx_I—3.5)
WS)* (rx_I+3.5)
LO)F(rx_I+1.3)
.B)*{rx I1-0.3)
5)*(rx_I-2.5)
.5)*(rx_I+2.5)
)*(rz_I+0.5)
y*{rx_I-1.5)
)*(rx_I-3.5)
.5)* (rx_I+3.5)
L9)*(rx I+1.5)
5)*(rx_I-0.5)
LBy *(rx_T-2.5)
By * (rx_T+2.5)
L5)* (rx_I+0.5)
5y* (rx_I-1.5)
.5y * (rx_I-3.5)
.5)*(rx_I+3.5)
L5)*{rx_I+1.5)

)

)

.5
.5
.5

L5y *{rx_I-0.5
L5)Y*(rx_I-2.5
LB)* (rx I+2.5)
5)*(rx_I+0.5)
L8y *(rx_I-1.5)
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(-1.0) / (2 * SIGMA 46 64QAM * SIGMA_46_64QAM);

(rx_0Q-3.5)*(rx_0-3.5)))
(rx_0-3.

(rx_0-3

(rx_0Q-3.
(rx Q-2.
(rx Q-2.
(rx_Q-2.
(rX_Q-Z.
(rx @-1.
(rx_Q-1l.
(rx_0-1.

(rx_Q-1

(rx Q-0.
(rx_0Q-0.
{rz_Q-0.
(rz_Q-0.
(rz_Q+0.
{rx_Q+0.
{rx_Q+0.
(rx_Qt0.
(rz_Q+1.
(rx_Q+1.
(rx_Q+1.
(rx_Q+1.
(r=_Q+2.
(rx_Q+2~
(rx_0Q+2.

(rz_Q+2
(rz_Q+3

{rz_Q+3.

(rx_Q+3

5)* (rx_Q-3.5
.5)* (rx_Q=3.5
5)*(rx Q-3.5
Sy *(rx_0Q-2.5
5)*{rx_Q-2.5
5)*(rx_Q—2.5
5)* (rx_Q-2.5
5)*{rx Q-1.5
5)* (rx_Q-1.5
5)* (rx_Q-1.5
.5)*(rx_g-1.5
5)* (rx_Q-0.5
5)* (rx_0Q-0.5
5)*{rx_Q-0.5

5) *(rx_Q+0.5)
5)*(rx_0Q+0.5)
5)*{rx_0Q+0.5)
5)* (rx_Q+1.5)
5) *(rx_Q+1.5)
5)*(rx_Q+1.5)}
Sy*{rxz Q+1.5)
S5y *{rx_Q+2.5)
5)*{rx_Q+2.5)
5)*(rx‘Q+2.5)
.5) * (rx_Q+2.5)
LBY*(rx_Q+3.5)
5)* (rx _Q+3.5)
LBy * (rx_Q+3.5)
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COMPUTER PROGRAM LISTING APPENDIX

exp(n* {{rx_T+2.
expi{n*(

* (rx_I+2.5) (rx_Q+0.5)* (rx_Q+0.5
(rx_Q+0.5)* (rx_Q+0.5
(rx_Q+0.53)* (rx_0Q+0.5
(rx_Q+0.5)* (rx_Q+0.5
(rx_ Q+1.5)*(rx_Q+1.5
(rx_Q+1.5)* (rx_Q+1.5
(rx_Q+1.5)*(rx_Q+1.5
{(rx_Q+1.5)*(rx_Q+1.5
(rx_Q+2.5)* (rx_Q+2.5
(rx_Q+2.5)* (rx_Q+2.5
(rx_Q+2.5)*(rx_Q+2.5)
(rx_Q+2.5)*(rx_Q+2.5)
(rz_0+3.5)*(rx_Q+3.5)
(rz_Q+3.5)* (rx_0Q+3.5)
(rx_Q+3.5)* (rx_0+3.5)
(rz_Q+3.5)* (rx_0+3.5)

rx_I+0,5)* (xx_I+0.5)

( 5)

{ 5)
exp(n*((rx_I-l.B]*(rx_I—l.S)
exp (n* ((rx_T-3.5)*(rx_I-3.5)
exp (n* ((rx _I+3.5)*(rx_I+3.5)
exp (n* ({rx_TI+1.5)
exp {n* ((rx_TI-0.5)
exp (n* ({rx_I-2.5)
exp (n* ((rx I+2.5)

*(rx_I+1.5)
*(rx_i—O.S)
*(rx_I-2.5)}
*(rx_I+2.5)

exp(n* ((rx_I-3.5)*(rx_I-3.5) (rr_0+3.5)* (rz_Q+3.5)))) /
(exp (n* ((rx_I+2.5)*(rx_I+2.5) (rz_Q-3.5)* (rx_Q-3.5)
exp{n* ((rx_TI+0.5)*(rx_I+0.5) (rx Q-3.5)*(rx_0-3.3)
exp(n*((rx_I-1.5)*(xx_I-1.5) {r=_Q-3.5)*{rx Q-3.5)
exp (n* ( (rx_I-3.5)*(rx_I-3.3) {rx_0-3.5)*(rx_Q-3.5)
exp (n* ((rx_TI+3.5)*(rx_I+3.5) (rx_Q~2.5)* (rx_0-2.5)
exp (n* ((rx_I+1.5)*(rxz I+l.5) (rx_Q~2.5)* (rx_Q=2.5)
exp (n* ( {rx_I-0.5)*(rx_I-0.5) (rx_Q-2.5)* (xx_0-2.5)
exp (n* ((rx_I-2.5)*(rx_I-2.5) (rx_Q-2.5)* (rx_0-2.5)
exp (n* { (rx_I+2.5)*(rx_I+2.5) (rz_Q-1.5)*{rx_Q-1.5)
exp (n*((rx_I+0.5)*(rx_I+0.5) (rx_Q-1.5)*{rx_Q-1.5)
exp(n*{(rx_I-1.5)*(rx_I1-1.5) (rx Q-1.5)* (rx_Q-1,5)
exp (n*{ (rx_I-3.5)*(rx_I-3.5) (rx_Q-1.5)* (rx_Q-1.5)
exp(n* { (rx_I+3.5)*(rx_I+3.5) (rx_Q-0.5)*(rx_Q-0.3)
exp(n* {(rz_I+1.5)*(rx_I+1.5) (rz_Q-0.5)*(rx Q-0.5)
exp (n* {(rxz_I-0.5)*(rx_I-0.5) (rz_0-0.5)* (rx_0-0.5)
exp(n* ((rx_I-2.5)*{rx_I-2.5) (rz_Q-0.5)*(rx_0-0.5)
)
)
)
)
)
)
)
)
)
)

(
exp (n* ( (rx_ I+O.5)*(rxfI+O.5)
exp (n*((rx_I-1.5)*(rx_I-1.5)
exp (n* ((rx_I-3.5)*(rx_I-3.5)
exp (n* ((rx_I+3.5)* (rx_I+3.5)
exp (n*{ (rx_I+1.5)* (rx_I+1.5)
exp (n*{(rx_I-0.5)* (rx_I-0.5)
exp(n*{(rx_I-2.5)* (rx_I-2.5)

T T T T i e S S I S

)
)}
M
))
)
))
)
)
)
)
)
1)
)
)
1)
)
)
1)
M)
})
M
)
)}
)}
)}
)}
)}
)}
)}
)
)
))
)
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L dl = log((exp(n* ((rx_TI+3.5)*(rzx_I+3.5)
exp(n*((rx_1+2.5)*(rx_I+2.5)
exp (n* ({rx_I+1.5)* (rx_I+1.5)
exp (n* ((rx_I+0.5)* (rx_I+0.5)
exp (n* ((xrx_I-0.5)*(rx_I-0.5)
exp (n* ({rx_X-1.5)* (rx_I-1.5)
exp (n* {{rx_I-2.5)*(rx_I-2.5)
exp (n* ({rx_I-3.5)*(rx_I-3.5)
exp (n* ((rx_T+3.5)* (rx_I+3.5)}
exp (n* ((rx_I+2.5)* (rx_I+2.5)
exp (n* ({rx_I+1.5)* (rx_I+1.5)
exp (n* ({rx_I+0.5)* (rx_I+0.5)
exp (n* { (rx_I-0.5)*(rx_I-0.5)
exp (n* ((rx_I-1.5)*(rx_I-1.5)
exp (n*{(rx_I-2.5)* (rx_I-2.5)
exp (n*{(rx_I-3.5)* (rx_I-3.5)
exp(n* ((rx_I+3.5)* (rx_I+3.5)
exp(n* {(rx_I+2.5)* (rx_I+2.5)
exp(n* ((rx I+1.5)*(rx_I+1.5)
exp (n* ((rx_I+0.5)* (rx_I+0.5)
exp(n* ({rx_I-0.5)*(rx_I-0.5)
exp(n* ((rx_I-1.5)*(rx_I-1.5)

{rz_Q-3.5)*{rx_0-3.5)))
(rz_Q-3.5)*(rx_Q-3.5)))
(rx_Q-3.%)*(rx_Q-3.5)))
(rx_0-3.5)*(rx_0-3.5)))
(rx_Q=-3.5)*(rx_0Q-3.5)))
(rx_Q-3.5)*(rx_Q-3.5)))
(rx_0-3.5)*{rx_0-3.5)))
(rx_Q—3.5)*(rx_Q—3.5)))
{rx_0-1.5)*(rx_0-1.5)))
{rx_Q-1.5)*(rx_0-1.5))}
(rx_0Q-1.5)* (rx_Q-1.5)
(rx_Q-1.9)* (xx_0-1.5
(rx_Q-1.5)*(rx_0-1.5
(rz_Q-1.5)*(rx_0-1.5
(rz_0-1.5)*{rx_0-1.5
(rx_Q—l.S)*(rx_Q—l.S
{rx_Q+0.5)* (rx_0+0.5
(rx_Q+0.5)* (rx_Q+0.5
(rz_Q+0.5)* (rx_0Q+0.5
(rx_Q+0.5)* (rx_Q+0.5
(rx Q+0.5)* (rx_Q+0.3
(rx_Q+0.5)*(rx_Q+0.5

*{

exp(n*((rx_I—Z.S)*(rX_I-Z.S) (rx_Q+0.5 rx_Q+0.5
exp (n* {{rx_I-3.5) *(rx_I-3.5) (rx_Q+0.5) (rx_Q+0.5
exp(n*((rx_I+3.5)*(rx_I+3,5)

exp (n* ((rx_I+2.5)* (rx_I+2.5) (rsx_Q+2.5)* (rx_Q+2.5
exp (n *((rx_I+1.5)*(rx_I+l.5) (rx_Q+2.5)*(rx_Q+2<5
exp (n* ((rx_I+0.5)*(rx_I+0.5) (rx Q+2.5)* (rx_Q+2.5

exp(n* ((rz_I-0.5)*(rx_I-0.5)
exp (n* ({rx I-1.5)*(rx I-1.5)
exp(n* ((rx_I-2.5)*(rx I-2.5)

(rx_Q+2.5)* (rx_Q+2.5
(rx_Q+2.5)* (xx_Q+2.5
{rx_Q+2.5)* (rx_0+2.5

B T T T T e e S e S e S N R S S
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)
)
)
)
)
)
)
)
)
)
)
)
)

(rx_0+2.5)* (zx_0+2.5)
)
)
}
)
)
)
)
)
)
)
)
)

exp (n* ({rx_I-3.5)*(rx_I-3.5) (rs_Q+2.5)*(rx_0+2.5)))) /
(exp (n* ((rx_I+3.5)* (rx_I+3.5) {rx_Q-2.5)*(rx_0-2.5 +
exp (n* ((rx_I+2.5)* (rx_I+2.5) (rz_Q-2.5)*(rx Q-2.5 +
exp(n*((rx_I+l‘5)*(rx_I+l.5) (rx_Q-2.5)*(rx_Q-2.5 +
exp{n* ({rx_I+0.5)* (rxx_I+0.5) (rx_Q-2.5)*(rx_Q-2.5 +
exp (n* (({rx I-0.5)*{(xx I-0.5) (rz_Q-2.5)*(rx_Q-2.5 +
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exp(n* ((rx_I-1.5)*(rx_I-1.5) + (rz 0-2.5)*(rx_Q-2. 5))) +
exp(n*((rx_I—2.5)*(rx_I—2.5) + (rz_Q-2.5)* (rx_ Q- 2.5))) +
exp (n* ((rx_I-3.5)*%(rx_I-3.5) + (rx_Q-2.5)*(rx O- 2.5))) +
exp(n*((rx"1+3.5)*(rx_1+3.5) + {rx_Q-0.5)* (rx_Q- 0.5))) +
exp(n* ((rx_I+2.5)* (rx_I+2.5) + (rx_0-0.5)* (rx O- 0.5))) +
exp(n*((rx_I+1.5)*(rx_I+l.5} + (rx_Q-0.5)*(rx_Q-0. 5))) +
exp(n* ({(rx_I+0.5)* (rx_ I+0.5) + (rx_¢@-0.5) *(rx_Q-0.5))) +
exp(n* ({rx_I-0.5)*(rx_I-0.5) + (rx _Q-0.5)*(rx_0-0.5))) +
exp(n*((rx I-1.5)*(rx I-1.5) + (rx Q-0.5)*(rx g-0.3))} +
exp(n* ((rx I-2.5)*%(rx_I-2.5) + (rx_Q-0.5)*(rx_G-0.5))) +
exp(n* ((rx I-3.5)*(rx_I-3.5) + (rx Q-0.5)*(rx 0-0.5))) +
exp(n* ((rx_I+3.5)* (rx_I+3.5) + (rx Q+1.5)*{rx_Q+1.5))) +
exp(n¥ ((rx_I+2.5)*(rx I+2.5) + (rx_0+1.5)*(rx_O+1.5))) +
exp(n* ((rx I+1.5)* (rx_I+1.5) + (rx_Q+1.5)*(rx Q+1.5))) +
exp(n* ((rx_I+0.5)%( rx_l+0.5) + (rx_Q+1.5)*{rx_Q+1.5)}) +
exp(n* ((rx_I-0.5)* (rx_I-0.5) + {rx Q+1.5)*(rx Q+1.5))) +
exp(n* ((rx_I-1.5)*(rx_I-1.5) + (rz_Q+l.5)*(rx_Q+1.5))) +
exp (n* ({rx_I-2.5)*(rx_T-2.5) + (rx_O+l. 5)* (rx_Q+1.5))}) +
exp(n* ((rx_I-3.5)* (rx_I-3.5) + (rx_Qt+l. 5)* (rx_Q+1.5))) +
exp (n* ((rx TI+3.5)* (rz_I+3.5) + (rz_0+43.5)*(rx_Q+3.5))) +
exp(n*((rxﬁI+2.5)*(rx_I+2.5) + (rx_Q+3.5)*(rx‘Q+3.5))) +
exp(n* ((rx_I+1.5)* (rx_I+1.5) + (rx_Q+3.5)*(rx _0+3.5))) +
exp (n* ((rx_I+0.5)*(rx _I+0.5) + (rx_Q+3.5)* (rx_Q+3.5))) +
exp(n* ({rx_I-0.5)*(rx_I-0.5) + (rx_Q+3.5)* (xrx_0+3.5))) +
exp{n* ({rx_I-1.5)*(rx_I-1.5) + (rx_Q+3.5)*(rx _Q+3.5))) +
exp(n* ((rx_I-2.5)*(rz_I-2.5) + (rx_Q+3.5)*(rx Q+3.5))) +
exp(n* ((rx_I-3.5)*(rx_I-3.5) + (rx_Q+3.5)*(rx_Q+3.5)))) )7

L d2 = log{ (exp (n*{ (rx_I+1.5)* (rx_I+1.5) + (rst_0-3.5)*(rx_0Q-3.5))) +

exp (n* ({rx_I+0.5)*(zxx_I+0.5) + (rx _0-3.5)*(rx Q-3.5})) +
exp (n* ((rx_I-2.5)*(rx_I-2.5) + (rx_0-3.5)*(rx_Q-3.5))) +
exp(n* ((rx_I-3.5)*(rx_I-3.5) + (rx_0-3.5)*(rx_0-3.5})) +
exp(n*((rx_1+l 5)*{rx_TI+1.5) + (& Q-2.5)*(rx_Q-2.5))) +
exp(n* ((rx_I+0. 5)* (rx_I+0,5) + (r 0-2.5)*(rx_Q-2.5))) +
exp(n* ((rx _I- 2.5)*(rx_1—2.5) + (rx_Q-2.5)*(rx_Q-2.5)})) +
exp(n*((rx_I-3.5)*(rx_I-3.5) + (rz 0-2.5)*(rx_Q-2.5))) +
exp(n* ((r¥_I+3.5)*{rx_I+3.5) + (rx_Q-1.5)*(rx_Q-1.5))) +
exp(n* ((xx_I+2.5)*(rx_I+2.5) + (rx_Q-1.5)*(rx Q- 1.5))) +
exp (n* ({rx I-0.5)*%(rx_I-0.5) + (rx 0-1.5)*(rx 0-1.5))) +
exp(n*{ (rx_I-1.5)*%(rx_E-1.5) + (rx_Q—l.S)*(rx_Q—l 5))) +
exp(n*((rx_I+3.5)*(rx_I+3.5) + (rx_Q-0.5)*(rx_Q-0.3))) +
exp(n* ((rx_I+2.5)*(rx_I+2.5) + (rx_0-0.5)*(rx_0-0.5))) +
exp(n*((rx_I-0.5)*(rx_I-0.5) + (rx_0-0.5)*(rx Q-0.5))) +
exp(n* ((rx _I-1.5)*(rx_I-1.5) + (rz_0-0.5)*(rx_Q-0.5))) +
exp(n*{(rx_I-3.5)*(rx I-3.5) + (rx_Q+0.5)* (rx_Q+0.5))) +
exp(n* ((rx_I-2.5)*(rx_I-2.5) + (rx_Q+0.5)*(rz_Q+0.5))) +
exp(n* ((rx_I+1.5)*(rx_I+1.5) + (rx_Q+0.5)*(rx_Q+0.5))) +
exp(n*((rz_I+0.5)*(rx_I+0.5) + (rx Q+0.5)*(rx Q+0.5))) +
exp(n*((rx_I+0.5)*(rx_I+0.5) + (rx_Q+L.5)*(rx _Q+1.5))) +
exp(n*{(rz I+1.5)* (rz_I+1.5) + (rx_Q+1.5)*(rx_Q+1l.5))} +
exp(n* ((rx_I-2.5)*(rx_I-2.5) + (rx Q+1.5)*(rx Q+1.5))) +
exp(n*((rz_I-3.5)*(rx_I-3.5) + (rx 0+1.5)*{rx _Q+1.5))) +
exp(n* ({(rx_I+3.5)*(rz_I+3.5) + (rx_0+2.5)*(rx Q+2.5))) +
exp (n* ((rx_I+2.5)* (rx_I+2.5) + (rz_Q+2.5) * (rx_ Q+2 5))) +
exp{n*((rx I-1.5)*(rx_I-1.5) + (rx_Q+2.5)*(rx_Q+2.5))) +
exp(n* ((zx I-0.5)*{rx_I-0.5) + (rx_Q+2.5)*(rx_Q+2.5)}) +
exp(n* ((rx_I-0.5)*(rx_T1-0.5) + (rx _Q+3.5)*(rx Q+3.5))) +
exp(n* ((rx_I-1.5)*(rx_I-1.5) + {rx_0Q+3.5)*(rx_0Q+3.5})) +
exp (n* ( (rx_I+2.5)*(rx_I+2.5) + (rx_0+3.3)*(rx_ Q+3.5))) +
exp(n*{(rx_I+3.5)*(rx_I+3.5) + (rx_Q+3.5)*(rx 0+3.5)))) /
{exp(n*((rx_I+3.5)*(rx_I+3.5) + (rz_0-3.5)*{rz 0-3.5))) +
exp(n* ((rx_I+2.5)*(rx_I+2.5) + (rz_0-3.5)*{(rxz_0-3.3))) +
exp{n*((rx_I-0.5)*(rx_I-0.5) + (rx_0-3.5)*(rx_0-3.5))) +
exp{n* ({rx_I-1.5)*(rx_I-1.5) + (rx_Q—3.5)*(rx_Q—3.5))) +
exp(n* ((xx_I+3.5)*(rx_I+3.5) + (rx_Q-2.5)*(rx_0-2.5))) +
exp (n*( (rx_I+2.5)*(rx_I+2.5) + (rx Q-2.5)*(rx_Q-2.5))) +
exp (n*{ (rx_I-0.5)*(rx_I-0.5) + (rx 0-2.5)*(rx_Q-2.5))) +
exp(n* ((rz_I-1.5)*(rx_I-1.5) + (rx_0-2.5)*{rx_Q-2.3))) +
exp (n* [ (rx_I+1.5)*{xx I+1.5) + (rx_Q-1.5)*(rx_Q-1.5)}}) +
exp (n*{ (rx_I+0.5)*(rx I+0.5) + (rx_Q-1.5)*(rx_0-1.5))) +
exp (n* ( (rx_I-2.5)*(rx_I-2.5) + (rx_Q-1.5)*(rx 0-1.5)}) +
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exp (n* {(rx_I-3.5}*(rx_I-3.5)
exp{n* ((rx_TI+1.5)*(rx_I+1.3)
exp (n* ({rx_I+0.5)*(rx_I+0.5)
exp (n* ((rx_I-2.5)*(rx_I-2.5)
exp(n* ((rx_I-3.5)*(rx_I-3.5)
exp(n*((rx-I—l.S)*(rx_I—l.S)
exp (n* ((rx_I-0.5)*(rx_I-0.5)
exp(n*((rx_I+2.5)*(rx71+2.5)
exp(n*{(rx I+3.5)*(rx_I+3.5)
exp (n* ((rx_I+3.5)* (rx_I+3.5)
exp{n* ({rx_I+2.5)*(rx I+2.5)
exp (n* {(rx_I-0.5)*(rx_I-0.5)
exp(n* {(rx I-1.5)*(rx I-1.5)
5)

)

(rz_Q-1.5)*(rx_Q-1.5
(r=_Q-0.5)*(rx_Q-0.5
(rx_Q-0.5)*(rx_Q-0.5
(rx_0-0.5)* (rx_0-0.5
(rz_©-0.5)*(rx_Q-0.5
(rx_Q+O.5)*(rx_Q+0.5
(rx_Q+O.5)*(rx_Q+D.5
(r3t Q+0.5)* (rx_Q+0.5
(rx_Q+0.5)* (rx_Q+0.5
(rx_Q+1.5)* (rx_Q+L1.5
(rx_Q+1.5)* (rx_Q+L1.5
(rx_Q+1.5)* (rx_Qt+L.5
(rx_Q+1.5)* (rx_Q+1.5
(rz Q+2.5)* (rx Q+2.5
(rx_Q+2.5)* (rx_0+2.5
(rx Q+2.5)* (xx_0+2.5
(rx Q+2.5)* (rx_D+2.5
(rx Q+3.5)*(rx_0+3.5
(rx_Q+3.3)* (rx_Q+3.5)))

(rz_Q+3.5)*(rx_Q+3.5)))

(rx_Q+3.5)* (xx_0+3.5))))

exp (n* ({rx I+1.5)* (rx TI+1.

exp (n* ({rx_I+0.5)* (rx_I+0.5
exp(n*((rx_I—Z.SJ*(rx_I—z.S)
exp(n* ((rxz I-3.5)*(rx_I-3.5)
exp(n* ((rx_I-3.5)*(rx_I-3.5)
exp (n* ((rx_I-2.5)* (rx_I-2.3)
exp(n* {{rx_I+0.5}* (rx_I+0.5)
exp(n* ({rx_I+1.5)*(rx_I+1.5)

FR R T T e S S S

L d3 = log((exp(n*((rx_I+3.5)*(rx_I+3.5)
exp (n* ((rx_I+2.5)* (rx_I+2.5)
exp(n*((rx_I+l.5)*(rx_I+1.5)
exp(n* ((rx I+0.5)*(rx I+0.5)
exp (n* ((rx_1-0.5)*(rx_I-0.5)
exp (n* ((rx _I-1.5)*(rx_I-1.5)
exp (n* ((rx_I-2.5)* (rx_I-2.5)
exp(n* ((rx_I-3.5)*(rx_I~3.5)

(
(r

(rx_Q—l.S)*(rx_Q—l.B))) +
(rx_Q-1.5)*(rz_Q-1.5)
(rz_Q-1.5)*(rx Q-1.5)
(rx_Q-1.5)*(rx_Q-1.
(rx_Q-1.5)*(rx_Q-1.
(rxz_Q-1.5)*(rx_Q-1.
(rx_Q-1.5)* (xx_Q-1.
(rx_Q-1.9)*(rx_Q-1.
(rx_0-0.5)* (rx_Q-0.
(rx_Q-0.5)* (rx_Q-0.

3)

5)

5)

5)

5}

exp(n* ({rx_I+3.5)*(rx_I+3.5) 5)
3)
(rx_0-0.5)*(rx_Q-0.5
5)

5)

5)

5)

3)

5)

5)

exp (n* ({rx_I+2.5)* (rx_I+2.5)
exp(n*((rx_I+l.5)*(rxAI+1.5)
exp (n* ((rx_I+0.5)*(rx_I+0.5)
exp (n*{ (rx_I-0.5)*(xx_I-0.5)
exp {n* ((rx_I- 1.5)*(rx_I-1.5)
exp (n* ((rx I-2.5)*(rx_I-2.5)
exp (n* ((rx_I-3.5)*(rx_I-3.5)
exp (n* ( (rx_I+3.5)*(rx_I+3.5)

((

(r

(rx_0-0.5)* (rx_Q-0.
(rx_Q—O.S)*(rx_Q—O.
(rx_Q-0.5)* (rx_Q-0.
(rx_Q-0.5)* (rx_Q-0.
(rx_0-0.5)*(rx_Q-0.
(rx_Q+2.5)* (rx_Q+2.
(rx_Q+2.5)* (xx_Q+2.
(rx_Q+2.5)*(rx Q+2.95)
(rx_Q+2.5)* (xx_Q+2.5)))
(rx_Q+2.5)*(rx 0+2.5)))
(rz_Q+2.5)*(rx_0+2.5)))
(rx_Q+2.5)*(rx_Q+2.5)))
(rx Q+2.5)* (rx_Q+2.5)))
(rx_0+3.5)*(rx_0+3.5)))
(rx_Q+3.5)*(rx_Q+3.5))
(rx_Q+3.5)*(rx_Q+3.5)

exp(n* ( (rx_I+2.5)*(rx_I+2.5
exp(n*((r CI+1.5)*(rx_I+1.5)
exp (n* ( rx_I+0.5)*(rx_I+U.5)
exp(n*({rx_I-0.5}*(rx_I-0.5)
exp(n* ({rx_I-1.5)*(rx_T-1.5)
exp(n* ((rx_I-2.5)*(rx_I-2.5)
exp(n*{(rx_T-3.5)*(rx_I-3.3)
exp(n* { (rx_ T+3.5)*(rx_I+3.5)
exp(n* ((rx_I+2.5)*(rx I+2.5)
exp(n* ( (rx_I+1.5)*(rx_I+1.5)
(
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)

exp (n* ( (rx_I+0.5)*(rx_I+0.5) (rx_Q+3.5)*(rx_0+3.5)))

exp(n*((rx I-0.5)*(rx_I-0.5) (rx_Q+3.5)* (xx_Q+3.5)))

exp(n*((rx_I-1.5)*(rx_I-1.5) (rx_Q+3.5)* (xx_0+3.5}))

exp(n* ((rr_I-2.5)*(rx_I-2.5) (rx_Q+3.5)*(rx_Q+3.5)))
exp(n* ((rx_I-3.5)*(rx_I-3.5) (rx_0+3.5)* (rx_0Q+3.5)))) /
(exp (n* ({rx_I+3.5)*(rx_I+3.5) (rz_Q-2.5)*(rx_Q-2.5))) +
exp{n* ({rx_I+2.5)*(rx_I+2.5) (rx_Q-2.5)*(rx_Q-2.5)}) +
exp(n*((rx_I+1.5)*(rx_I+1.5) (rx_Q-2.5)*(rx_Q-2.5))) +
exp(n*((rx_I+0.5)*(rx_I+0.5) (rx_Q—2‘5)*(rx_Q—2.5))) +
exp (n* ({rx_I-0.5)*{rx I-0.5) (rx_Q-2.5)*(rx_Q-2.5))) +
exp (n* ({rx I-1.5)*(rx_I-1.5%) (rx_Q-2.5)*(rx Q-2.5))) +
exp(n*((rx_I-2.5)*(rx_I-2.5) (rx_Q-2.5)*(xrx_Q-2.5))) +
exp(n*( (rg_I-3.5)*(rx_I-3.5) (rx Q-2.5)*(rx 0-2.3))) +
exp(n* { (rx_I+3.5)*(rx_I+3.5) (rx_0-3.5)*(rx 0-3.5))) +
exp(n*{(rx_ I+2.5)*(rx_I+2.5) (rz Q-3.5)*(rx_Q-3.5))) +
exp(n* ((rx_I+1.5)*(rx_TI+1.5) (rz_0Q-3.5)*(rx_Q-3.5))) +
exp(n* ({(rx_I+0.5)*(rx_I+0.5) (rx_Q-3.5)*(rx_Q-3.5))) +
exp{n*((rx_I-0.5)*(rx 1-0.5) (rz_0~3.5)*(rx_9-3.5))) +
exp{n*{( rx:I-l.S)*(rx_I—l.S) (rx_Q-3.5)*(rx _Q-3.5))) +
exp{n™*((r _I-Z.S)*(rX~I—2.5) (rx_Q—3,5)*(rx_Q—3.5))) +
exp(n* ({rx I-3.5)*(rx_I-3.5%) (rx_Q-3.5)*(rx_9Q-3.5))) +
exp(n* ({rx_I+3.5)* (rx_I+3.5) (rx_Q+1.5) *(rx_Q+1.5))) +
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exp (n* { (rx_I+2.5}* (rx_I+2.5) + (rx_Q+1.5)*{rx_Q+1.5))) +
exp (n* ( (rx_I+1. 5)*(rx 1+1.5) + (rXAQ+l.5)*(IX~Q+1.5))) +
exp(n* {(rx_I+0.5)* (rx_I+0.5) + (rx_Q+1.5)*(rx Q+1.5))) +
exp(n*{ (rx_I—O.S)*(rx I- 0.5) + (rx_Q+l )*(rx Q+1.5))) +
exp(n*({rx I-1,5)*{rx_I-1.5) + (rx_Q+l.5)*{rx _Q+1.5))) +
exp(n*{({rx I-2.5)*(rx_I-2.5) + {(rx_Q+1.5)*(zx_Q+1.5))) +
exp(n* ({rx_I-3.5)* (rx_I-3.5) + (rx_Q+l.5)*(rx_Q+1.5))) +
exp(n* ((rx_T+3.5)* (rx I+3.5) + {(rx_Q+0.5)*(rx_Q+0.5))) +
exp(n* ((rx_I+2.5)* (rx I+2.5) + (rx_Q+0.5)*(rx_Q+0.5))) +
exp(n* ((rx I+1.5)* (rx_I+1.5) + (rx_Q+0.5)*(rx Q+0.5))) +
exp (n* ((rx_I+0.5)* (rx_I+0.5) + {rx_Q+0.5)*(rx_Q+0.5))) +
exp(n* ((rx_I-0.5)* (rx_I-0.5) + (rx_Q+0.5)*(rx Q+0.3))) +
exp(n* ((rx_I=-1.5)*(rx_I-1.5) + (rx_0Q+0.5)*(rx_0Q+0.3))) +
exp(n* ((rx_I-2.5)*(rx_I=2.5) + (rx_0+0.5)*(rx_Q+0.5))) +
exp{n* ((rx_I-3.5)*(rx I-3.5) + (rx_Q+0.5)*(rz_Q+0.5}))})?
L_d4 = leog({exp(n*{(rx_I+3.5)*(rx_I+3.5) (rx_Q+3.5)*(rx_Q+3.5))) +

exp(n* ((rx_I+2.5)*(rx_I+2.5)
exp(n*((rx I+1.9)*(rx_I+1.5)
exp(n* ((rx_I+0.5)* (rx_I+0.5)
exp(n*{(rx_I-0.5}*(rx I-0.5)
exp(n* ((rx I-1.5)*(rx_I-1.5)

(rx_Q+3.5)* (rx_Q+3.5)))
(rx_Q+3.5)*(rx_Q+3.5)))
(rx_Q+3.5)* (rx_0Q+3.5)))
(rx_Q+3.5)* (rx_0+3.5)))
(rz_Q+3.5)* (rx_0Q+3.5)))

exp(n* ((rx_I-2.5)*(rx _I-2.5) (rx_Q+3.5)* (xx_Q+3.5)))
exp(n* ((rx I-3.5)* (rx_I-3.5) (rx_Q+3.5)%* rz_Q+3.5)
exp (n* ((rx_I+3.5)* (rx_I+3.5) (rx_Q+1.5)* (rx_Q+1.5)
exp (n* ({rx_I+2.5)*(rx_I+2.5) (rx_Q+1.5)* (rx_Q+1.5)

exp(n* ((rx_I+1.5)* (rx_I+1.5)
exp{n* ((rx_I+0.5)*(rx_I+0.5)
exp(n*( rx_I-0.5)*(xx_I-0.5)

(rx_Q+1.5)* (rx_Q+1.35)

(rx_Q+1.5)*

(
(
(
(
(
(
(

(r» Q+1.5)* (rx Q+1.5)
(
(rx_Q+1.5)
(
(
(
(
(

({
exp (n* ({(rx_I-1.5)*(rx_I-1.5) (rx_Q+1.5)* (rx_Q+1.5)
exp (n* {{rx_I-2.5)* (rx_I-2.5) (rx_Q+1.5)*{rx_Q+1.5)
exp(n* ((rx I-3.5)*%(rx_I-3.5) (rx_Q+1.5)* (r=_Q+1.5)
exp(n* ({rx I+3.5)*(rx _I+3.5) (r=z_0+0.5)* rx Q+0.5)
exp (n* ({rx_T+2.5)*{rx I+2.5) (rx_Q+0.5)* (rx_0+0.5)
exp (n* ({rx_I+1.5)*(rx I+1.3) (rx_Q+0.5)* (rx_Q+0.5)
exp (n* ({rx_I+0.5)* (rx_I+0.5) (rx_Q+0.5)* (rx_0+0.5)
exp (n* ((rx_I-0.5)*(rx I-0.5) (rx_0Q+0.5)* (rx_0+0.5)
exp (n* ((rr_I-1.5)*(rx_I-1.5) (rx_Q+0.5)* (rx_Q+0.5)
exp (n* ((rx_I~2.5)* (rx_I-2.5) (rx_Q+0.5)* (xx_0+0.5)
exp(n*((rx_I~3.5)*(rx_I—3.5) (rz O+0.5) *(rx_0+0.5)
exp (n* ((rr_TI+3.5)* (rz_I+3.5) (rx_Q+2.5) *(rx_Q+2.5)
exp (n* ((rx_I+2.5)* (rx_I+2.5) (rx_Q+2.5)*(rx_0+2.5)
exp(n* ((rx_I+1.5)*(rx I+1.5) + (rz_Q+2.5)* (rx_Q+2.5)

exp(n* ((rx_I+0.5)*{rx_I+0.5)
exp(n* ((rx_I-0.5)* (rx_I-0.5)
exp(n* ((rx_I-1.5)*(rx_I-1.5)
exp(n* ((rx_I-2.5)* (rx_I-2.5)
exp(n* ({rx_I-3.5)*(rx_I-3.5)
(exp (n* ({rx_I+3.5)*{rx_I+3.5)
exp(n* ({rx_I+2.5)* (rx_TI+2.3)
exp(n* ((rx_T+1.5)* (rx_I+1.5)
exp(n* ((rx_I+0.5)* (rx_I+0.5)
exp(n* ((rx_I-0.3)*(rx_I-0.5)
exp(n* ((rx_I-1.5)*(rx TI-1.5)
exp(n*((rx_I—2.5)*(rx_I—2.5)

)
}
}
)
)
)
)
)
)
)
}
)
)
)
)
)
)
)
)
(rx_Q+2.5)*(rx Q+2.5))
(rx_Q+2.5)* (rx_Q+2.5))
(rx_Q+2.5)*(rx_Q+2.5))
(rx_Q+2.5)*(rx7Q+2.5))
(rx_Q+2.5) * (rr_Q+2.5))
)

)

)

)

)

)

}

)

)

)

)

)

)

)

)

)

)

)

)

)

)

)

)
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(rx_Q-2.5)*(rx_Q-2.5)
(rx_Q-2.5)*(rx_Q-2.5)
{rx Q-2.5)*(rx_Q-2.5)
(rx_Q-2.0)*(rx_9Q-2.53)
(rx_Q-2.5)*(rx_Q-2.35)
(rx_Q-2.5)* (rx 0-2.95)
(rx_0-2.5)*(
(rx_Q~2.5)*{xx_ Q—2.5)

(

(

exp(n* ((rx_I-3.5)* (rx_I-3.5)
exp(n* ((rx_I+3.5)*(rx I+3.5) (rx_Q-0.5)*(rx_0-0.5
exp(n* ((rx_I+2.5)*(rx_I+2.5 (rx_Q-0.5)*(rx_Q-0.5

I+1.5

)
exp(n* ((rx_I+1.5)*(m )
K I+0.5)

)
)

(

(

(r: (rz_Q-0.5)*(rx_Q-0.5
exp (n* ((rx®_I+0.5)*(

(

(

r (rz_Q-0.5)*{rx_Q-0.5
exp(n* ((rx_I-0.5)*(rx_I-0.5 (rx_0-0.5)*{rx_0Q-0.5
exp(n* ((rx_I~1.5)*(rx I-1.5 (rx_0-0.5)*(rx_Q-0.5

exp(n* ({rx_I-2.5)*(rx_I-2.5)
exp(n* ((rx_I-3.5)*(rx_T-3.5)
exp{n* ((rx_I+3.5)*(rx_I+3.5)
exp(n*((rx_I+2.5)*(rx_I+2.5)
exp(n* ((rx_I+1.5)*(rx_I+1.5)
exp(n* {(rx_I+0.5)*(rx_I+0.5)
exp(n* ({rx_I-0.5)*(rx_I-0.5)
exp(n* ((rx_I-1.5)*(rx_I-1.5)
exp{n* ({rx_I-2.5)*(xx_I-2.5)

)
)
)
)
)
)
(rx_Q-0.5)* (rz_Q-0.5)
{rx_Q-0.5)*(rx_0-0.5)
(rx_Q-1.5)* (rx_Q-1.95)
(rz_Q-1.5)*(rx_Q-1.5)
(rx_Q-1.5)* (rx_Q-1.5)
(rx_Q-1.5)* (rx_Q-1.5)
(rx_Q-1.5)*(rx_Q-1.5)
(rx_Q-1.5)*(rx_Q-1.5)
(rx_0-1.5)*{rx_Q-1.5)
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)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
N
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
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exp(n*{(rx I-3.5)*(rx I-3.
exp (n* { (rx_I+3.5)*(rx_TI+3.
exp (n* {(rx_I+2.5)* (rx_I+2.
exp(n*{(rx_I+1.5)*(rx I+1.
exp (n* { (rx_T+0.5)* (rx_I+0.
exp (n* ((rx_I-0.35)*{rx_I-0.
exp (n* ((

(

exp (n* ({rx_T-2.5)*
exp (n* ({rx_I-3.5)~*

log( (exp (n* ({rx_I+3.5)* (rx_I+3.5)
_I+2,
TX_ 141

exp (n* ((rx_I+2.5)* (rx
exp(n* ((rx_I+1.5)*(
eXp(n*((rx71+0.5)*(rx I+0.
exp(n*((rx_I+3.5)*(rx I+3.
exp (n* ((rx_I+2.5)* (rx
exp(n*((rx_I+l.5)*(rx I+1.
exp(n* ((rx_I+0.5)*(rx_TI+0.

exp(n*((rx_I+3.5)*(rx_I+3.
exp (n* ({rx_I+2.5)*(rx_TI+2.
exp (n* ((rx_I+1.5)* (rx_I+1l.

exp(n* ((rx I+0.5)* (rx I+0.
exp(n* ((rx_I+3.5)* (rx_TI+3.
exp (n* ({rx_I+2.5)* (rx I+2.
exp (n* ({rx_I+1.5)* (rx I+1.

exp(n* ((rx_I+0.5)* (rx_I+0.
exp (n* ((rx_I+3.5)* (rz_I+3.
exp(n*((rx_I+2.5)*(rx_I+2.
exp(n* {(rx I+1.5)*(rz_ I+1.
exp(n* ((rx_I+0.5)* (rx_I+0.

(
exp (n* ((rx_I+3.5)* (rx_I+3.
exp(n* ({rx_I+2.5)* (rx_I+2.
exp{n* {{rx I+1.5)* (rx_I+1.
exp(n* ({rx_I+0.5)* (rx_I+0.
exp{n* ((rx_TI+3.5)* (rx_I+3.
exp (n* {((rx_I+2.5)*(rx_I+2.
exp(n*((rx_I+1.5)*(rx41+l.
exp(n* ((rx_I+0.5)*(rx_I+0.
exp{n* ((rx_I+3.5)*(rx_I+3.
exp (n* ((rx_I+2.5)*(rx_I+2.
exp(n *((rx_I+1.5)*(rx_I+1.
exp (n* ((rx_I+0.5)* (rx_I+0.
(exp(n* ((rx_I-3.5)*(rx_I-3.
exp (n* ((rx_I-2.5)* {rx_I-2.
exp(n* ((rx_I-1.5)* (rx_I-1.
exp(n*{(rx I-0.5)*(rx_I-0.
exp(n* ((rx_TI-0.5)* (rx_I-0.
exp(n* ((rx_I-1.5)*(rx I-1.
exp(n* ((rx _I-2.5)*(rx_I-2.
exp(n* ((rx_I-3.5)*(rx_I-3.
exp(n* ((rx_I-3.5)* (rx_I-3.

exp(n* ((rx_I-2.5)*(rx I-Z.
exp(n* {{rx_I-1.5)*(rx I-1.
exp(n* ((rx_I-0.5)* (rx I-0.
exp(n* ((rx_I-0.5)* (rx_I-0.

exp(n* ((rsx_T-1.5)* (rx_I-1.
exp(n* ((rx I-2.5)*(rx_I-2.
exp(n* ((rx_I-3. 5)*(rx_I—3.
exp(n* ((rx I-3.5)*{xx_I-3.
exp (n* ((rx_I-2.5)*{rx_I-2.
exp(n* {(rx_I-1.5)*(rx_I-1.
exp(n* ((rx_I-0.5)* (rxz_I-0.
exp{n* {(rx_1-0.5)* (rx_I-0.
exp(n* ({rx_I-1.5)*(rz_I-1.
exp(n* {({rx_I-2.5)* (rx_I-2.
exp (n* ({rx_I-3.5)*(rx_I-3.
exp(n* ({rx_I-3. 5)*(rx I-3.
exp(n* ({rx_I-2. 5)*(rx I-2.
exp (n* ({rx_I-1.5)*(rx_I-1l.
exp n*((rx I-0. 5)*(rx I-0.
exp (n* ((rx_I-0.5)*(xx_I-0.

Ik T T T

*
{
re I-1.3)* (rx_ I 1.
{
{

rx_.
rx I-3.

. I+2.
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(rx_Q-1.5)* (rx_0Q-

1
(rx_Q-3.5)* (rx_0-3.
3

(rx_Q-3.5)* (rzx_Q-

(rx_Q-3.5)*(rzx_Q-3.
(rx_Q-3.5)* (xx_0Q-3.
(rx_0-3.5)*(rx_Q-3.
(rx_Q-3.5)*(rx_Q-3.
{rx_Q-3.5)*(rx_D-3.
(r=z_0-3.5)* (rx_Q-3.

(rx_Q+3.5)* (rz_Q+3.5)))
(rx_Q+3.5)*(rx_Q+3.
(rx Q+3.9)* (xx_Qt+3.
(rx_Q+3.5)* (rx_Q+3.
(rx_Q+2.5)*(rx_Q+2.
(rz Q+2.3)* (rx_O+2.
(rz_Q+2.5)* (rx_Q+2.
(rx_Q+2.5)* (rx_Q+2.
(rx_Q+1.5)* (rzx_Q+l.
(rx_Q+1.5)* (rx_Q+1.
(rx_Q+1.5)* (rx_Q+l.
(rx_Q+1.5)*(rx Q+l.
(rx_Q+0.5)* (rx_Q+0.
(rx Q+0.5)* (rx_Q+0.
{(rx_Q+0.5) * (rx_Q+0.
rx Q+0.

(rx_Q+0.5)*
(r=_0-0.5)
(rx 0-0.5)}

(
(
*(
(
1*(

) (

)* A

(rx_¢ Q—l 5)*{
)*

1

1

1=

{r=z_Q- 2, 5)*(rx
(rx_Q-3.5)* (rx_
{(rx_Q-3.5)* (rx_
(rx Q-3.5)*(rx_Q
(rx_Q-3.5)* (rx__
(rx_Q-3.5)* (rx_
{rx_0-3.5)% (zx_|
{rx 0-3.5)* (rx_
(rx_Q-3.5)* (rx_|
(rx_Q-2.5)*{rx_0Q-

Q
Q-
_Q-
Q-
_O-
_O-
_0-
_O-
_O-
(rx= | 0-2. 5) (rz_0O-
Q-
Q-
Q-
Q-
Q-
Q-
Q-
Q-

(rz_Q-2.5)* (rx_Q-2.
(rx Q-2.5)*(rx_Q-2.
(rx_Q-2.5)*(rx_Q-2.
(rx_Q-1.5)*(rx_Q-1.
(rx_0-1.5)*(rx_0Q-1.
(rx_0~1.5)*(rx_Q-1.
(rx_0-1.5)*(rz_0Q-1.
(rx_Q-0.5)*(rx_Q-0.
(rx 0-0.5)*(xrx_Q-0.
(rx_Q—O.S)*(rx_Q-O.
(rx Q-0.5)*(rx_Q-0.
(rx_Q+O.5)*(rx_Q+0.
{(rx_Q+0.5)*(rx Q+0.
(rx_0Q+0.5)* (rx_Q+0.
(rx_Q+0.5)* rx Q+0.
rx Q+1.
rx_Q+1.
(rz_Q+1.5)* (rx_Q+1.
(rx_Q+1.5)* (rx_Q+1.
(rx_Q+2.5)* (rx_Q+2.
(rx_Q+2.5)* (xx_0+2.
(rx_Q+2.5)* (rx_Q+2.
(rx_Q+2.5)*(rx_Q+2.
(rz_Q+3.8)* (rr_O+3.

(zx_Q+1.5)*

{
{
(rx_Q+1.5)*(
(

~ ook ok +

guuen g ad

T TR T T T T e 2 s S S T S S

0
-0
0
1
1
1
1
2
2
2.
-2
3
3
Q-3
3
3
-3
3
3
2

O T T Tk T S S S S S S S
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exp(n* ((rx I-1.5)*(rx_I-1.5) + (rx_Q+3.5)*(rx_Q+3.5)))
exp (n* ({rx I-2.5)*(rg_I-2.5) + (rx_Q+3.5)*(rx_0Q+3.5)))

+

exp({n* ({rx_I-3.5)*(rx_I-3.5) + (rx Q+3.5)*(rx_Q+3.

D1l_datali] = L_dz2;
D1 _datal[i+l] = L_d3;
Di_datali+2] = 1_d4;
Di_datal[i+3] = L_d5;
D1_parity[i] = L_d0;

Dl_parity(i+l] = 0.0;

D1 _parity(i+2) = C.0:
D1_parity[i+3] = 0.0;
D2 parityl[i] = L_di;
D2_parity[i+1] = 0.0;
D2_parity[i+2] = 0.0;

D2_parity[i+3] = 0.0;

i=41+4;
}
/*
* interleave data:
*/
r_ileav(Dl_data, rule):

$endif

#ifdef R46_640QAM IQ Natural Map

/* Option2

* Channel: I = (ul, u2, u3), Q = (u4, u5, ub) defined using natural mapping:
* 000 001 010 011 100 101 110 111

* == |===== === | === |===-= |====- |===== =

* -3.5 ~-2.5 -1.5 -0.5 0.5 1.5 2.5 3.5

* the 640AM symbcl is defined as: (ul, u2, u3, u4, u5, usé)
* where:

* ul = do

* uz = dl

* u3 = p0 parity from ENC_V

* u4 = d2

* u5 = d3

* u6 = g0 parity from ENC_H

*

*/

/*

* deinterleave data:

*/

for(i = 0; i < INT_SIZE; i++)
data_d[i] = datal[il;
r_deileava(data_d, rule);:

n = (-1.0) / (2 * SIGMA_46_640QAM * SIGMA_46_640QnM);

for(i = 0; 1 < INT_SIZE;)
{
/* Puncturing patern is:
* do, di, d2z, d3,...
*po, 0, 0, O,...
* g0, 0, 0, O,...
*/

ul data_d[i};
u2z = data_d[i+l];
ul = Enclli]:

ud = data_d[i+2];
u5 = data_dfi+3];
u6é = Enc2[il;

tx_I = -3.5 + u3 + 2*u2 +4*ul;
tx_Q = ~3.5 + u6 + 2*ud +4*ud;

rx I = tx_ I + SIGMA_46_640AM * gasdev()/

25

SIN)i
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ryx Q = tx QO + SICMA 46_64Q08M * gasdev();

L ul = log{(exp(n*((rx_I-3.5)*(rx_I-3.5}))+
exp(n* ((rx_I-2.5)*(rx_I-2.5)))+
exp(n* ({rx_I-1.5)*(rx I-1.5)))+
exp(n*((rx_I—O.S)*(rx_I—O.S))))/
(exp(n* ({rx_I+3.5)*(rx_I+3.5)))+
exp (n* ((rx_I+2.5)* (rx_T+2.5)))+
exp(n*((rx_1+1.5) (rx_I+1.5}) )+
exp (n* ((rx_I+0.5)* (rx_T+0.5})})));

L u2 = log{{exp(n*((rx_I-3.5)*(rx_I-3.5))])+
exp (n* { (rx_I-2.5)* (rx_I-2.5)))+
exp(n* ({rx I+1.5)*(rx_T+1.5)))+
exp (n* ((rx_I+0.5)*(rx I+0.5))))/
(exp(n* {(rx I+3.5)*(rx_I+3.5)))+
exp (n* ((rx_I+2.5)* (rx_I+2.5)))+
exp(n*((rx I-1.5)*(rx I-1.5)))+
exp(n* ({rx_I-0.5)*(rx_I-0.5))))};

L u3 = log{(exp(n* (({rx_I-3. 5)*(rx I-3.5)))+
exp (n* ((rx_I+2.5)* (rx_I+2.5)})+
exp(n* ({rx_I-1.5)*{rx_TI-1.5)})+
exp (n* ({rx_I+0.5)* (rx_I+0.5))))/
(exp(n* ({rx_T+3.5)* (rx x_TI+3.5)))+
exp(n* ({rx_I-2.5)* (rx_TI-2.5)))+
exp(n* ({rx T+1.5)* (rx_T+1.5)))+
exp(n* ((rx_I-0.5)*(rx_I- 0.5)))));

x I = rx_Q;

L ud = log((exp(n*((rx_I-3.5)*(rx I-3.5)))+

- exp(n* ({rx_I-2.5)*% (rx_I-2.5)))+
exp(n* ({rx_T-1.5)*(rx_I-1.5)})+
exp(n* ({rx I-0.5)*(rx I-0.5})))/
(exp(n*((rx_I+3.S)*(rx~I+3.5)))+
exp(n* ((rx_I+2.5)* (xx I+2.5)))+
exp(n* ((rx_I+1.5)* (rz_I+1.5)))+
exp(n* {{rx I+0.5)* (rx_I+0.5))}));

L uS = log((exp(n*({rx_I-3.5)*(rx_I-3.5)))+

- exp(n* ((rx_I-2.5)*(rx_I-2.5)))+
exp(n* { {rx_I+1.5)* (r=x_I+1.5)))+
exp(n* { {rx_I+0.5)* (rz_I+0.5))))/
(exp{n* ({rx_I+3.5)*(rx_TI+3.5)))+
exp(n* ((rx_I+2.5)* (rx_I+2.5)))+
exp(n* {(rx_I-1.5)*(rx_I-1.5)))+
exp(n* ((rx_I-0.5)*(rx_I-0.5)))));

L u6 = log((exp(n*((rx I-3.35)*(rx I-3.5))}+

- exp(n* {(rx_I+2.5)*(rx_I+2.5)))+
exp{n* {({rz I-1.5)*(rx I-1.5)))+
exp(n* ((rx_I+0.5)*(rx_I+0.5))))/
(exp(n* ((rx_I+3.5)* (rx_I+3.5)))+
exp(n *((rX_I—2.5)*(rx_I—2.5)))+
exp(n* ((rx_I+1.5)* (rx_I+1.5)))+
exp{n* {{rx_I-0.5)*(rx_I-0.5))}));

Dl_datali] = L_ul;

Dl1_datali+1] = L_u2;

Dl_data[i+2] = L_u4;

Dl_datal[i+3] =TI ub;

Dl_paritylil] = L_u3;

Dl_parity[i+l] = 0.0;

Dl_parity[i+2] = 0.0;

Dl_parity[i+3] = 0.0;

DZ_parity(il = L_ué;

D2_parity[i+l] = 0.0;

D2_parity[i+2] = 0.0;

D2_parity[i+3] = 0.0;

i=31i+ 4;

}
/*
* interleave data:
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*/
r_ileav(Dl_data, rule);

#endif
#ifdef R46_64QAM IQ Gray_ Map

/* Optionl: used in "Parallel Concatenated Trellis Coded Modulation® ICC'36
Channel: I = (ul, u2, u3), @ = (u4, u5, ué) defined using Gray mapping:

%

* yl & u4 are MSBs and u3 & u6é are LSBs:
* 010---011---001---000--~100---101---111--~110
* -3.5 -2.5 -1.5 -0.% 0.5 1.5 2.5 3.5
* where:
* ul = do
* uz = dl
* u3 = p0 parity from ENC_V
* ud = d2
* us = d3
* ué = g0 parity from ENC_H
>
* INT_BIZE = multiple of 4
*/
n = (-1.0) / {2 * SIGMA 23_8AM * SIGMA 23_BAM);
/*
* deinterleave data:
*/

for(i = 0; i < INT_SIZE; i++)
data_d[i] = data(il:
r deileava(data_d, rule):;

for(i = 0; i < INT_SIZE;)
{
/* Puncturing patern is:
* 40, dl, d2, 43,...
*p0, 0, 0, O,...
* g0, 0, 0, O,...

*/
ul = data_d[i];
uz2 = data_d[i+1];
u3 = Encl[i];
tx = 2%yl - 2*u2 + 4*ul*u2 - 1.0 + ({(2*ul-1)*{2*u2-1))<0?(u3-0.5):(0.5-u3)):
rx = tx + SIGMA 23 8AM * gasdev():
L _ul = log((exp(n:(r;-O.S)*(rx—O.S))+exp(n*(rx‘1.5)*(rx~1.5)) +

exp(n* (rx-2.5)*(rx-2.5)) +exp(n* (rx-3.5)* (rx-3.5)))/
(exp{n* (rz+0.5)* (rx+0.5)) +exp(n* (rx+1.5)* (rx+1.5)) +
exp(n* (rx+2.5) * (rx+2.5) ) +exp(n* (rx+3.5)* (rx+3.5)))) s

L u2 = log((exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp{n*{rx-2.5)* (rx—-2.5) ) +exp(n* (rx~3.5) * (rx-3.5}))/
(exp(n*(rx+l.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx-l.5)*(rx—1.5))));

L_u3 = log({exp(n*(rx+2.5)* (rx+2.5)) +exp(n* (rx+l.5)*(rx+1.5)} +
exp(n*(rx—l.5)*(rx—l.5))+exp(n*(rx—2.5)*(rx—2.5)))/
(exp (n* (£x+3.5) * (rxx+3.5) ) texp (n* (rx+0.5) * (rx+0.5)) +
exp (a* (xx-0.5)* {rx-0.5)) texp (n* (rx-3.5) * (xx-3.5)) )}

ul = data_d[i+2];

uz = data df[i+3);

u3 = Enc2[i};

tx = 2%yl = 2%*u2 + 4*ul*uz - 1.0 + (((2*ul-1)*(2*u2-1))<0?(u3-0.5):(0.5~-u3));
rx = tx + SIGMA 23 _8AM * gasdev():

L ud = log((exp(n*(rx-O.S)*(rx-O.S])+exp(n*[rx—l.5)*(rx—1.5)) +

exp (N* (rx-2.5) * (rx-2.3) }+exp(n* (rx-3.5)* (rx-3.5)) )/
{exp (n* (rx+0.5)* (rx+0.5) }+exp (n* (rx+1.5) * (rx+1.5}) +
exp (n* (rx+2.5) * (rx+2.5) )+exp (n* (rx+3.5) * (rz+3.5))));

L_ud = log( (exp(n* (rx+3.5) * (rx+3.5) ) +texp(n* (rx+2.5)*(rx+2.5)) +
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exp(n* (rx-2.5)* (rx-2.5) ) +exp (n* (rx-3.5)* (rx-3.5}) )/
(exp (n* (rx+l.5) * (rx+i,5) ) +exp (n* (rx+0.5) * (rx+0.5)) +
exp (n* (rx-0.5)* (rx-0.5) }+exp (n*(rx-1.5) * (rx-1.3}))};

L ub = log ({exp (n* (rx+2.5) *{(rx+2.5) ) +exp(n* (rx+1.5)* (rx+1.5)) +
exp (n* (rx-1.5)* (rx-1.5) ) +exp (n*(rx-2.5)* (rx-2.5)))/
(exp (n* (rz+3.5) * (rx+3.5) ) +exp (n* (rx+0.5) * {(rx+0.5)) +
exp(n* (rx-0.5)*(rx-0.5) ) +exp (n* {rx-3.5) *(rx-3.5)})):

D1_datafli] =L ul;
D1_data{i+1] =1 u2;
Dl_datali+2] = 1_ué4;
Di_dataf{i+3] = L_u5;
Dl_parity{i] =1 u3;
Di_parity[i+l] = 0.0;
D1_parity[i+2} = 0.0;
D1 _parity[i+3} = 0.0;
D2_parityli] = L_u6;
D2_parity[i+1l} = 0.0;
D2_parity[i+2] = 0.0;
D2_parity[i+3] = 0.0;

1 =1+ 4;

}
/*
* interleave data:
*/

r_ileav(D1l_data, rule);

#endif

/*mio*/
#ifdef R24_40AM

* Channel: we transmit two 2-AM symbols to emulate a 4-QAM symbol.
2 info bits and 2 parity bits are mapped to 2 4-Q&M symbols which in
turn are simulated as 4 2-AM symbols to achieve 1bit/s/Hz

INT_SIZE to be a multiple of 2
/

n =
for(i
{
/* symbol 1 */
d0 = datalil:

0) / (2 * SIGMA 24 4QRM * SIGMA 24_40AM);

(-1.
= 0; 1 < INT SIZE; i++)

;

tx =d0 - 0.5;

rx = tx + SIGMA 24 40AM * gasdev();

L_d0 = log((exp(n*(rx-0.5)*(rx-0.5))) /
(exp(n* (rx+0.5) *(rx+0.5)})));

Dl_datali]l = L_d0;

/* symbol 2 */

ao = Encl(i];

tx = d0 - 0.5;

rx = tx + SIGMA 24_40BM * gasdev({};

L d0 = log{ (exp(n*(rx-0.5)*(rx-0.5)}) /

1)

(exp (n* (rx+0.5) * (rx+0.5)
Dl_parity[i] = L_dO:

/* symbol 3 */

d0 = datali+ll:

tx =do - 0.5;

rx = tx + SIGMA 24_40aM * gasdev()};

L _d0 = log{(exp(n* (rx-0.5}*(rz-0.5))) /

{exp (n* (rx+0.5) * (rx+0.5))});
Dl_datali+l] = L_dO0;

/* symbol 4 */

28
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do = Enc2[i+1];

tx =do - 0.5;

rx = tx + SIGMA 24 4QAM * gasdev();

L d0 = log((exp{n*(rx-0.5)*{rx-0.5})) /
(exp (n* (rx+0.5)* (rx+0.5)}));

D2_parity[i+l] = L_d0;

D1 parityli+l] = 0.0;

D2:parity[i] = 0.0;

i = i+1;

$ifdef R26_40BM

/*

* Channel:

* o %

I

NT_SIZE to be a multiple of 2

= (-1.0) / (2 * SIGMA_26_4QAM * SIGMA 26 4QRM);

i = 0; i < INT_SIZE; i++)

/% symbol 1 */

d0 = datalil:

tx = d0 - 0.5;

rx = tx + SIGMA 26 4QAM * gasdev():

L_d0 = log((exp(n*(rx-0.5)* (rx-0.5})) /
(exp (n* (rx+0.5) * (rx+0.5) )}/

D1_datali] = L_d0;

/* symbol 2 */

i

do = Encl[i];

tx = d0 - 0.5;

rx = tx + SIGMAu26_4QAM * gasdev({);

L do = Llog((exp (n* (rx-0.5)* (rx-0.5))) /
)

(exp (p* (rx+0.9) * (rx+0.5) )}
pl_parity[i]l = L_dO;

/% symbol 3 */

do = Enc2[i];

tx = do - 0.5;

X = tx + SIGMA_26_4QAM * gasdev();

L d0 = log ({exp(n* (rx-0.5)* (xx-0.5))) /

(exp (n* (xx+0.3) * (rx+0.5))) )7
D2_parity[i]l = L d0;

/* symbol 4 */

d0 = datal[i+1];

tx = d0 - 0.5;

rx = tx + SIGMA 26 4QAM * gasdev();

L_d0 = log((exp(n*(rx-0.5)*(rx-0.5))) /
{exp{n* (rx+0.5) *(rx+0.5))));

D1_datafi+1] = L_do;

/* symbol 5 */

dg = Encl[i+1]);

tx = d0 - 0.5;

rx = tx + SIGMA 26_4QAM * gasdev():

L d0 = log( (exp (n* (rx-0.5)*(rx-0.5))) /
i

(exp(n* (rx+0.5) * (rx+0.5))
Dl parityf[i+l] = L_d0;

/* symbol 6 */

i

do = Enc2[i+1];

tx = d0 - 0.5;

rx = tx + SIGMA 26 _4QAM * gasdev();

L_d0 = log((exp(n* (xx-0.5)*(rx-0.5))) /
1))

(exp (n*{rx+0.5) * (rx+0.3)

29
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D2_parity[i+l] = L_d0;

i = i+l;

}

/*mio*/

#ifdef
/*

% % ok ok N % ok R Ok % ¥ X

*

~

R46_S0AM

I dimension:
40 is MSB and dl is LSB in a 4-AM:(d0,dl):
01----00----106----11
-1.5 -0.5 0.5 1.5
Q dimension:
d0 is MSB in a 2~AM: {(d0):

We transmit one 4A-M symbol and one 2-AM symbol to emulate a 32QAM symbol.

4 info bits and 2 parity bits are mapped to 2 8QAM symbols.

INT SIZE to be a multiple of 4

for(i = 0; i < INT_SIZE; i++)

{
/* symbol l: 4AM */
40 = datalfil];
dl = Encll[il;

tx = d0 - dl + 2*d0*dl - 0.5;
X = tx + SIGMA_4AM of 46_80QaM * gasdev();
n = {(-1.0) / (2 * SIGMA 4AM of 46_8QAM * SIGMA 4AM of 46_8QAM);

L_d0 = log((exp(n* (rx-0. 5Y* (rx-0.5)) +exp (n* (rx-1. 5)* (rx-1.5))) /
(exp (n* (rx+0.5)* (£x+0. 5))+exp (n* (rx+l1.5) * (rx+1.5)))) ¢

L dl = log((exp(n*(rx+1.5)*(rx+1.5)]+exp(n*(rx—1.5)*(rx-l.5))) /
(exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx+0.5)*(rx+0.5))));

Dl_datafi]l = L_d0r

Dl parity(il = L_di:

/* symbol 2: 2AM */
d0 = data[i+1];

tx = d0 - 0.5;
rx = tx + SIGMA 2AM of 46 BQAM * gasdev ()
n = (=1.0) / (2 * SIGMA 2aM_of_46_8QAM * SIGMA_2AM of 46_8QAM);

L _d0 = log((exp(n* (rx-0.5)*(rx-0. 5))) /
{exp(n* (rx+0.5)* (xx+0.5))) )7

Dl datal[i+1] = 1_d0;

/* symbol 3: 4AM */

d0 = datali+2];

dl = Enc2[i+2];

tx = d0 - dl + 2*d0*dl - 0.5;
rx = tx + SIGMA 4AM of 46 8BQAM * gasdev();
n = (=1.0) / (2 * SIGMA 4AM of_ 46_BQAM * SIGMA_4aM of 46_8QAM);

L_d0 = log{((exp(n*(rx-0. 5)*(rx-0 5))+exp (n* (rx-1.5)* (rx 1.5)1) /
{exp(n* (rx+0.5) * (rx+0.5) )+exp (n* (rx+l. 5)*(rx+1.5))));

L_dl = log((exp(n*(rx+l. 5) % (rx+1.5)) +exp (n* (rx-1.5)% (rx-1.5))) /
(exp (n* (rx-0.5)* (rx-0.5) ) +exp (n* (rx+0. 5)Y* (rx+0.5))});

Dl _datali+2] = L_do;

D2 parity[i+2] = L_dl:

/* symbol 2: 4AM */
d0 = datal[i+3]:

tx =40 - 0.5;
rx = tx + SIGMA_2aM of 46_8QAM * gasdev();
n = (-1.0) / (2 * SIGMA ZAM of 46_8QAM * SIGMA 2AM of . 46_80AM) ;

1 _d0 = log{{exp(n*(rz-0. 5) % (rx-0.5)}) /
{exp (n* (rx+0.5)* (rx+0.5))));

Dp1_data[i+3] = L_do;
Dl_parity([i+1] = 0.0;
D1_parity[i+2] = 0.0;

30
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Dl
D2
D2
D2

#endif

_parity{i+3]
Tparityli] =
_parity[i+l]
_parity[i+3]

64

COMPUTER PROGRAM LISTING APPENDIX

(= |

i = i+3;

}

/*mioc*/

pifdef
/*

*

*
*
*
*
*
*
¥
*
*
*
*
*
*
*

R26_8QAM

I dimension:
40 is MSB and dl is L$B in a 4-AM:(d0,dl):
01----00----10----11
-1.5 -0.5 0.5 1.5
Q dimension:
d0 is MSB in a 2-AM:(d0):

We transmit one 4A-M symbol and one 2-AM symbol to emulate a 80AM symbol.

2 info bits and 4 parity bits are mapped to 2 BQAM symbols.

INT_SIZE to be a multiple of 2

/

for(i = 0; i < INT_SIZE; i++)

/*

/*

/*

{

symbol 1: 4AM */

do = datalil;

dl = Encl([i];

tx = d0 - dl + 2*d0*dl - 0.5;

rx = tx + SIGMA 4AM of 26_B8QAM * gasdev ()’

n = (-1.0) / (2 * SIGMA 4AM of 26 8QAM * SIGMA_4AM of 25_8QAM);

L_d0 = log((exp (n* (rz- 0.5)* (xx-0. 5))+exn(n*(rx—l 5)*(rx 1.5)3)) /
{exp (n* (rx+0.5) * (rx+0. 5))+exp(n* (rx+1.5)* (xx+1.5))))

L dl = log{{exp(n*{rx+l.5)* (rx+1.5))texp(n* (rx-1.5)* (rx- 1.51)) /
(exp (n* (rx-0.5) * (xx-0.5) ) +exp(n* (rx+0.5)* (xx+0.5})} )7

pl_datali] = L_doO;

DI _parityl[i] L _dl;

symbol 2: 2AM */

d0 = Enc2[il;

tx = d0 - 0.5;

rx = tx + SIGMA_2AM of 26_80QAM * gasdev();

n = {-1.0) / (2 * SIGMA _ ZAM of_26_8QAM * SIGMA_| 2aM of_26_8QAM);

L d0 = log({exp(n* (rx-0. 5) % (rz=0.5))) /
{exp(n* (rx+0.5) * (xx+0.5)))) ¢
D2_parity[i] = L_dO0;

/* symbol 3: 4AM */

d0 = Encl{i+l];

dl = Enc2{i+l];

tx = d0 -~ di1 + 2*d0*dl - 0.5;

rx = tx + SIGMA 4AM of 26_80AM * gasdev();

n = (-1.0) / (2 * SIGMA 4AM of_26_8QAM * SIGMA_ 4AM of 26_8QRM);

L_d0 = log((exp(n*(rx-0. 5y * (rx-0.5) )+exp(n*(rx—1 5y* (rx-1.5))) /
(exp {n* (rx+0.5) * (rx+0.5)) +exp (n* (xz+1.5) *(rx+1.5))));

L dl = log{(exp(n*(rx+l. 5)* (rz+1.5) ) +exp(n* (rx-1.5)* (rz-1.5))) /
(exp (n* (rx-0.5)* (rx-0.5)) +exp (n* (rx+0.5) * (rx+0.5))))

Di_parity{i+l] = L_d0;

D2 parity(i+l] = L_dl;

symbol 4: 2BM */

d0 = datali+ll:

31
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tx = do - 0.5;
rx = tx + SIGMA 2AM of 26_8QaAM * gasdev();
a = (-1.0) / (2 * SIGMA 2AM of 26_SOAM * SICMA 2AM of 26 8QAM);

L_d0 = log{(exp(n*(rx-0.5)*(rx-0.5)}) /
(exp (n* (rz+0.5)* (rx+0.5))) )7

D1 datal[i+l] = L_&0;
i=iti;
3
#endif
/*mio*/
#ifdef R13_8QAM
7%
* T dimension:
* 30 is MSB and dl is LSB in a 4-BM:(d0,dl):
* 01----00----10----11
* -1.5 -0.% 0.5 1.5
* Q dimension:
* 30 is MSB in a 2-AM:(d0):
* 0----- 1
* -0.5 0.5
*
*
* We transmit one 4A-M symbol and one 2-AM symbol to emulate a 80AM symbol.
* 1 info bits and 2 parity bits are mapped to 1 BQORM symbols.
*
* INT SIZE to be a multiple of 1
*/ -
for(i = 0; 1 < INT_SIZE; i++)
{
/* symbol 1: 4AM */
40 = datalil;
dl = Encll[il;
tx = d0 - d1 + 2*dD*dl - 0.5;
rx = tx + SIGMA_4RM_of_13_80AM * gasdev();
n = {-1.0) / (2 * SIGMA 4aM of 13 _SQAM * SIGMA_4AM of 13 _SOAM);

/*

#endif

/*mio*
#ifdef
/*

*

L 60 = log((exp(n* (zx—0.5)* (rx~0.5))+exp (n* (rx-1.5)*(xx-1.5))) /
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+1.5))));

L dl = log((exp[n*(rx+l.5)*(rx+l.5))+exp(n*(rx-1.5)*(rx—l.S))) /
(exp[n*(rx—O.S)*(rx—O.S))+exp(n*(rx+O.5)*(rx+0.5))));

Dl_datali] = L_do0;

D1 _parity[i]l = L_d1;

symbol 2: 2AM */

d0 = Enc2[il;

tx = d0 - 0.5;7

rx = tx + SIGMA 2AM of 13_8QAM * gasdev ()i

n = (-1.0) / (2 * SIGMA_2aM of 13 _80QAM * SIGMA 2AM of_ 13_8QAM);

L do = 1og((exp(n*(rX-D.S)*(rx-OTS))) /
(exp (n* (rx+0.5)* (rx+0.5))) )’
D2_parity(i] = I _d0;
}
/
R412_16QAM

Channel: we transmit two 4-2M symbols to emulate a 16-0QAM symbol.

* 4 info bits and 8 parity bits are mapped to 3 16-0AM symbols which in

* % ok %

turn are simulated as 6 4-AM symbols to achieve 3bit/s/Hz
40 is MSB and dl1 is LSB in a 4-AM:(d0,dl) = 01----00--}~--10-—--11
-1.5 -0.5 0.5 1.5
INT SIZE to be a multiple of 4
/
= (-1.0) / (2 * SIGMA_412_16QAM * SIGMA 412 16QAM);
r{i = 0; i < INT_SIZE; i++)

32
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/* symbol 1 */
d0 = dataflil;

dl Fnclii];

tx = 2*xd0 - 2*dl + 4*d0*dl - 1.0;

rx = £x + SIGMA_412_16QAM * gasdev ()’

L d0 = log((exp(n*(rx—l)*(rx-l))+exp(n*(rx—3)*(rx—3))) /
(exp(n*(rx+1)*(rx+l))+exp(n*(rx+3)*(rx+3))));

L di = log((exp(n*(rx+3)*(rx+3))+exp(n*(rx-3)*(rx—3))) /
(exp(n*(rx-l)*(rx—l)]+exp(n*(rx+l)*(rx+1))));

Dl_datafil = L_d0;

D1 parityli]l = L_dl:

/* symbol 2 */
do = data[i+1},;

dl = Enclii+ll;

txr = 2%d0 - 2*dl + 4*d0*dl - 1.0;

ry = tx + SIGMA 412 _16QaM * gasdev(};

L d0 = log((exp(n*(rx—l)*(rx-l))+exp(n*(rx-3]*(rx—3) /

»)

(exp(n*(rx+1)*(rx+l))+exp(n*(rx+3)*(rx+3)))),

L dl = log!{ (exp(n* (rx+3) * (rx+3) ) +exp(n* (rx-3}* (rx-3))) /
(exp(n*(rx—l)*(rx—l))+exp(n*(rx+l)*(rx+1))))

D1_data[i+l] = L do;

Dl_parityfi+l]l = L_di;

;

/* symbol 3 */
d0 = EncZ{il:

dl = Enc2[i+1];

tx = 2%¥d0 - 2*dl + 4*g0*dl - 1.0:

rx = tx + SIGMA_412 160AM * gasdev():

L_do = log((exp(n*(rx—l)*(rx—l))+exp(n*(rx—3)*(rx—3))) /
(exp(n*(rx+l)*(rx+l))+exp(n*(rx+3)*(rx+3))));

L dl = log((exp(n*(rx+3)*(rx+3))+exp(n*(rx-3)*(rx—3))) /
(exp(n*(rx-l)*(rx-l))+exp(n*(rx+l)*(rx+l))});

D2_parity([i] = L_d0;
D2 parityli+l] = L_dl;

/* symbol 4 */

do = datali+2];

dl = Fncl(it+2];

tx = 2%d0 - 2*dl + 4*do*al - 1.0;

rx = tx + SIGMA 412 16QAM * gasdev()s

L d0 = log((exp(n*(rx—l)*(rx—l))+exp(n*(rx—3)*(rx-3) /

)
Yi
y /
):

)

(exp(n*(rx+1)*(rx+l))+exp(n*(rx+3)*(rx+3)))

L_dl = log((exp(n*(rx+3)*(rx+3))+exp(n*(rx-3)*(rx—3))
(exp(n*(rx—l)*(rx—l))+exp(n*(rx+1)*(rx+l)))

Dl_data[i+2] = L_d0;

Dl parity[i+2] = L_di;

/* symbol 5 */
do = Ene2{i+2];
dl = Enc2fi+3];
tx = 2*d0 - 2*dl + 4*%d0*dl - 1.0;
rx = tx + SIGMA 412_16QAM * gasdev{);
L_d0 = log((exp(n*(rx—l)*(rx—l))+exp(n*(rx—3)*(rx—3 /

L dl = log((exp(n*(rx+3)*(rx+3))+exp(n*(rx—3)*(rx—3 /
(exp(n*(rx—l)*(rx—l))+exp(n*(rx+l)*(rx+1)
D2 _parity{i+2] L_do;

D2_parity[i+3] = L_dl:

;

)
(exp(n*(rx+1)*(rX+1))+exP(n*(rX+3)*(rX+3))));

1))

1))

/* symbol 6 */

do = data[i+3];

dl = Bncl{i+3];

tx = 2%d0 - 2*dl + 4*d0*dl - 1.0;

rx = tx + SIGMA 412_16QAM * gasdev();

L_d0 = log(({exp(n® (rx=1)*(rx-1))+exp (n* (rx-3)* (rx-3))) /
(exp(n*(rx+1)*(rx+l))+exp(n*(rx+3)*(rx+3))));

L dl = log[(exp(n*(rx+3)*(rx+3))+exp(n*(rx—3)*(rx—3))) /
(exp(n*(rx-l)*(rx—l))+exp(n*(rx+l)*(rx+l))));

D1_data[i+3] = L_do;
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D1_parity(i+3] = L_di;

1= 1435
}
#endif
/*mio*/
#ifdef RS515_32QAM
/*
* I dimensicn:
* d) is MSB and d2 is LSB in 8-AM: (d0,dl,d2):
* 010---011---001---000---100---101—--111---110
* -3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5 3.5
* Q dimension:
* d0 is MSB and dl is LSB in a 4-2M: (d0,dl):
* 01----00----10----11
* -1.5 -0.5 0.5 1.5
*
*
* We transmit one &AM symbol and one 4AM symbol to emulate a 32QAM symbol.
* 5 info bits and 10 parity bits are mapped to 3 32QAM symbols.
*
* INT SIZE to be a multiple of 5
*/
for(i = 0; i < INT_SIZE; i++)
{
/* symbol 1: 8AM */
do = datali);
dl = Encl(i};

d2 = Enc2(i):

tx = 2%d0 - 2%dl + 4*d0*dl - 1.0 + (({2*d0-1)* (2*d1-1))<0?(d2-0.5):(0.5-d2)};

rx = tx + SIGMA 8AM of 515_320QAM * gasdev();
n = {-1.0) / (2 * SIGMA_SAM of 515_320QAM * SIGMA_BAM of_515_32Q8M);
L d0 = log{(exp(n*(rx-0.5)*(rx-0.5))+exp{n*(rx-1.5)* (rx-1.5)) +

exp (n* {rx-2.5)*{rx-2.5) ) +exp(n* (rx-3.5)* (rx~-3.5) 1)/

(exp (n* (rx+0.5) * (r2+0.5) ) +texp (n* (rx+l1.5) * (rx+1.5)) +

exp (n* (rx+2.5)* (rx+2.5) ) +exp (n* (rx+3.5) * (rz+3.5))));

L dl = log{({exp{n*{rx+3.5)*(rx+3.5))+exp(n* (rx+2.5) * (rx+2.5)) +
exp (n* {rx-2.5)* (rx-2.5)) texp(n* (rz-3.5) * (¥rx~3.5)))/
(exp (n*{(rx+1.5)*{rx+1.5))+exp(n* (rx+0.5)* (xrx+0.5)) +
exp (n* (rx-0.5)* (rx-0.5) ) +exp (n* (rx-1.5)* (rx~1.5)) ) )

L d2 = log({(exp(n* (rx+2.5)* (rx+2.5)) +exp(n* (rx+1.5) * {rx+1.5)) +
exp(n*(rx-1.5)* (rx~-1.5) ) +exp (n* (rx-2.5)*(rx-2.5)))/
(exp (n* {rx+3.5) * (rz+3.5) ) texp (n* (rx+0.5) * (rx+0.5)) +
exp {n* (rx-0.5)* (rx-0.5) ) +exp(n* (rx-3.5) *(rx~3.5) )} )7
D1_datali] = IL_do0;
Dl_parityli] =L dl:
Dz_parityli] = L_d2;

do
dl

/* symbol 2: 4AM */
a0 = datali+l]l;
dl = Encli+l];

tx = d0 - dl + 2*d0*dl - 0.5;
rx = £x + SIGMA_4AM_of_515_32QAM * gasdev();
n = (-1.0) / (2 * SIGMA 4AM of 515 320QAM * SIGMA 4AM of 515 32QAM);

L_d0 = log{{exp(n*{rx-0.5)*(rx-0.5))texp{n*{rx-1.5)*(rx-1.5)1)) /
(exp (n* {rx+0.5) * (rx+0.5) ) +exp(n* (rx+1.5)* (rx+1.5))));

L dl = log({exp(n*(rx+l.5)* (rx+1.5))+exp{n* (rx-1.5)* (rx-1.5))) /
(exp (n* (rr-0.5) * (rx-0.5) ) +exp (n* (xrx+0.5)* (rx+0.5))))?

Di_data(i+1] L_do0s

D2_parity{i+l] L_dl;

on

/* symbol 3: 8AM */

= datali+2];

= Encl[i+2];
dz2 = Enc2li+l};
tx = 2*d0 - 2*dl + 4*d0*dl - 1.0 + ({{2*d0-1)*(2*dl-1))<02(a2-0.5):(¢(0.5-d2));
rx = tx + SIGMA 8AM of_ 515 _32QaM * gasdev();
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n = (-1.0) / (2 * SIGMA 8AM of_ 515 320AM * SIGMA 8AM of 515 _32QAM);
L_dO = log{(exp{n*(rx-0.5)*(rx-0.5))+exp(n* {rx-1.5)* (xx-1.5}) +
exp(n* {ru-2.5)* (rx-2.5) ) texp(n* (rx-3.5)* (rx-3.5) })/
(exp(n* (rx+0.5) * (rx+0.5) ) +texp(n* (rx+1.5) * (rx+1.5)) +
exp (n¥* (rx+2.5)* (rx+2.5) ) +exp (n* (rx+3.5) * (rx+3.5))) )

log{(exp(n* (rz+3.5) * (rx+3.5) ) +exp (n* (xx+2.5) * (rx+2.5}) +
exp (n* (rx-2.5)* (rx-2.5) ) +exp(n* (rx-3.5) *(rx~3.5) )}/
(exp (n* (rz+1.5) * (rx+1.5) ) texp(n* (rx+0.5) * (rx+0.5)) +
exp (n* (rx-0.5)*{(rx-0.5) )+exp{n* (rx-~1.5)*(xx-1.5))) )7

IF'
[o3)
oy

[

L d2 = log{(exp(n* (rx+2.5) * (rx+2.5))+exp(n* (rx+1.0)* {rx+1.5)) +

exp(n* (rx-1.5)*(rz-1.5) ) +exp(n* (rx-2.5)*(rr-2.5))}/
(exp (n* (rx+3.5) * (rr+3.5) ) +exp (n* (rx+0.5) * (rx+0.5)) +
exp (n* (rx-0.5)*{rx-0.5) ) +exp{n* (rx-3.5) * {(xx-3.5))) )7
Dl_datali+2] = L_do0:
DI parity[i+2] = L_dl;
D2_parity[i+l] = L_d2;
/* symbol 4: 4AM */
d0 = data(i+3];
dl = Enc2[i42];
tx = d0 - dl + 2*d0*d1l - 0.5;
rx = tx + SIGMA_4AM of_ 515 32QAM * gasdev ()
n = (-1.0) / (2 * SIGMA 4AM of_ 515 32QBM * SIGMA 4AM of_515_32QAM);
L d0 = log({exp(n*{(rx-0.5)*(rx-0.5))+exp (n* (rx-1.5)*(rx-1.5))) /
{exp (n* (rx+0.5) * (rx+0.5) ) +exp(n* (rx+1.5} *(xx+1.5)))}s;
L dl = log((exp(n*{(rx+1.5)* {rx+1.5))texp(n* (rg-1.5)*(rx-1.5))) /
{exp(n*(rx=-0.5)* (rx-0.5) ) texp(n* (xx+0.5) * (xrx+0.5))) )
D1_datali+3] = L_do;
D2_parity[i+2] = L_dl;

/* symbol 5: B8AM */

a0 = datali+4];
dl = Encl[i+3]:
az = Enc2[i+3];
tx = 2*d0 - 2*dl + 4*d0*dl - 1.0 + (((2*d0-1)*(2*dl-1))<0?(d2-0.5):(0.5-d2)};
rx = tx + SIGMA_8AM of 515 32ZQAM * gasdev():;
n = (-1.0) / (2 * SIGMA 8AM of 515_32QAM * SIGMA 8AM of_ 515_320AM);
L d0 = log(({exp(n*{rx-0.5)*{rx-0.5))+exp(n* (rx-1.5)* (rx-1.5)) +
expln* (rx-2.5)* (rx~2.5) ) texp (n* (xx=-3.5) *{(rz-3.5}))/
(exp (n* (rx+0.5) * (rx+0.58) ) +exp(n* (rx+1.5)* (zxx+1.5)) +
exp (n* (rx+2.5)* (rx+2.5) ) +exp (n* (rx+3.5) * (rx+3.5))));
L_dl = log({exp(n*{(rx+3.5)*(rx+3.5))+exp(n* (rx+2.5)* (rx+2.5)) +
exp (n* (rx-2.5)* (rx-2.5) Jtexp (n* (rx—-3.5) *{rx-3.5) )} /
(exp(n*{rx+1.5)* (rx+1.5) ) +texp(n* (rx+0.5)* (rx+0.5)) +
exp(n* (rx-0.5)* (r=z-0.5) ) +exp (n* (rx-1.5)*(rx-1.5}))) ¢
L d2 = log({exp(n* (rx+2.5)*(rx+2.5))+exp(n* (rx+1.5) * (rx+1.5)) +
exp(n* (zx-1.5)* (rx-1.5) ) +texp(n* {rx-2.5) * (xrx-2.5))})/
(exp (n* (rx+3.5)* (rx+3.5) ) +exp (n* (rx+0.5) * (rx+0.5)) +
exp (n* (rr-0.5)*(rx-0.5) ) +texp(n* (rx-3.5)* (rx-3.5)))):
Dl_datali+4] = L_d0;
Dl parity[i+3] = L_dl;
D2 _parity{i+3] = L_d2:
/* symbol 4: 4AM */
d0 = EBncl{i+4];
dl = Bnc2([i+4];
tx = d0 - dl + 2*d0*dl - 0.5;
rx = tx + SIGMA 4AM of 515_32QaM * gasdev();
n = (-1.0) / (2 * SIGMA_4AM of 515_32QAM * SIGMA 4AM of 515 _32QAM);

L do = log((exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx—1.5)*(r§—1.5))) /
(exp (n* (rx+0.5) * (rx+0.5) ) +exp (n* (rx+1.5) *(rx+1.5)))) 7
L dl = log({exp(n* (rx+1.5)*(rx+1.5)) +exp(n* (rx-1.5)* (rz-1.5))) /

(exp(n* (xx—-0.5)* (rx-0.5) ) texp (n* {xx+0.5) * (rx+0.5})1) ) ;
D1_parity(i+4] = L_d0;
D2_parity([i+4] = L_di;

i = i+4;
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}
#endif

/¥mio*/
#ifdef R26 640aNM
/*
* Channel:
* d0 is MSB and d2 is LSB in 8AM: (d0,dl1,d2}:

* 010---011---001---000---100---101---111---110
* -3.% -2.5 -1.5 -0.5 0.5 1.5 z.5 3.5
x/

/%

* Channel: we transmit two 8aM symbols to emulate a 640AM symbol.

* 2 info bits and 4 parity bits are mapped to 1 84QAM symbols which in
* turn are simulated as 2 B8AM symbols to achieve 2bit/s/Hz.
*
*
*

INT_SIZE te be a multiple of 2

/
n = (-1.0}) / (2 * SIGMA_26_G4Q0RAM * SIGMA_26_640AM);
for(i = 0; 1 < INT_SIZE; i++)

{

/* symbol 1 */

d0 = datali];

dl = Encl[i];
d2 = Enc2[i}s
tx = 2*d0 - 2*dl + 4*d0*dl - 1.0 + (((2*d0-1)*(2*d1-1}1)<02(d2-0.5):(0.5~-d2});

rx = tx + SIGMA 26 640AM * gasdev():;

L d0 = log((exp(n*(rg-0,5)*(rx-0.5))+exp (n* (xrx-1,5)*(rx-1.5)) +
exp(n* (¥x-2.5) * (rx-2.5) )+exp(n* (xx-3.5)* (rx-3.5)))/
{exp (n* (rx+0.5) * (rx+0.59) ) +exp{n* {rx+1.5) * (xx+1.5)) +

exp({n* {rx+2.5) * (rx+2.5) ) +exp(n* (rx+3.5) * (rx+3.5))) )/

L dl = log((exp(n*(rx+3.5}* (rx+3.5))+exp(n* (rx+2.5)* (rx+2.5)) +
exp {n* (rx-2,5) * (rx-2.5) ) texp(n* (rx-3.5)* (xrx~3.5))) /
(exp (n* (xx+1.5) * (xx+1.5) ) +exp(n* (rx+0.5)* (rx+0.5)) +
exXp (n*(rx-0.5)* (rx-0.5) ) +texp(n* (rx-1.5)*{rx-1.5))) )+

1,_d2

log((exp (n* (rx+2.5) * (rx+2.5) ) +exp(n* (rx+1.5) * (rx+1.5)) +
aexp(n*{rx-1.5)*(rx-1.5))+exp(n* (rx-2.5)* (rx-2.5)))/
(exp (n* {xx+3.5) * (rx+3.5) ) texp (n* (rx+0.5) * (rx+0.5)) +
exp(n* (rx—0.5)* (rx-0.5) Y +exp{n* (rx-3.5) * {(rx-3.5)))):

D1_datal[i] = 1_d0;

Dl_parityl[il =L diL;

D2_parity[i] = 1_d2;

/* symbol 2 */

do = data([i+l];
dl = Encl[i+l];
dz2 = Enc2([i+1];
tx = 2%d0 - 2*dl + 4*d0*dl - 1.0 + (((2*d0-1)*(2*d1-1)}<0?(d2-0.5):(0.5-d2)};
rx = tx + SIGMA_26_640AM * gasdev();
L_d0 = log{{exp(n*(rx-0.5)* (rz-0.5)) +exp(n* {rx-1.5) * (rx-1.5)) +
exp (n* (rx-2.5)* (rx-2.5) ) +exp(n* (rx-3.5)* (rx~3.5)))/
(exp (n* (rx+0.5) * (rx+0.5) ) +exp (n* {(rx+1.5) * (rx+1.5) ) +
exp (n* (rx+2,5) * (rx+2.5) Y texp (n* (xx+3.5) * (rx+3.5))));

T_dl = log{{exp{n*(rx+3.5)* (rx+3.5)) +exp(n* (rx+2.5) * (rx+2.3)) +
exp (n* (rx-2.5)* (rx-2.5) ) +exp (n* (rx-3.5)* (xrx~3.5)))/
(exp{n*{rx+1.5)* (rx+1.5) ) +exp (n* {(rx+0.5)* (r=x+0.5)) +
exp (n* (rx-0.5) * (rx-0.5) ) +exp(n* (rx-1.5) * (rx~1.5) })) ¢

L _d2 = log(f{exp{n*{rx+2.5)* (zx+2.5))+exp (n* (rx+l.5)* (rx+l1.5)) +
expi{n* (xrx-1,5)* (rx-1.3) ) +texp(n* (rx-2,5) *(rx~2.51))/
(exp(n* (rx+3.5)* (rx+3.5)) +texp (n* (rx+0.,5)* (rx+0.5)) +
exp{n* (rx-0.5)* (rx-0.5) )+texp(n* (rx-3.5} * (rx~-3.5)}} )~

Dl_data{i+1] = L_d0;

D1_parityli+1] = L dl;

D2_parity[i+l] = I_d2;
i = i+1;
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}
fendif

/*mio*/

#ifdef
g%

*

*

*

*

*

/*

* Ok F % ok Ok

n
fo
/%

dl

rx

D1

D1_datal[i+1]

/*

dl

r®

R36_64QAM

Channel:
40 is MSB and d2 is LSB in B8AM: (d0,dl,d2):
010---011---001---000---100---101~--111--~110
-3.5 -2.5 -1.3 -0.5 0.5 1.5 2.5 3.5

/
Channel: we transmit two 8AM symbols to emulate a 64QAM symbol.
6 info bits and 6 parity bits are mapped to 2 64QAM symbols which in
rurn are simulated as & BAM symbols to achieve 2bit/s/Hz.
INT_SIZE to be a multiple of 6
/
= (=1.0) / (2 =* SIGMA_36_64QAM * SIGMA_36_64QAM);
r{i = 0; i < INT_SIZE; i++)
symbol 1 */

d0 = datalil:

= datali+l];

d2 = Enclli]:

tx = 2*d0 - 2%dl + 4*d0*dl - 1.0 + (({2*d0-1)*(2*d1-1))<02(d2-0.5):(0.5-d2})/

= tx + SIGMA_36_640AM * gasdev({);

L_do = log((exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx-l.S)*(rx»l.S]) +
exp(n*(rx—Z.5)*(rx-2.5))+exp(n*(rx—3‘5)*(rx—3.5)))/
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+1.5)*(rx+1.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5))));

L dl = log((exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp(n*(rx-Z.S)*(rx-Z.S))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp(n*(rx+l.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx-O.S)*(rx—O.5))+exp(n*(rx—l.5)*(rx—l.S))));

L_d2 = log((exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+1.5)*(rx+1.5)) +
exp(n*(rXal.S)*(rx-l.5))+exp(n*(rx—2.5)*(rx-2.5)])/
(exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx—3.5)*(rx—3.5))));

L_d0;

I_dl;

Dl_parityli] = L_d2;

_data[i]

symbol 2 */

do = data[i+2];

= Encll[i+2]:

d2 = Enc2[i+l];

% = 2*d0 - 2*dl + 4*d0*dl - 1.0 + ({{2*d0-1)* (2*d1-1))<0?{d2~0.5): (0.5-d2}):

= tx + SIGMA_36_640AM * gasdev();

L do = log((exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx—l.S)*(rx—l.S)) +
exp(n*(rx—Z.S)*(rx—Z.S))+exp(n*(rx-3.5)*(rx-3.5)))/
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+1.5)*(rx+1.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3-5))));

1 dL

log((exp(n*(rx+3.5)*(rx+3‘5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp(n*(rx—2.5)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp(n*(rx+1.5)*(rx+1.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—O.S)*(rx-O‘S))+exp(n*(rx—1.5)*(rx—1.5))));

i

L d2 = log((exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+1.5)*(rx+l.5)) +
exp(n*(rx—l.&)*(rx—l.S))+exp(n*(rx-2.5)*(rx—2.5)))/
(exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx-O.S)*(rx—0.5))+exp(n*(rx—3.5)*(rx—3.5))));

pPl_datali+2] = L_d0:
Dl_parity[i+2] =L dl;
D2 parityli+l] = L d2;
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symbol 3 */

d0 = datafi+3]l;

= data(i+4];

d2 = Enc2[i+3];

tx = 2xd0 - 2*dl + 4*d0*dl - 1.0 + [((Z*dO-l)*(2*dl—l))<0?(d2-0.5):(O.Sde));

= tx + SIGMA_36_64QAM * gasdev();

L d0 = log((exp(n*(rx—0.5)*(rx—O.S))+exp(n*(rx-l.5)*(rx-1.5))
exp(n*(rx—2.5)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+1.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5))))

;

L dl = log((exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.5))
exp(n*(rx—Z.S)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5))}/
(exp(n*(rx+l.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—O.S)*(rx—O.B))+exp(n*(rx—l.5)*(rx—l.5))))i

L d2 = log((exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+1.5)*(rx+l.5))
exp(n*(rx—l.E)*(rx—l.S))+exp(n*(rx—2.5)*(rx—2.5)))/
(exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—O.S)*(rx—O.S))+exp(n*[rx—3.5]*(rx—3.5)))):

D1 data(i+3] = L _d0:
Dl_data[i+4] = L di;
D2_parity[i+3] = L _dz2;
/* symbol 2 */
do = datal[i+5]:
di = Encl[i+4];

dz = Enc2[i+5];

tx — 2xd0 — 2%dl + 4*d0*dl - 1.0 + (((2%¥d0-1)*(2*d1-1))<07?(d2-0.5):(0.5-d2)};

rx = tx + SIGMA 36 64QAM * gasdev(}:

L_d0 = log((exp(n*(rx—O.S)*(rx-O.S))+exp(n*(rx—l.S)*(rx—l.S)) +
exp(n*(rx—2.5)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+1.5)*(rx+1.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5}*(rx+3.5))));

L dl = log((exp(n*(rx+3.5)*(rx+3,5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp(n*(rx-Z.S)*(rx—Z.S))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp(n*(rx+1.5)*(rx+l.5))+exp(n*(rx+o.5)*(rx+o.5)) +
exp (n* (rx-0.5)* (rx-0.5)) texp (n* (¥x-1.5) * (xx-1.5))) ]}

L d2 = log((exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+l.5)*(rx+l.5)) +
exp (n* (rx-1.5) * (rx-1.5) ) +exp (n* (rx-2.5) *(rx-2.51})/
(exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—O.S)*(rx-O.S))+exp(n*(rx—3.5)*(rx-3.5))]);

D1_datali+5] = L_do0;
D1_parity[i+4] = L_di;
D2_parityl[it+5] = L_d2;
D2_parity[i] = 0.0;
D1l parityli+l] = 0.0;
Dz_parityl[it+2] = 0.0;
D1_parityl[i+3} = 0.0;
D2_parity[i+4] = 0.0;
Dl_parity[i+5] = 0.0;
i = 1i+5;
}
#endif
/*mio*/
#ifdef R721_1280AM
/*
* Q dimension:
* d0 is MSB and d2 is LSB in 8-AM: (d0,dl,d2):
* 010---011---001---000--—-100---101---111---110
* -3.5 =-2.5 -1.5 -0.5 0.5 1.5 2.5 3.5
* I dimension:
* d0 is MSB and d3 is LSB in 16AM:(d0,dl1,d2,d3):
*
* 0010---0011---0001---0000-~-0100--~0101=~-0111---0110
* -7.5 -6.5 -5.5 -4.5 -3.5 -2.5 -1.5 -0.5
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*

* 1010---1011---1001---1000---1100---1101~--1111---1110
* 7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5
*

* INT_SIZE to be a multiple of 7

*/

for(i = 07 i < INT_SIZE; i++)
{

/* symbol 1 Q dimension: BAM */

d0 = datal[i+2]:
dl = Enrcl[i+1]1;
dz = Enc2[i+l1]:

tx = 2*d0 - 2*dl + 4*d0*dl - 1.0 + (((2¥d0-1)*(2%d1-1))<07?(d2-0.5) : (0.5-d2)}) 7

X tz + SIGMA_8AM of 721 128QAM * gasdev();

n (-1.0) / (2 * SIGMA_SAM of_ 721 128QAM * SIGMA 8aM of 721 128QAM):

L_do = log((exp(n*[rx—O.B)*(rx—O.S))+exp(n*(rx—1.5)*(rx—l.5)) +
exp(n*(rx-Z,S)*(rx—Z.S))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp(n*(rx+0.5)*(rx+0.5)}+exp(n*(rx+l.5)*(rx+1.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5))));

Iy

L dil = 1og((exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp(n*(rx-2.5)*(rx-2.5))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp(n*(rx+1.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx—l.5)*(rx-1.5)))J;

L d2 = log((exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+l.5)*(rx+1.5)) +
exp(n*(rx—l.S)*(rx-l.B))+exp(n*(rx-2.5)*(rx-2.5)))/
(exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx—3.5)*(rx—3.5))));

D1 _data(i+2] = 1_do0;
D1_parity[i+l] =L di;
D2 _parityl[i+l] = 1,_d2;

/% symbol Z I dimension: 16AM */

d0 = datali]l:
di = datali+l];
d2 = Encl([i]s
d3 = Encz[i]:;
tx = 2*dl - 2*d2 + 4*dl*d2 - 1.0 + (((Z*dl—l)*(2*d2—l))<0?(d3-0.5):(0.5—d3));
tx = (d0 == 0 2 {(tx - 4): (4 - tx)};

= tx + SIGMA_lGAMfof_721_l28QAM * gasdev ()

n = (-1.0) / (2 * SIGMA_16AM of_ 721 128QAM * SIGMA_16AM of_721 128QAM);

L d0 = log((exp(n*(rx—O.S)*(rx—0.5))+exp(n*(rx—1.51*(rx—l-S)) +
exp(n*(rx—Z.S)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5)) +
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx-5.5)*(rx—5.5)) +
exp(n*(rx—G.S)*(rx«G.S))+exp(n*(rx—7.5)*(rx—7.5)))/
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+1.5)) +

exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5)) +

exp(n*(rx+4.5]*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +

exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5))));

L _dl = log((exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp(n*(rx+1.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.5))
exp(n*(rx-O.S)*(rX—O.S))+exp(n*(rx—l.5)*(rx—1.5))
exp(n*(rx—z.s)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5))
(exp(n*(rx-4.5)*(rx—4.5))+exp(n*(rx-5.5)*(rx—5.5])
exp(n*(rx-6.5)*(rx—6.5))+exp(n*(rx—7.5)*(rx—7.5))
exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5))
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5)

L a2

log((exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+6.5)*(rx+6.5)) +
exp(n*(rx+l.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—0.5)*(rx—0.5))+exp(n*(rx—1.5)*(rx—l.S)) +
exp(n*(rx—6.5)*(rx—6.5))+exp(n*(rx—7‘5)*(rx-7-5)))/
(exp(n*(rx+5.5)*(rx+5.5))+exp(n*(rx+4.5)*(rx+4.5)) +
exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp(n*(rx—Z.S)*(rx—2.5))+exp(n*(rx-3.5)*(rx—3.5)) +
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exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx—5.5))));

L d3 = log{ (exp (n* (rx+5.5) * (rx+5.5)) +exp (n* (rx+6. 5)* (xx+6.5))
exp(n*(rx+l.5)*(rx+1.5)]+exp(n*(rx+2.5)*(rx+2.5))
exp (n* (rx-2.5)* (rx-2.5) ) +exp (n* (rz-1.5) * (rx-1.5))
exp (n* (rx-6.5) * {rx-6.5) ) +exp (n* (rx-5.5) * (rx-5.5) )
(exp (n* (xx+7.5) * (rx+7.5) ) +exp (n* (rx+4.5) * (xx+4.5))
exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp (n* (rx-0.5) * (rx-0.5) ) +exp(n* (rx-3.5) * (rx- 3.5)) +
exp(n* (rx-4.5) * (rx-4.5) ) +exp(n* (rx-7.5) *(rx-7.35))) )7

_datal[i] = L_d0;
_data[i+1] = L_dl;

D1_parity[i] L_d2;
D2_parityli] = L_d3;

symbol 3 Q dimension: 8AM */

d0 = data[i+4];

= Encl{i+4];

d2 = Enc2[i+3]:;

tx = 2+d0 — 2%dl + 4*d0*dl - 1.0 + (({2*d0-1)*(2%d1-1))<07?(d2-0.5):

= tx + SIGMA 8aM of 721 128QAM * nasdev(),

n = (-1.0) / (2 * SIGMA 8AM of 721 1280aM * SIGMA 8AM of 721 1280AM) ;

L _d0 = log((exp(n*(rx-0. 5)* (rx-0. 5))+exp(n*(rx 1.5} *(rx-1. 5)) +
exp(n* (rx~2.5)* {rx-2. 5)) +exp (n* (rx-3.5) * (rx- -3.5)))/
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+1.5)) +
exp(n*(rx+2.5)*(rx+%.5))+exp(n*(rx+3.5)*(rx+3.5))));

L dl = log((exp(n*{rx+3.5)* (rx+3. 5))+exp (n* (rx+2.5) * (rx+2.5)) +
exp (n* (rx-2.5) * (rx-2.5)) +exp (n* (rx-3.5) * (rx-3. 5)))/
(exp(n*(rx+l.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0 3)) +
exp(n*(rz-0.5) * (rx-0.5)) +exp (n* (rx-1.5)* {rx~-1.5)}));

L dz = log{(exp (n* (rx+2. 5)* (rx+2.5) ) +exp (n* (rx+1.5) * (rx+1.5)) +
exp(n* (rx-1.5)* (rx-1.5)) +exp(n* (rx- 2.5)* (rx-2.5)))/
(exp (n* (rx+3,5) * (rx+3. 5))+exp(n*{rx+0,5)* (rx+0.5)) +
exp (n* (rx-0.5) * (rx-0.5) ) texp(n* (xx-3.5) *(rx-3.5))))/

data{i+4] = L_do0;

parity[i+4] = L_dl;

D2_parity[i+3] = L d2;

symbol 4 I dimension: 16AM */

d0 = datal[i+3]:

Encl[i+31;

= Encl{i+2];

d3 = Enc2[i+2];

tx = Z*dl - 2%d2 + 4*di*d2 - 1.0 + (((2*dl-1)*(2*d2-1))<0?(d3-0.3):

tx = (d0 == 0 ? (tx - 4): (4 - tx));

= tx + SIGMA 162M _of_ 721 _128QAM * gasdev();

n o= (-1.0y / (2 * SIGMA 162M of 721 12B8QAM * SIGMA 16AM of 721 128QAM) »

L_d0 = log( (exp(n* (rx—0.5)* (rx-0. 5))+exp(n*(rx—1 5)* (rx-— 1.5)) +
exp (n* (rx-2.5)* (rx— -2.5))+exp(n* (rx-3.5) *{rx-3.5)) +
exp(n*(rx—4.5}*(rx—4.5))+exp(n*(rx—5.5)*{rx—5.5)) +
exp(n*(rx—G.S)*(rx—G.S))+exp(n*(rx—7.5)*(rx—7.5)))/
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+1.5)*(rx+l.5)) +
exp (n* (rx+2.5) * (rx+2.5) ) +exp(n* (rx+3.5) * (rx+3.5)) +
exp(n*(rx+4.5)*[rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5))));

L dl = log((exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp(n*(rx+1.5)*(rx+l.5])+exp(n*(rx+0. )y * (rx+0.5)
exp(n*(rx-O.S)*(rx—O.S))+exp(n*(rx 1.5)*(rx-1.5)
exp (n* {rx-2.5) * (rx-2.5)} +exp (n* (rx-3.5) * (xx-3.5)))

{exp (n* (rx-4.5)*(rx—4.5) ) +exp(n* (rx- 5.5)* (rx—-5.5)

exp (n* (rx-6.5)* (rx—-6.5) ) texp{n* (rx-7. 9) * {rx-7.5)

exp (n* (rx+4.5) * (rx+4d. 5))+exp{n* (rx+5.5) * (rx+5.5)
)

)
)
)
)
)
)
exp (n* (rx+6.5)* (rx+6.5) ) +exp (n* (rx+7.5} * (rx+7.3

+
+
/
+
+
+
)

)

7

L_d2 log((exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+6.5)*(rx+6.5)) +
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exp(n*(rx+1.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.
exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx—1.5)*(rx~1.
exp(n*(rx—6.5)*(rx—6.5))+exp(n*(rx—7.5)*(rx-7.
(exp(n*(rx+5.5)*(rx+5.5))+exp(n*(rx+4.5)*(rx+4.
exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.
exp(n*(rx—Z.S)*(rx—Z.B))+exp(n*(rx-3.5)*(rx—3.
exp(n*(rx~4,5)*(rx—4.5))+exp(n*(rx—5.5)*(rx—S.

(SIS WSS IS S,
— 4+~ +

= log((exp(n*(rx+5.5)*(rx+5.5))+exp(n*(rx+6.5)*(rx+6.5)) +

exp(n*(rx+1.5)*(rx+l.5))+exp(n*(rx+2.5)*(rx+2.5)) +

exp(n*(rx-2.5)*(rx—2.5))+exp(n*(rx—l.5)*(rx—1.5)) +

exp(n*(rx—6.5)*(rx—6.5)]+exp(n*(rx—5.5)*(rx-5.5)))/

(exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+4.5)*(rx+4.5)) +

exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+0.5)*(rx+0.5]) +

exp[n*(rx-O.S)*(rx—O.S))+exp(n*(rx—3.5)*(rx—3.5)) +
5)) 5)

exp (n* (rz-4.5)* (rx-4. +exp (n* (rx-7.5) * (rx=7.5))));

0
1

L_

L

2;

L d
L d
= d
= d3;

/* symbol 5 Q dimension: BAM */

dl

~
w

L= T s A =
woN o

do

L dl

= data[i+6];
Encl[i+6];

= Enc2[i+6];

= 2xd0 - 2*dl + 4*d0*dl - 1.0 + (((2*d0-1)*(2*d1-1))<02(d2-0.5) : (0.5-d2});
tx + SIGMA S8AM of 721 128QAM * gasdev();
(-1.0) / (2 * SIGMA_8AM of_ 721 1280AM * SIGMA_8AM of 721 128QaM);

= log((exp(n*(rx-O.S)*(rx—OTS))+exp(n*(rx—l.S)*(rx—l.S)) +

exp(n*(rx-Z.S)*(rx—Z.S))+exp(n*(rx-3.5)*(rx—3.5)))/
(exp(n*(rx+0.5]*(rx+0.5))+exp(n*(rx+1.5)*(rx+1.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5))));

log((exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp(n*(rx—2.5)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5)))/
(exp(n*(rx+1.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—O.S)*(rx-O,S))+exp(n*(rx—l.5)*(rx—1.5))));

log((exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+1.5)*(rx+1.5)) +
exp(n*(rx—1.5)*(rx-l.S))+exp(n*(rx—2.5)*(rx—Z.S)))/
(exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—0.5)*(rx-0.5))+exp(n*(rx—3.5)*(rx—3.5))));

D1_data[i+6] = L_do;
pl_parityli+8] = L_al;
D2_parity[i+6] = L di;

/* symbol 6 I dimension: 16AM */

do =

da

tal[i+5}1;

dl = Encl[i+Z]:
d2 = Enc2[i+5];
BEnc2 [i+4];

d3 =
tx
tx
rx = tx
n =
L_d0

L d1

2%dl - 2*d2 + 4*di*d2 - 1.0 + (({2*d1-1)*(2*d2-1))<02(d3-0.5):(0.5-d3));

(d0 == 0 2 (tx — 4): (4 - tx));
+ SIGMA 16AM of 721_128QAM * gasdev();

(-

1.0) / (2 * SIGMA 16AM_of 721 _128QAM * SIGMA_Ll6AM of 721 128QAM);

log((exp(n*(rx—O.S)*(rx—D.S))+exp(n*(rx~l.5)*(rx—l.s)) +
exp(n*(rx—Z.S)*(rx-2.5))+exp(n*(rx—3.5)*(rx—3.5)) +
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx-5.5)) +
exp(n*(rx—6.5)*(rx—6.5))+exp(n*(rx-7.5)*(rx—7.5)))/
(exP(n*(rx+O.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+1.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5)) +
exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7-5)))):

log((exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp(n*(rx+l.5)*(rx+1.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—0.5)*(rx—0.5))+exp(n*(rx—l.5)*(rx—l.S)) +
exp(n*(rx—Z.S)*(rx—Z.S))+exp(n*(rx—3.5)*(rx-3.5)))/
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(exp(n* (rx-4.5)* (rx-4.
exp (n* (rx-6.5) * (rx-6.
exp (n* (rx+4.5) * (rx+4.
exp (n* (rx+6.5) * (rx+6.

L_dz2 = log((exp(n*(rx+7.5)*(rx+7.
exp (n* (rx+1.5)* (rx+l.
exp (n* (rx-0.5)* (rx-0.
exp (n* (rx-6.5)* (rx-6.
(exp (n* {r=x+5.5) * (rz+5.
exp(n* (rx+3.5) * (rx+3.
exp (n* {rx-2.5)* (rx-2.
exp(n* (rx—-4.5)* (rx-1.

I, d3 = log( (exp(n* (rx+5.5)* (rx+5.
( * (rx+l.

exp(n* (rx-2.5)* (rx-2.

{ (

*{

exp (n* {rx+1.3)

exp (n* (rx~6.5)* (rx-6.
rx+7.
exp (n* (rx+3.5) * (rx+3.
exp (n* (rx-0.5) * (rx-0.
exp (n* (rz-4.5)* (rz-4.

(exp (n* (rx+7.5)

5) ) +exp (n* (rx-5.5)*(rx-5.5)) +
5))+exp (n* (rx=7.5)* (rx-7.5)) +
5))+exp (n* (rx+5.5) ¥ (rx+5.5)) +
5) ) +exp (n* {rx+7.5) ¥ {rx+7.5))))
5} ) +exp (n* (rx+6.5) * (rx+6.3))

5))+exp (n* (rx+0.5)* (rx+0.5)) +
5) ) +exp (n* (rx-1.5) * (rx-1.5)) +
5) ) +exp (n* (rz-=7.5)*(rx-7.5)))/
5) ) +exp (n* (rx+4.5) * (rg+4.3)) +
5) ) +exp (n* (rx+2.5) * (rx+2.5)) +
5))+exp(n*(rx—3.5)*(rx-3.5)) +
5))+exp(n*(rx—5.5)*(rx—5.5})));

5)) +exp (n* (rx+6.5) *{rx+6.5)) +
5) ) +exp (n* (rz+2.5)* (rx+2.5)) +
5))+exp (n* (rx-1.5)* (rx-1.5)) +
5))+exp (n* (rzx—-5.5) * (rx-5.5) )}/
5) ) +exp (n* (rx+4.5) * (rx+4.5)) +
5))+exp (n* {rx+0.5) * (rx+0.5}) +
5))+exp (n* {rx-3.5)*(rx-3.5)} +
5))+exp (n* {rx-7.5)* (rx-7.5))) )7

0010---0011---0001---0000---0100---0101~--0111---0110

-3.5 -2.5 -1.5 -0.5

1010—--1011--—1001——-1000'——1100———110l———llll——-lllO

Channel: we transmit two 16AM symbols to emulate a 2560AM symbol.
8 info bits and 16 parity bits are mapped to 3 256CAM symbols which in

3.5 2.5 1.5 0.5

turn are simulated as 6 16AM symbols to achieve 8/3bit/s/Hz.

D1 _data[i+5] = L_d0;
D1_parityl[i+5] = L_dl;
D2_parity{i+5] =1 dz2;
D2_parityl[i+4] = L_d3;
i = 1i+6;
}
#endif
/*mio*/
#ifdef R824_2560QAM
/*
* Channel:
* 40 is MSB and d3 is LSB in 16AM: (d0,d1,d2,d3):
*
*
* -7.5 -6.5 -5.5 -4.5
*
*
* 7.5 6.5 5.5 4.5
*
*
J*
*
*
* INT_SIZE to be a multiple of 8§
*

n

/*
*
*

fo

/

= (=1.0) / (2 * SIGMA 824 2560AM * SIGMA_824 256QAM);

deinterleave data:

/

r(i = 0; 1 < INT_SIZE; i++)
data_dlil = datalil;

r_deileava(data_d, rule);

fo

r{i = 0; i < INT_SIZE; i++)

/* symbol 1 */
data_d[il;
data_d[i+l]:

= Encl[il:

d3 = Enc2[i];

May 2, 2002

tx = 2*dl - 2*d2 + 4*dl*d2 - 1.0 + (((Z*dl—l)*(2*d2—1))<0?(d3—0.5):(0.5—d3));
tx = (40 == 0 ? (tx - 4): (4 - tx));
/* Test the mapping to the 1€AM constellation:

* if (i < 500)

42
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*  printf("\n($d%dsdsd) = $£", (int)d0, (int)dl, (int)d2, (int)d3, tx);

*
/
r¥ = tx + SIGMA_S5B8_2560AM * gasdev();:
L _d0 = log((exp(n*{rx-0.5)*(rx-0.5)) ytexp(n* (rx-1.5)*(rx-1.5)) +

exp (n* (rx-2.5)* (rx-2. 5))+exp (n* (rx-3.5)*(rx-3.5))

exp (n* (rx-4.5)* (rx-4.5} ) +exp (n* (rx-5.5) * (xx-5.5))

exp (n* (xx-6.5)* (rx-6.5) ) +exp (n* (rx-7.5} * (rz-7.5))

{exp (n* {rx+0.5)* (rx+0. 5))+exp( n* (rx+1.5}* (rx+l.5))

exp(n* (rx+2,5) * (rx+2.5) ) +exp (n* (rx+3.5) * (rx+3.5))

exp(n* (rx+4.5) * (rx+4.5) ) texp (n* (rx+5.5) * {rx+5.5})

( ) ( ) }

exp(n* (rx+6.5) * (rx+6.5) ) +exp (n* (rx+7.5) * {rx+7.5)

+

L dl = log{(exp(n* (rx+3. 5)* (rx+3.5)) +exp(n* (rr+2.5) * (rx+2.5)
exp{n* (rx+l.5) * (rx+1.5) ) +exp (n* (rx+0.5)* (rx+0.5
exp (n* (rx~-0.5) * {rx-0.5) ) +exp (n* (rx-1.5)* (rx-1.

exp(n* (rx-2.5) * (rx-2.5) }+exp(n* (rx-3 .5) {rx-3.

(
(r

~ 4+ + +~t t

5
5
(exp(n* (rx- 4 5)* (rx-4.5) ) +exp (n* (rx-5.5)* (rx-5.5
5)* (rx-6.5)) texp (n* (¥rx-7.5) * (£x-7.5
y*{rx+4.5)) +exp (n* (xx+5.5)* (rx+5.5
)*(rx+6.5)) +exp (n* (rx+7.5) * (rx+7.5

exp (n*(r
exp(n*(rx+4
exp (n* (rx+6.

U‘U!

L d2 = 1og([exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+6.5)*(rx+6.5)) +
exp(n* (rx+1.5) * (rx+1.3)) +exp(n* (rx+0.5) * (rx+0.5)) +
exp(n*(rx—0.5)*(rx—O.S))+exp(n*(rx—l.5)*(rx—1.5)) +
exp(n*(rx-6.5)*(rx—6.5))+exp(n*(rx—7.5)*(rx—7.5)))/
(exp (n* (rx+5.5) * (rx+5.5) ) texp(n* (rz+4.5) * (xx+4.5) ) +
exp (n* (rx+3.5) * (rx+3.5)) +exp(n* (rx+2.5) * (xx+2.5)) +
exp(n* (rx-2.5)* (rx-2.5))+exp(n* (rx=3.5) *(xx-3.5)) +
exp (n* (rx-4.5) * (rzx-4.5) ) +exp(n* (¥rx-5.5) *(rx~-5.5)) )}

L _d3 = log ((exp{(n* (rx+5.5) * (rx+5.5)) +exp (n* (rx+6.5) * (rx+6.5)) +
exp(n*(rx+1.5)*(rx+l.5))+exp(n*(rx+2.5)*(rx+2.5)
exp(n*(rx—Z.S)*(rx—Z.B))+exp(n*(rx—l.5)*(rx—l.S)
exp (n* (rx-6.5) * (rx-6.5)) +exp (n* (rx-5.5) * (rx-3.5
(exp(n* (xx+7.5)* (rx+7.5)) +exp (n* (rx+4.5) * (rx+4.
exp (n* (rx+3.5) * (rx+3. 5))+exp(n (rx+0.5) *(rx+0.
exp (n* {rx-0.5) * (rx-0.5 )+exp(n (rz-3.5)* {rx-3.

(n*(

+
+
1/
+
+
-
exp (n* (rx-4.5) * (xx-4.5) ) +exp rx-7.5)* {rxa-T. Vs

*®
*
*
w«

)

H

D1 _data (il = 1,_do;

Dl_data[i+l] =1 dl;
Dl_paritylil = L_d2;
D2_paritylil = L_d3;

/* symbol 2 */
d0 = data_d[i+2];
dl = Encl[i+2];

d2 = Encl[i+1};

d3 = Bac2[i+1l];
tx = 2%d1 - 2*d2 + 4*di*d2 - 1.0 + (((2*dl-1)*(2*d2-1))<0?(d3-0.5}:(0.5-d3));
tx = (d0 == 0 ? (tx - 4); (4 - tx));
= = tx + SIGMA 824 2560QAM * gasdev();
L do = log((exp (n* (rx-0.5)* (rx=0.5) }+exp(n* (rx-1.5)* (rx-1.5)) +

exp(n* (rx-2.5) * (rx-2.5) ) +exp(n* (rx-3.5) * (rx-3.5)) +
exp(n* (rx-4.5) * (rx—-4.5) ) +exp(n* (rx-5.5) * (rx-5.5) )
exp(n*(rx—G.S)*(rx—s.S))+exp(n*(rx—7.5)*(rx—7.5))
(exp (n* (r=+0.5) * (rx+0.5)) +exp (n* (rx+1.5) * (rx+1.5)
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3_5)
exp (n* (rx+4.5) * (rx+4.5) ) +exp (n* (rx+5,5) * (rx+5.5))
exp (n* (rx+6.5) * (rx+6.5) ) exp (n* (rx+7.5) * (rx+7.5)

L dl = log((exp(n*{rg+3.5)*(rx+3.5)) +exp (n* (rx+2.5)* (rx+2.5)) +
exp{n* (rx+1.5) * (rx+1.5)) +exp (n* (rx+0.5) * (rx+0.5)
exp{n* (rx-0.5}* (rx-0.5)) texp(n* (rz-1 5)*(rx—1.5)
exp{n* (rx-2.5)* (rx~2.5)) +exp(n* (rz-3.5) *(rzx-3.5
(exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx—5.5)
exp{n*(rx-6.5)* (rx-6.5)) texp(n* (rx-7.5) *{rx-7.3)
exp(n* (rx+4.5)* (rx+4.5)) +exp (n* (rx+5.5) * (rx+3.3)

( 5)

)
)
)
)
)
)
exp(n* (rx+6.5)* (rx+6.5) } texp (n* rx+7.5) * (rx+7.5))

+
+
)/
+
+
+
}i

)

L d2 = log((exp(n* (rx+7.5)* {xx+7.5) ) +exp (n* (xx+6.5) * (re+6.5)) +

43
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exp(n*(rx+1.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.5))
exp (n* {rx-0.5) * {rx-0.5) } texp {n* (rx-1.5) * (rx-1.5))
exp (n* (rx-6.5)* (rx-6. 5))+exp n*(rx-7.5)*(rx-7.5))
(exp (n* (rx+5.5) * (xx+5.5) ) +exp (n* (xx+4.5)* (rx+4.5))
exp (n* (rx+3.5) * (xx+3.5) 5))
exp (n*{rx-2.5) * (rx-2. 5) 5))
exp (n* (xx-4.5)* (rx-4. 5))

) (n

)+exp (n* (rx+2.5)* (rx+2.
J+exp (n* (rx-3.5)* (rx-3.
5) ) +exp (n* (rx-5.5) * (rx-3.

L d3 = 1og((exp(n*(rx+5.5)*(rx+5.5))+exp(n*(rx+6.5)*(rx+6.5)) +
exp (n* (rx+1.5) * (rx+l.5) ) +exp (n* (rx+2.5)*(rx+2.5)) +
exp (n* {rx-2.5)* {rx-2.5) ) +exp (n* (rx-1.5) * (rx-1.5)) +
exp (n* (rx-6.5)* {rx-6.5) ) texp (n* (rx-5.5)*(rx-5.5))}/
(exp(n*(rx+7.5)*(rx+7,5))+exp(n*(rx+4.5)*(rx+4.5)) +
exp (n* (xx+3.5)* (rx+3.5) ) +exp(n* (rx+0.5) * (rx+0.3)) +
exp (n* (rx-0.5)* (rx-0.5) ) texp (n* (rx-3.5) * (rx-3.3})) +
exp (n* (rx-4.5)* (rx-4.5) ) +exp(n* (rx-7.5)* (rx-7.5))))

Dl_data(i+2] = L_d0;
Dl _parity[i+2] = L_dl;
D1_parity[i+l] = L _d2;
D2 parity[i+l] = L_d3;

/* symbol 3 */
do = data_d[i+3];

di = Encl[i+3]:
dz = Enc2[1+3];
d3 = Encl[i+2];

tx = 2%dl - 2%d2 + 4*dl*d2 - 1.0 + (({2*d1-1)*(2*d2-1))<02(d3-0.5):(0.5-a3));

tx = (d0 == 0 ? (tx - 4): (4 - tx));

rx = tx + SIGMA_B824_25602M * gasdev();
L_do = log( (exp(n* (rx=0.5) * (rx-0.5)) +exp (n* (rx-1.5) *(rx-1.5)) +
exp (n* (rx—2.5) * (xx=2.5) ) +exp (n* (rx-3.5) * (rx-3.5))

exp (n* (rx-4.5)* (rx-4.5) ) +exp (n* (xrx-5.5) * (rx-5.5))

exp (n* (rx—-6.5) * (rx-6.5) ) +exp (n* (rx-7.5) * (rx-7.5})

(exp (n* (rx+0.5) * (rx+0.5) ) +exp (n* (rx+1.5) * (rx+1.5))

exp (n* (rx+2.5)* (xx+2.5) ) +exp (n* (rx+3.5) * (rx+3.5))

exp (n* (rx+4.5)* (rx+4.5) ) +exp (n* (rx+5.5) * (rx+5.5) )

exp (N* (rx+6.5) * (rr+6.5) ) +exp (n* (rx+7.5) * (rx+7.35))

L dl = log((exp(q*(rx+3.5)*(rx+3.5))+exp(n*(rx+2,5)*(rx+2.5)) +
exp (n* {rx+1.5)* (rx+1.5) } +exp (n* (xx+0.5) * (rx+0.5))
exp (n* (rx-0.5)* (rx-0.5) ) +exp (n* {(rx-1.5) * {rx-1.5))

exp {n* (rx-2.5)* (rx-2.5) ) +exp (n* {(rx-3.5) * (rx-3.5))

(exp (n* (rx—4. 5)* (rx-4.5) ) +exp (n* (xrx-5.5) * (£x-5.5))

exp (n* (rx-6.5)* (rx-6.5) ) +exp (n* {rx-7.5)* (zx-7.5})}

exp (n* (rx+4.5)* (rx+4.5) ) texp (n* (£x+5.5) * (rx+5.5) )
exp (n* (rx+6.5) * (rx+6.5) ) texp (n* (rx+7.5)} * (rx+7.5))

log((exp(n*(rx+7‘5)*(rx+7.5))+exp(n*(rx+6.5)*(rx+6.5)) +
exp(n* (rx+1.5)* (rz+1.5) ) +exp (n* (rx+0.5)* (rx+0.5)) +
exp(n*(rx-O.S)*(rx—O.S))+exp(n*(rx—l.S)*(rx—l.S)) +
exp(n* (rx—-6.5)* (rz-6.5) ) +exp (n* (rz-7.5) * (rx-7.35))
{exp (n* {£x+5.5) * (rx+5.5) ) vexp(n* (rx+4.5) * (rx+4.5))
exp(n* (rx+3.5)* (rx+3.5) ) +exp (n* (rx+2.5) * {rx+2.5))

(

(

L 42

exp(n* (rx-2.5)* (rx-2.5) ) +exp(n* (rx-3.5) * (rx-3.5))
exp (n* (rz-4.5)* (rx-4.5} ) +exp(n* (rx-5.5) * (rx-5.5)))

L d3 = log{ (exp (n* (rx+5.5) * (rx+5.5)) +exp (n* (rz+6.5) * (rx+6.5)) +
exp(n*(rx+1.5)*(rx+1.5))+exp(n*(rx+2.5)*(rx+2,5)) +
exp(n* (rx—2.5)* (rx-2.5) )+exp (n* (rx-1.5) * (rx-1.5)) +
exp(n*(rx—G.S)*(rx—6.5))+exp(n*(rx—5.5)*(rx—5,5))]/
(exp (n* (rx+7.5) * (rx+7.5) ) +exp(n* (rx+4.5) *(rx+4.5)) +
exp(n* (rx+3.5 )*(rx+3.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp{(n* (rx-0. 5)* (rx-0.5)) +exp (n* (rx-3.5) *(rx-3.5)) +
exp(n* (rx-4.5)* (rx-4.5)) +exp (n* (rz-7.5) *{rx-7.5))));

D1_data[i+3] =1 _do;

Dl_parity[i+3] = L_dl;

D2_parityl[i+3] = L_d2;
D2_parity[i+2] = L d3;

/* symbol 4 */

do = data_d[i+41;

44
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dl

rx

D1_data([i+4]

dl
dz

¥

D1_data[i+5] = L_di;
Dl parityl{i+d} = L_d2;
DZ_parity[i+4] = L_d3;
/* symbol 5 */
do = data_d[i+6]:
= Encl{i+6é];
= Encl{i+5];
d3 = Enc2{i+5]};
tx = 2%*dl - 2*d2 + 4*dl*d2 - 1.0 + (((2*dl- 1)*(2%d2-1))<02(d3-0.5): (0.5-d3));
tx = (d0 == 0 ? (tx - 4): (4 - tx));
= tx + SIGMA_824_ 256QAM * gasdev{);
L d0 = log! (exp(n*(rx 0.5)* (rx-0.5) }+exp (n* (rx—-1.5) * (rx-1.5)) +
exp(n* (rx-2.5) * (rx-2 .5) ) +expin* (rx-3.5)*(rx-3.5)) +
exp (n* (rx-4.5)* (rx—-4.5) ) +exp (n* (rx- 5.5)*(rx-5.5)) +
exp(n*(rx—6.5)*(rx—6.5))+exp(n*(rx-7.5)*(rx—7,5)))/
(exp(n*(rx+0.5)*(rx+0‘5))+exp(n*(rx+1.5)*(rx+l.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5)) +
exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5))));
L_dl = log{(exp(n*(rx+3. 5)* (rx+3.5)) texp (n* (rx+2.5) * (xx+2.5)) +
exp (n* (xx+1.5) * {rx+l. 5))+exp (n* (rx+0.5)* (rx+0.5)) +
exp (n* (rx-0.5)* (rx-0. 5))+exp(n* (rx-1. 5)*(rx-1. 3y +
exp (n* (rx-2 .5)* (rx-2.5)) +exp (n* (rz-3.5) * (rx=3.5)))/
(exp (n* (rx-4. 5)* (rx~4.5)) +exp (n* (rx-5.5) * (rx-5.5)} +
exp (n* (rx-6. 5)* (rx—-6.5) ) +exp(n* (rx-7.5)* (rx-7 .5)) +
y) +
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= data_d[i+5];

dz
a3
tx =
tx =

L_do

L_dl

L_d2

1, d3

Encli+4l;
Enc2ii+4];
2@l - 2%d2 + 4*d1*d2 - 1.0 + (({2*d1-1)*(2*d2-1))<0? (d3=0.5):(0.5=-d3));

(40 == 0 2 (tx - 4): (4 - tx)};
= tx + SIGMA 824 256QaM * gasdev();

log(( exp(n*(rx 0.5)* (rx-0.5))+exp (n* (rx-1.5)*(rx-1.
exp (n* (rx-2.5) * (rx-2.5}) ) +exp (n* (rx-3.5) * (rx- 3.
n* (rx—5.5)* (rx-5.

exp(n* (rx—-4.5)* (rx-4.5) ) +exp

exp (n* (rx+2.5) * (rx+2.5) ) +exp (n* (rx+3.5

exp (n* rx+6.5)*(:x+6.5))+exp(n*(rx+7,

log((exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2.5)*(rx+2.
exp(n*(rx+l.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.
exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx~1.5)*(rx-l.
exp(n*(rx—2.5)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.
(exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx—5.
exp(n*(rx—G.S)*(rx—G.S))+exp(n*(rx—7.5)*(rx—7.
exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.

(exp (n*
exp (n*

exp(n* (rx-0.5)* (rx-0.5) ) texp (n* (xx-3.5) * (rx- 3.
exp(n*(rx—4.5)*(rx-4.5))+exp(n*(rx—7 5)*(rx-7.
= L d0;

exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.

45

{ (

( (
exp(n*(rx—G.S)*(rx—G.S))+exp(n (rx=-7.5)*(rx-7.
(exp( n*(rx+0.5)*(rx+0.5))+exp(n*(rx+1.5) (rx+1.

( Y* (rx+3.
exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.

{ y*{rr+7.

(

(n* (
exp (n* (rx-2 .5)*(rx—2.5))+exp(n*(rx-3.5)*(rx—3.
exp (n* (rx-4. 5)* (rx=-4,5) ) +exp (n* (rx-5.5)* (rx-5.

log((exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+6.5)*(rx+6.5)) +
exp(n*(rx+l.5)*(rx+1.5))+exp(n*(rx+0.5)*(rx+0.
exp(n*(rx-0.5)*(rx—0.5))+exp(n*(rx—l.5)*(rx—l.
exp(n*(rx-G.S)*(rx—G.S))+exp(n*(rx—7.5)*(rx—7.
(rx+5.5) * (xx+5.5) ) +exp (n* (rx+4.5) * (rx+4.
rx+3.5)* (rx+3.5) ) texp (n* (rr+2.5) * (rx+2.

5))y +
5)) +
5)) +
53/
5)) +
5)) +
5)) +
51N
Sy) +
5)) +
5) +
5)))/
5)) +
5)) +
3)) +
5)¥1)i
5)) +
5)) +
5)))/
5)) +
5)) +
5)) +

SYNYi

log( (exp{n*{rx+5. 5)*(rx+5 5) ) +exp(n* (rx+6.5) * (rx+6.5)) +
exp (n* (rx+1.5) * (rx+1. 5) ) +exp (n* (xx+2.5) ¥ (rx+2.
exp(n*(rx—2.5)*(rx—2 5))+exp{n* (rx-1.5) * (rx-1.
exp(n*(rx-6.5)*(rx—6.5))+exp(n*(rx-5.5)*(rx—5.
(exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+4.5)*(rx+4.
exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+0.5)*(rx+0.

5)) +
5)) +
Sy /
5)) +
5)) +
5)) +
2)1 )i
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exp(n*(rx+6.5)*(rx+6.5)]+exp(n*(rx+7.5)*(rx+7.5))));

L_d2 = log({exp(n* (rx+7. B)* (rx+7.5) ) +exp (n* (rx+56.5) * (rx+6.3)) +
exp(n* (rx+l.5)* (rx+l. 5) ) +exp{n* {rx+0.5)* (rx+0.5}) +
exp (n* (rx-0.5)* (rx-0. 5) ) +exp (n* (rx-1.5)* (rx— 1.5)) +
exp(n* (rx-6. 5)* (rx-6.5) ) +exp (n* (rx-7.5)* (rx=7.5)1}/
(exp{(n* (rx+5.5)* (rx+5.5) ) +exp(n* (rx+4.5)* (rx+4.5)) +
exp (n* (rz+3. 5)*(1x+3.5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp (n* (rx-2.5 * (rx-2.5) ) +exp(n* (rx-3.5)* (rx-3.3}) +
exp (n* (rx-4. ) (rx-4.5))+exp (n* (rx=5.5)*(rx-5.5))) )7

L d3 = log(( (exp (n* (rx+5.5) * (xx+5.5) ) +exp (n* ( (rx+6.5)* (rz+6.5)) +
exp(n* (rx+1.5)* (rx+1. 5))+exp{n*(rx+2.5) (rx+2.5)) +
exp (n* (rx-2.5)* (rx-2.5) ) +exp (n* (xx- 1.5)*(rx-1.5)) +
exp(n*(rx-G.S)*(rx—S.S))+exp(n*(rx—5.5)*(rx—5.5)))/
(exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+4.5)*(rx+4.5)) +
exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx—3‘5)*(rx-3.5)) +
exp(n*(rx—4.5)*(rx—4.5))+exp(n*[rx—7.5)*(rx—7.5)))):

Dl dataili+&l = 1._d0;
Dl_parity[i+6] = L_dl;
D1 _parity[i+5] = L_d2;

D2 parity[i+5] = 1_d3;
/* symbol 4 */
dg = data_dli+7];
dl = Encl[i+7]:

d2 = Enc2[i+7];

d3 = Bnc2[i+6]:

tx = 2* dl ~ 2#d2 + 4*d1*d2 - 1.0 + (((2*dl-1)*(2*d2-1))<0?(d3-0.5

tx = (d0 == Q 7 (tx - 4): (4 - tx});

r¥ = tx + SIGMA 824 _256QAM * gasdev();

L_d0 = log( (exp (n* (rx-0.5) * (rx—0.5)) +exp (n* (rx-1. 5) * (xx-1.5)) +
exp(n* (rx-2.5) * (rx-2.5) ) texp (n* (rx- 3.9)*(rx-3.5)) +
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx—5.5)) +
exp(n*(rx-G.S)*(rx—G.S))+exp(n*(rx—7.5)*(rx—7.5)))/
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+l.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5)) +
exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7-5))));

L_dl = log({ {exp (n* (rx+3.5) * (rx+3. 5) ) +exp (n* (¥x+2.5)* (rx+2.5)) +
exp (n* (rx+1.5) * (rx+1l. 5))+exp (n* (rx+0.5) * (xx+0.5)) +
exp (n* (rz-0.5)* (rx-0.3) ) +exp (n* (rx- 1.5)*(rx-1.5)) +
exp(n*(rx—2.5)*(rx—2.5))+exp(n*(rx—3‘5)*(rx-3.5)))/
(exp(n*(rx—4.5)*(rx-4.5})+exp(n*(rx—5.5)*(rX-5.5}) +
exp(n*(rx—G.S)*(rx—6.5))+exp(n*(rx—7.5)*(rx—7.5)) +
exp(n*[rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5))));

L_d42 = log((exp(n*(rx+7.5)*(rx+7‘5))+exp(n*(rx+6.5)*(rx+6 .5)) +
exp(n*(rx+1.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—0.5)*(rx-O.S))+exp(n*(rx—1.5)*(rx—l.S)) +
exp {n* (rx-6.5) * (rx-6.5)) +exp (n* (rx- 7.5) % (£x-=7.5)))/
(exp (n* (rx+5.5) * (rx+5. 5)) +exp (n* (rx+4.5) * (rx+4.5)) +
exp(n*(rx+3.5)*(rx+3 5)y+exp{n* (rx+2.5)* (rx+2.5)) +
exp (n* (rx-2.5)* (rx-2.5) ) +exp (n* (rx-3. 5)* {(rx-3.5)) +
exp (n* (rx-4.9)* (rx-4. 5))+exp (n* (rx-5.5) * (rx-5.5}))) 7

L_d3 = log((exp(n*(rx+5.5)*(rx+5.5))+exp(n*(rx+6 .5)* {rx+6.5)) +

exp (n* (rx+1.5) * (rx+l

exp (n* {rx-2.5)* (rz-2.5)
6.5))+exp{n* (rx-5.

exp (n* (rx-6.5)* (rz—

{exp (n* (rx+7.5) * (rx+7.
exp (n* (rx+3.5) * (rx+3.5)
exp(n*(rx-O.S)*(rx—O.
exp (n* (rx-4.5) * (rx-4.5
D1_datafi+7] =
D1 parity{i+7] =

I_do;

L di:
L_d2;
1._d3;

D2_parity[i+7]
D2_parity[i+6]

non

.5)) +exp (n* (rx+2.

5y*(rx+2.9)
By *(rx-1. 5)
5)* {rx-5.5

5y * (rx+4. 5)
5)* (rx+0.5)
5)* (rx-3.5)
5} * (rx-7.5)

y+exp(n* (rx-1

5))+exp (n* (rx+4.
) +exp (n* (rx+0.
5))+exp (n* (rx-3.

)
)
1)
)
)
}
))+exp (n* (rx-7. )

+
+

)/
+
+
+
):

)

H
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i=1i+7;
}
/*
* interleave data:
*/
r_ileav(Dl_data, rule);
#endif

/*mio*/

#ifdef R69_5120QaM

/*

* Interleaver should be a multiple of 3, e.g., 6144

*

* () dimension:

* d0 is MSB and d4 is LSB in 32AM: (d0,d1,d2,d3,d4):

* 00010-~00011--00001--00000--0C100--00101--00111-~00110
* -15.5 -14.5 -13.5 -12.5 -11.5 =-10.5 =-9.5 -8.5
*

* 01010--01011--01001--01000--01100--01101--01111--01110
* -0.5 -1.5 -2.5 =-3.5 -4.5 -5.5 -§.5 -7.5
*

* 11010--11011--11001--11000--11100--11101--11111--11110
* 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5
*

* 10010--10011--10001--10000--10100--10101--10111--10110
* 15.5 14.5 13.5 12.5 11.5 10.5 9.5 8.5
*

* I dimension:

* d0 is MSB and d3 is LSB in 16AM:(d0,dl,d2,d3):

*

* £010---0011~--0001---0000---0100---0101~—-0111---0110
* ~7.5 -6.5 -5.5 -4.5 -3.5 -2.5 -1.5 -0.5
*

* 1010---1011~--1001---1000---1100--~1101~--1111---1110
* 7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.8
*/
/*

* deinterleave data:

*/

for(i = 0; i < INT_SIZE; i++)
data_d[i] = datalil;
r_deileava(data_d, rule);

for(i = 0; i < INT SIZE; i++)
{
/* symbol 1, O dimension: 32AM */
d0 = data_d[il;
dl = data_d[i+l];
d2 = Encl[i];
d3 = Enc2[i];
dd = Encl[i+l];
tx = 2*d2 - 2*d3 + 4*d2*d3 - 1.0 + ({((2*%d2-1)*(2*d3-1) )<0?(d4-0.5) : {0.5-d4)};
e = {(dl == 0 ? (tx — 4): (4 - tx));
tx = {d0 == 0 ? (tx - 8): {8 - tx));
rx = tx + SIGMA 32AM of 39 5120QAM * gasdev();
o = (-1.0) / (2 * SIGMA 32AM of_39_5120AM * SIGMA 32AM of 39 512QaM);
L _do = log((exp(n*(rx—O.S)*(rx-O;S))+exp(n*(rx~l.5)*(rx—l.5)) +
exp (n* (rx-2.5) * (rx-2.5) )+exp (n* (rx-3,.5) * (rz-3.5)) +
exp (n* (rx-4.5)* (rx-4.5) ) +exp (n* (rx-5.5)* (rz~-5.5)) +
exp (n* (rx-6.5) * (rx-6.5) ) +exp (n* (rx-7.5) * (rx-7.5)) +
exp (n* (rx-B.5)* (rx-8.5) ) +exp (n* {rx-9.5) * (rx-9.5)) +
exp(n* (rx-10.5) * (rx~10.5) ) +exp (n* (rx-11.5) * {rx-11.5
exp(n* (rx-12.5)* (rx-12.5) )+exp (n* (rx-13.5) * (rx-13.5
exp(n* {rx-14.5)* (rx~14.5) ) +exp(n* (rx-15.5) * (rx-15.5
(exp (n* (rx+0.5) * (rx+0.5) ) +exp (n* (rx+1.5) * (rx+1.5)) +
exp (n* (rx+2.5) * (rx+2.5) ) +exp (n* (rx+3.5) * (rx+3.5)) +
exXp (n* (rx+4.5)* (rx+4.5) ) +exp (n* (rx+5.5) * (rx+5.5)) +
exp (n* (rx+6.5) * (rx+6.5) ) +exp (n* (rx+7.5) * (rx+7.5)) +
exp (n* (rx+8.5)* (rx+8.5) ) +exp (n* (rx+9.5) * (rx+9.5}) +
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wm

exp (n* (rx+10.5)* (rx+10.5) ) +exp (n* (rx+11.5)* (rx+11.
exp(n* (rx+12.5) * (rx+12.5) ) +exp(n* (rx+13.5) * (rx+13.
exp (n* (r=+14.5) * (rx+14.5)) +exp (n* (rx+15.5) * (rx+15,

w
— o+

o
ne

(exp(n* (rx—0.5)* (rx-0.5)) texp(n* (rx-1.5)* (rx-1.5))
exp (n* (rx-2.5)* {rx-2.5)) +exp(n* (£rx-3.5)* (zx-3.5))
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx-5.5))
exp (n* (rx-6.5) * {rx~6.5) ) +texp(n* {rx-7.5) * (rx-7.5))
exp (n* (rx+0.5) * {rx+0.5) ) texp (n* (rx+1.5) * (rx+1.5))
exp {n* (rx+2.5) ¥ (rx+2.5}) ) +exp (n* (rx+3.5)* (rx+3.5))
exp{n* (rx+4.5) * (rx+4.5} ) +texp(n* (rx+5.5) * {(rx+5.5))
exp(n* {rx+6.5) * (rx+6.5) ) +exp (n* (rx+7.5) * (rx+7.5) )}
(exp{n*(rx-8.5)* (rx-8.5) ) +texp(n* (rx~-9.5) * {rx-9.5))
exp{n* (rx-10.5)* (rx-10.5) ) +exp(n* (rx-11.5) * (rx-11.5)) +
exp(n* (rx-12.5)* (rx-12.5) ) +exp (n* (rx-13.5) * (rx-13.5)) +
exp(n* (rx-14.5)* (rx-14.5) ) +exp(n* (rx—-15.5) * {rx-15.5}) +
eXp(n* (rx+8.5) *{rx+8.5) ) +exp (n* (rz+%.5) * (rx+2.5)) +

exXp(n* (rx+10,3) * (rx+10.5) ) texp (n* (rx+11.5) * (rx+11.5)) +
exp(n*(rx+12.5)* (rx+12.5) ) texp (n* (rx+13.5) * (rx+13.5)) +
exXp(N* (rx+14.5) * (rx+14.5) ) +exp (n* (rx+15.5) * (rx+15.5))) ),

N

{exp (n* {rx+4.5) > (rx+4.5) ) +texp (n* (rx+5.5) * (rx+5.5)) +
exp(n* (rx+6.5) * (rx+6.5) )+exp (n* (rx+7.5) * (rx+7.5)) +
exp(n* (rx+8.5) * (rx+8.5) )+exp (n* (rx+93.5) * (rx+3.5)) +

exp (n* (rx+10.5)* (rx+10.5) ) +exp (n* (rx+11.5) *(rx+11.5)) +
exp (n* (rx-4.5) * (rx-4.5) ) texp (n* (rx-5.5) * (rx-5.5}) +
exp(n*(rx-6.5) *(rx-6.5) )+exp (n* (rx-7.5) * (rx-7.5)) +
exp(n* (rx-8.5) * (rx-8.5) ) +exp (n* (rx-9.5) * (rx-9.5)) +
exp(n* (rx-10.3)* (rx-10.5) ) +exp (n* (rx-11.5) * {rx-11.5)))/
(exp (n* (rx+0.5) *(rx+0.5) ) +exp (n* (rx+1.5)* (rx+1.5)) +
exp{n* (rx+2.5) * (rx+2.5) ) +exp (n* (rx+3.5) * (£x+3.5)) +
exp(n* (rx+12.5) * (rx+12.5) ) +exp (n* (rx+13.5) * (rx+13.5) )
exp (n* (rx+14.5)* (rx+14.5) ) +exp(n* (rx+15.5) * {(rx+15.5})
exp (n* {rx-0.5) * (rx-0.5) ) +exp (n* (rx-1.5) * (rx-1.5)) +
exp{n* (rx-2.5)* (rx-2.5) )+exp (n* (rx-3.5)* (rx-3.5)) +
exp(n* (rx-12.5)* (rx-12.5) ) +exp(n* (rx-13.5) *(rx-13.5)) +
exp(n* (rx-14.5)* {rx-14.5) ) +texp(n* (rx-15.5) * (rx-15.5))) ) ;

(exp(n* {rx+0.5) * (rx+0.5)) +texp(n* (rx+1.5)* (rx+1.5)) +
exp (n* (rx+6.5) * (rx+6.5) ) texp (n* (rx+7.5} * (rx+7.5)) +
exp (n* (rx+8.5) * (rx+8.5) ) +exp (n* (rx+9,5) * (rx+9.5)) +
exp (n* (rx+14.%)* (rz+14.5) ) +exp(n* (rx+15.5) * (rx+15.5)) +
exp(n* (r£-0.5)* (rx-0.5) ) texp(n* (rx-1.5)* {rx-1.5)) +
eXP(H*(IX-6.5)*(rx—6.5))+exp(n*(rx-7.5)*(rx—7.5)) +

exp(n* (rx-8.5)* (rx-8.5) ) texp (n* (rx-9.5) * (rx-%.5)) +
exp(n* (rx-14.5) * (rz-14.5) )+exp(n* (rx-15.5) * {(rx-15.5)}) /
(exp(n*(rx+4 S)*(rx+4.5) ) +exp (n* (rx+5.5} * {rx+5.5)) +
exp{n* (rx+2.5)* (rx+2.5} ) +texp (n* (rx+3.5) * (rx+3.5)) +

{

exp({n* (rx+12.5) * (rx+12.5) }+exp (n* (rx+13.5) * {rx+13.5)) +
exp(n* (rx+10.5}* (rx+10.5) ) +exp (n* (rx+11.5) * (rx+11.5)) +
exp{n*(rx-4.5)*(rx-4.5)) +exp (n* (rx~5.5) * (rx-5.5)) +
exp{n* {rx-2.5)* (rx-2.5) ) +exp (n* (rz-3.5) * (rx-3.5)) +
exp(n* (rx-12.5)* (rx-12.5) ) +exp (n* (rx-13.5) * (rx-13.5)) +
exp(n* (rx-10.5)* (rx-10,5) Y +exp (n* (rx-10.5) *(rx-10.5)))};

 d4 = log {(exp(n*{rx+2.5) *(rx+2.5) ) +exp (o* (rx+1.5)* (rx+1.5)) +

exp (n* (rx+6.5) * (rx+6.5) ) +exp (n* {(rx+5.5) * (rx+5.5)) +

exp (n* (rg+10.5)* (rx+10.5) ) +exp (n* (rx+9.5) * (rx+9.5)) +
exp(n* (rg+14.5)}* (rx+14.5) ) +exp (n* (rx+13.5) * {rx+13.5)) +
exp (n* (rx-2.5) *{rx-2.5) ) +texp {n* (rx-1.5) * (rx-1.5)) +
exp(n* (rx-6.5) *(rx-6.5) ) +exp (n* {(rx-5.5) * (rx=5.5)) +

exp (n* (rx-10.5)* {rx-10.5) ) +texp (n* (rx-9.5) * (rx-9.5)) +
exp(n* (rx-14.5)* (rx-14.5) ) +exp(n* {(rx-13.5) *{rx-13.5)})/
(exp(n*(rX+4.5)*(rx+4.5))+exp(n*(rx+3.5)*(rx+3.5)) +

exp (n* (rx+7.5) * (rz+7.5) ) +exp (n* (rx+83.5) * (rx+8.5)) +
exp{n* (rx+12.5)* (rx+12.5) ) +exp (n* (rx+11.5) *(rx+11.5)) +
exp(n* (rx+0.5) * (rx+0.5) ) +exp (n* (rx+15.5) * (rx+15.5)) +
exp (n* (rx-4.5)* (rx-4.5) ) +exp (n* (rx-3.5) * (rx~3.5)) +
exp(n* (rx~7.5)* (rx-7.5) )+exp (n* {(rx-8.5) * (rx~8.5)) +
exp(n* (rx-12.5)*(rx-12.5) Y+texp (n* (rx-11.5) * (rr-11.5)) +
exp (n* (rx-0.5)* (rx-0.5) ) +exp (n* (rx-15.5) * (zx-15.5)) ) ) :

48

May 2, 2002



US 2002/0051501 Al May 2, 2002
82

COMPUTER PROGRAM LISTING APPENDIX

D1_datali] = L d0;

D1_datali+l}] = L_dl:
D1_parityli] = L d2;
D2_parityl[i] = L d3;
D1 parityl{i+l] = L_d4;

/* symbol 1, I dimension: 16AM */

d0 = data_d[i+2]:
dl = Encl{i+2];
d2 = Enc2[i+2];

d3 = Enc2[i+1];
tx = 2*dl - 2%d2 + 4*dl*d2 - 1.0 + (((2*dl-1)*{2*d2-1))<0?(d3-0.5):(0.5-d3));

tx = (d0 == 0 2 (tx - 4): (4 - tx));
X = tx + SIGMA 16AM of 39 512QAM * gasdev()};

n = (-1.0) / (2 * SIGMA_16AM of 39 51202M * SIGMA 16AM of 39 5120AM);

L d0 = log((exp{n* (rz-0.5)*(rx-0.5))+exp(n* (rx-1.5)* (rx-1.5)) +
exp{n* (rx-2.3)* (rx-2.5) ) +exp (n* {rx-3.5) * (rx=-3.5)) +
exp(n* (rx-4.5)* (rx-4.5) ) +exp (n* {(rx-5.5) *(rx-5.5)) +
exp(n* (rx-6.5)* (rx~6.5) ) +exp (n* {(rx=7.5) * (rx-7.5) )}/
(exp (n* (rx+0.5) * (rx+0.5) J+exp (n* {rx+1.5) * (rx+1.5)) +
exp (n* (rr+2.5) * (rx+2.5) ) +exp (n* (rx+3.5) * (zx+3.5)) +
exp(n* (rx+4.5}* (rx+4.5) }+exp {n* {rx+5.5) * {zx+5.5}) +
exp (n* (rx+6.5) * (rx+6.5) ) +exp (n* (rx+7.5) *{rx+7.5))));

L_dl = log{{exp{n* (rx+3.5)* (rx+3.5))+exp(n* (rx+2.5) * (rx+2.5)) +

exp (n* (rx+1.5) * (rx+1.5) )+exp (n* (rx+0.5) * {rx+0.5) ) +
exp({n* (rz-0.5)* (rx-0.53) )+exp (n* (rx~1.5) *(rx-1.5)) +
exp{n* (rx-2.5) * (rz-2.%) )+exp (n* (rx-3.5) *{rx-3.5)})/
{exp(n* (rx-4.5) * (rx-4.35) )+exp (n* (rx-5.5) * (rx~5.5)) +
exp (n* {rx-6.5) * (rx-6.5) ) +texp (n* (rx-7.5) * (rx-7.5)) +
exp{n*(rx+4.5) * (rx+4.5) )+exp {n* (rx+5.5) * (rx+5.5)) +
exp(n* (rx+6.5) * (rx+6.5) ) +exp (n* (rx+7.5) * (r=x+7.5))) )¢

L_d2 = log((exp{n* (rx+7.5)* (rx+7.5))+exp(n* (rx+6.5) * (rx+6.5)) +
exp(n*{rx+1.5) * {rx+1.5) ) +exp {n* (rx+0.5) * (rx+0.5)) +
exp(n* (rx-0.5) * (rx-0.5) ) +exp (n* (rx-1,5) * (rx-1.5)) +
exp (n* (rx-6.5) * (rx-6.5) ) +exp(n* (rx-7.5) * (xx-7.5)))/
(exp (n* (rx+5.3) *{rx+5.5) )texp(n* (rx+4.5) * (rx+4.5)) +
eXp (N* (rx+3.5) * (rx+3.5) ) texp (n* (rx+2.5) * {rx+2.5)) +
eXp (N* (rx-2.5) * (rx-2.5) ) texp(n* (rx-3.5) * {rx~-3.5)) +
exp (n* (rx-4.5) * (rx—4.5) ) +exp (n* (rx-5.5) * (rx~5.5))) ) :

L d3 = log{(exp(n* (rx+5.5)* (rx+5.5) ) +exp (n* (rx+6.5) * (rx+6.5)) +

exp (n* (rx+1.5) * (rx+1.5) ) +exp (n* (rx+2.5) * {(rx+2.5)) +
e¥p (n* (rx-2.5)*(rx~2.5) ) +exp (n* (rr-1.5) * {rx-1.5)) +
exp (n* (rx-6.5) * (rx-6.5) ) +exp (n* (rz-5.5) * (rx~5.5)))/
(exp (n* (rr+7.5) * (xx+7.5) )+exp (n* (rz+4.5) * (rx+4.5)) +
exp (n* {re+3.5) * (rx+3.5) )+exp (n* (rx+0.5) * (rx+0.5)) +
exp (n* {rx-0.5)* (rx-0.5) ) +exp (n* (r2-3.5) *(rx-3.5)) +

1) ) )

*
exp (n* (rx-4.5)* (rx-4.5) Y+exp (n* (rx-7.5) * (rx-7.5)})

Dl _datali+2] = L_do0;
Dl_parity[i+2] = 1_d1;
D2_parityl[i+2] = L_d2;
D2_parity[i+1] = L_d3;
i = i+2;
}
/*
* interleave data:
*/
r_ileav(Dl_data, rule);
#endif
/*mio*/
#ifdef R12_16QAM
/*

* Channel: we transmit two 4-AM symbols to emulate a 16-0AM symbol.
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;

2 info bits and 2 parity bits are mapped to 1 16-0aM symbols which in
turn are simulated as 2 4-AM symbeols to achieve 2bit/s/Hz
40 is M5B and dl is LS5 in a 4-2M: (d0,di) = 01--00-|-10--11
-3 -1 1 3
INT_SIZE to be a multiple of 2
= (~1.0) / (2 * SIGMA 12 16QAM * SIGMA 12 16QAM);
{1 = 0; 1 < INT_SIZE; i++)
/* symbol 1 */
d0 = datafi]:
dl = Encl[i]:
tx = 2*d0 - 2*dl + 4*d0*dl - 1.0:
j 4 = tx + SIGMA 12 16QAM * gasdev();
L_d0 = log ({exp (n* (rx-1)* (rx-1))+exp (n* (rx-3)* (rx-3))) /
(exp (n* (rx+1) * (rx+l) )+exp (n* {rx+3) * (rx+3) )} ) :
L_dl = log({exp{n*(rx+3)* (rz+3))+exp(n* (rx-3)*{rx-3))) /
{exp (n* (rx-1}* (rx-1) ) +exp (n* {xx+1) * (rx+l)})):
D1l_datal[i] = L _d0;
Dl parityl[i] = L_dl1;
D2_parity([i] = 0.0;
/* symbol 2 */
= datal[i+l];
dl = Enc2[i+l];
tx = 2*d0 - 2*dl + 4*d0*dl - 1.0;
r® = tx + SIGMA_12_16QAM * gasdev();
1_d0 = log((exp{n*(rx-1)*(rx-1)}+exp(n* (rx-3)* (rx-3))) /
{exp(n* (rx+l) * (rx+1) ) +exp (n* (rx+3) * (rx+3)}) );
L dl = log((exp{(n*(rx+3)*(rx+3))texp(n* (rx-3)*(rx-3))) /
1))

{exp(n* (rx-1) * (rx-1) ) texp(n* (rx+1) * (rx+1)

D1_datafd+1] = L_do0;
D2_parity[i+l] = L_dl:
Dl_parity[i+l] = 0.0:
1= i+1;
R34_160AM

Channel: we transmit two 4-2M symbols to emulate a 16-0AM symbol.
& info bits and 2 parity bits are mapped to 2 16-0AM symbols which in
turn are simulated as 4 4-AM symbols to achieve 3bit/s/Hz
d0 is MSB and dil is LSB in a 4-&M: (d0Q,dl) = 01--00-}-10--11
-3 -1 1 3
INT_SIZE to be a multiple of &

= (-1.0) / (2 * SIGMA 34_160QAM * SIGMA 34 16QAM);

For(l = 0; 1 < INT_SIZE; it4)

{

/* symbol 1 */

d0 = datali];

dl = datali+l];

tx = 2*d0 - 2*dl + 4*d0*dl - 1.0;

ry = tx + SIGMA_ 34 _160QAM * gasdev():

L d0 = log((exp(n*(rx-1}*(rx~1))+exp(n* (rx-3)*(rx-3})) /
(exp (n* (rx+1) * {rx+1) ) +exp (n* {rx+3)* (rx+3))));

L_dl = log((exp(n*(rx+3)*(rx+3))+exp(n* (rx-3)* (rx-3})) /
(exp(n* (rx-1) * {rx-1) )+exp (n* (rx+1) * (rx+1))));

D1_datafli] =L do;

Dl_datali+l] = L_dl;

/* symbol 2 */

do = datali+2];

dl = Enclfi+1];

tx = 2*d0 - 2*dl + 4*d0*dl ~ 1.0;

r¥ = txk + STGMA_34_16QAM * gasdev();

L d0 = log(({exp{n*(zx-1)*(zx-1))+exp(n* (rx-3)* (rx-3))) /
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[exp(n*(rx+l)*(rx+1))+exp(n*(rx+3)*(rx+3))));

L dl = g ( {exp (n* (xx+3) * (rx+3) ) +exp (n* (rx-3) * (rx-3))) /
(exp (n* (rr-1)* (rx-1) ) +exp (n* (rx+1) * (rx+1))));

D1l datafi+2] = L dC;

Dl_parlty[1+l] = L di;

/* symbol 3 */

do = data[i+3];

dl = data{i+4];

tx = 2*d0 - 2*dl + 4*d0*dl - 1.0:

rx = tx + SIGMA_34_160aM * gasdev():

L_d0 = log({exp (n*(rx-1)*(rx-1))+exp(n* (rx-3)* (rx-3)}) /
(exp (n* (rx+1)* (rx+1))+exp (n* (rx+3)* (rx+3))));

L_dl = log({(exp(n*(rx+3)* (rx+3))+exp(n* (rx-3)* (rx-3))) /
(exp (n* (rx-1)* (rx-1}) +exp (n* (rx+1) * (xx+1))));

D1_data[i+3] = L_d0;

D1_datafi+4] = L_dil;

/* symbol 4 */

d0 = datal[i+5];

dl = Enc2[i+4];

tx = 2*d0 - 2*dl + 4*d0*dl - 1.0;

rx = tx + SIGMA_34_16QAM * gasdev();

L d0 = log {(exp (n* {rx-1)* (rx-1))+exp (n* (rz-3)* (rx-3))} /
{exp (n* {(xx+1)* (rx+l)) +exp(n* (rx+3) * (xx+3))));

L dl = 1og { (exp (n* {rx+3) * (rx+3) ) +exp(n* (rx-3)* (rx-3))) /

)

{exp (n* (rx-1)* (rx-1))+exp(n* (rx+l) * (rx+l)

;

D1_datal[i+5] = L_d0;
D2_parity[i+4] = L_dl;
D1_parity(i] = 0.0;
D1_parityli+2] = 0.0;
D1_parity[i+3] = 0.0:
Dl_parity[i+4] = 0.0;
Di_parity[i+5] = 0.0;
D2 _parityl[i] = 0.0;
D2_parity[i+l] = 0.0:
D2_parity[i+2] = 0.0;
D2_parityl[i+3] = 0.0;
D2 parity[i+5] = 0.0;

i = i+5:
#endif

#ifdef R56_64QAM
/*
* Channel:
* d0 is MSEB and d2 is LSB in 8AM:{d0,di,d2):

* 0i0---011---001---000---100—--101---111---110
* -3.5 -2.5 -1.5 -0.5 0.5 1.5 2.5 3.5
*/
/¥
* Channel: we transmit two S8AM symbols to emulate a 64QAM symbol.
* 10 info bits and 2 parity bits are mapped to 2 640AM symbols which in
* turn are simulated as 4 8AM symbols to achieve 5Sbit/s/Hz.
*
* INT_SIZE to be a multiple of 10
*
/
n = (-1.0) / (2 * SIGMA 56_64QAM * SIGMA 56_64QAM);
for(i = 0; 1 < INT_SIZE; i++)

{
/* symbol 1 */
do datalil;
dl = datali+l]:
d2 = Encl[il;
tx = 2%d0 - 2*dl + 4*d0*dl - 1.0 + (({2*d0-1}*(2*d41-1))<0?{d2-0.5):(0.5-d2)};
rx = tx + SIGMA_56_640QAM * gasdev();
L d0 = log{(exp{n* (rx-0.5)* (rx-0.5))+exp(n* (rx-1.5)*(rx-1.5}) +
exp(n* (rx—2.5)* (rx-2.5) ) +exp (n* (rx-3.5) * {(rx-3.5)))/
(exp(n* {rx+0.5)* (rx+0.5) ) +exp (n* (rx+1.5) * (rx+1.5)) +
exp(n* (rx+2.5)* (rx+2.5) ) +exp (n* (rx+3.5) * (xx+3.59))) )/
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L_dl = log{{exp(n* (rx+3.5)* (rx+3.5))texp(n* (rx+2.5)* (rx+2.5)) +
exp (n* (rx-2.5)* (rx-2.5) Y+exp(n* (zx-3.5) * (rx-3.5)))/
(exp (n* (rx+1.5) * (rx+1.5) ) texp (n* (rz+0.5) * (rx+0.5)) +
exp (n* (rx-0.5)* (rx—-0.5) }texp(n* (rz-1,5) *(rx-1.5)}) )+

L_d2 = log{(exp(n* (rx+2.5)* (rx+2.5))+exp (n* (rx+1.5) * {rx+1.3}) +
exp (n* (rx-1.5)* (rx-1.5) }+exp (n* (rz-2.5) * (rx-2.5)) )/
(exp (n* (rx+3.5)* (re+3.5) )+exp{n* (rx+0.5) * (rx+0.5)) +
exp (n* (rx-0.5)* (rx-0.5) }+exp(n* (rz-3.5} *{rx-3.5))));

D1 _data{i] = L_d0;
D1 datali+l1] = L dl;
Dl _parityli] = L_d2;
D1_parity{i+l] = 0;
DZ_parityli] = 0;
D2 parityli+l} = 0:

/* symbol 2 */

do = data[i+2];:

dl = data[i+3];

d2 = dataf[i+4]:;

tx = 2*d0 - 2*dl + 4*d0*dl - 1.0 + (((2*d0-1)*(2*d1-1))<07?{d2-0.5):(0.5-d2});
rx = tx + SIGMA 56_¢4QaM * gasdev();

log{(exp(n* (rx—0.5)*(rx-0.5))texp{n* (rx-1.5)*{rx-1.5)) +
exp {n* (rx=2.5)*% (rx=2.5) )+exp (n* (rx=3.5) * (rx=3.5))}/
{exp (n* (rx+0.5)* (rg+0.5) ) +exp(n* (rx+1.5) * (rx+1.5)) +
exp (n* {(rx+2.5)* (rx+2.5) )+exp(n* (rx+3.5) *(rx+3.5} ) ) ):

L_do

L dl = log{(exp(n* (rx+3.5)* (rx+3.5))+exp(n* (rx+2.5) * (rx+2.5)) +
exp (n* (rx-2.5)* (rx-2.5) J+exp(n* (rx-3.5) * (rx-3.5)))/
{exp(n* {rx+1.5)* (rx+1.5) ) +exp(n* (rx+0.5) * (rx+0.5})) +
exp(n* (rx-0.5)* (rx-0.5) ) +exp(n* (rz-1,5) *(rx-1.5)) ) ) :

L_dZ = log((exp{n*(rx+2.5)* (rx+2.5))+exp(n* (rx+1.5)* (rx+1.5))
exp (n* (rx=1.5)* (rx-1.5) ) +exp(n* (rx-2.5) * (rx-2.5))
{exp(n* (rx+3.5)* (ra+3.5) ) +exp(n* (rx+0.5) * (rx+0.5))
exp (n* (rx-0.5)* (rx-0.5) ) +texp(n* (rx-3.5) * (rx-3.5))

( )
({

(

L_do;

L

L

/
+
Y

)

D1_data(i+2] = L_
D1_data([i+3] = L_di;
Dl_data[i+4] = L_d2;
D1l _parity{i+2] = 0:
D1_parity[i+3] = 0;
Dl _parityf[i+4] = 0;
D2_parityli+2] = 0;
D2_parity[i+3] = 0;
D2_parity[i+d] = 0;

/* symbol 3 */

ao = data[i+5];

dl = data[i+6];

dz = Enc2[i+5];

tx 2*d0 - 2*dl + 4*d0*dl - 1.0 + (((2*d0-1)*(2*d1l-1))<0?(d2-0.5}:(0.5-d2));

rx
L_do

tx + SIGMA_56_64QAM * gasdev();

log( (exp(n* {rx—0.5)* (rx-0.5) ) +exp(n* (rx-1.5)*(rx-1.3)) +
exp (n* (rx=2.5)* (rx~2.5) ) +exp (n* (rz-3.5) * (rx-3.5)))/
(exp (n* {rx+0.5) * {rx+0.5) ) +exp(n* (rx+l1.5) * (rx+l1.5)) +
exp (n* (rx+2.5) * {(rx+2.5) Y +exp(n* (rzx+3.5) *{xx+3.5)) )}

L_dl = log((exp(n*(rx+3.5)* (rx+3.5))+exp (n* (rx+2.5)* (rx+2.5)) +

exp (n* (rx-2.5) * (rx-2.5) ) +texp(n* (rx-3.5) * {xx-3.5)) )/

(exp (n* {xx+1.5)* {rx+1.5) ) +exp(n* (rx+0.3) *{xx+0.5)) +

exp (n* (rx-0.5)* (rx-0.5) ) +exp(n* (rz-1.5)*{rx-1.5))));

L_d2 = log((exp(n*(rx+2.5)* (rx+2.5))+exp (n* (rx+1.5)* (rx+1.5))
exp (n* (rx-1.5)* (rx-1.5) )+exp(n* (rx-2.5) *{rx-2.5})
(exp (n* (rx+3.5) * {(rx+3.5) ) +texp (n* (rx+0.5) * {xx+(0.5))
exp (n* {rx-0.5)* {rx-0.58) }+exp(n* (rx~-3.5) * {(rx-3.5))

Y/
+
)i

H

)

D1_datali+5] = L_dO;:
Dl_data[i+6] = I_dl;
D2 _parity[i+5] = L_d2;
D2_parityl[i+6] = 0;
Dl_parity[i+5] = 0;
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Dl _parityli+6] = 0;

/* symbol 4 */

do = data[i+7]1;

dl = data[i+8];

dz = data[i+9];

tx 2*d0 - 2*dl + 4*d0*dl - 1.0 + ((({2*d0~-1)*(2*d1l-1))<0?(d2-0.5):(0.5-d2));

tx + SIGMA_56_64QAM * gasdev():

Tog( (exp(n* (rx-0.5)* {rx~0.5)) texp(n*(rx-1.5) * (rx-1.5)) +
exp (n* (rx-2.5)* (rx-2.5) ) +exp(n* (rx-3.5) * (rx-3.5}))/
(exp (n* (rx+0.5) * {rx+0.5) ) +exp(n* (rx+1.5) * (rx+1.5}) +
exp (n* (rx+2.5) * (rx+2.5) ) +exp (n* (rx+3.5) * (rx+3.5)))) ;

rx
_do

L dl = log(({exp(n*(rx+3.5)* {rx+3.5))+texp(n* (rx+2.5) * (rz+2.5)) +
exp (n* (rx~2.5)* (rx-2.5) ) +exp (n* {rx-3.5) * (rx-3.5}) )/
(exp (n* (rx+1.5)* (rx+1.5) ) +exp (n* (rx+0.5) * {rx+0.5)) +

exp (n* (rx-0.5) * (rx-0.5) ) +exp (n* (rx-1,5) *{rx-1.5}))) ;

L d2 = log((exp(n*(rx+2.5)* (rx+2.5))+exp(n* (rx+1.5) * (rzx+l1.5)) +
exp(n* (rx-1.5)* (rx-1.5) ) texp(n* (rx-2.5)*{rx-2.5)))/
(exp (n* (rx+3.5) * (rx+3.5) ) texp (n* (rx+0.5)* {(rx+0.5)) +
exp (n* (rx=0.5) * (rx~0.5) ) +exp (n* (rx-3.5)* (rx-3.5)))) ?

Dl _data{i+7] L _do;

D1_datali+8] dl;

D1_datal[i+9} ;

Dl _parity[i+7]

Dl _parity[i+8]

D1_parity[i+9]

D2_parity[i+7]

D2 _parity[i+8]

D2_parity[i+9]

v
ol
[ov]

-1

oy
SCOO0O0O0OO0or

-

o oNE e o

LU

i = 1i+9;

}

RS7_1280AM

Q dimension:

d0 is MSBE and d2 is LSB in 8-AM:(d0,d1,d2):
010---011---001---000---100---101---111~---110
-3.%5 -2.,5 -1.5 -0.5 0.5 1.5 2.5 3.5
I dimension:
d0 is MSB and Ad3 is LSB in 16AM:(d0,dl,d2,d3):
0010---0011---0001---0000---0100---0101---0111---0110
-7.5 -6.5 -5.5 -4.5 -3.5 -2.5 -1.5% -0.5
1010~---1011---1001---1000---1100---1101---1111--~1110
7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5
INT_SIZE to be a multiple of 5
/

for(i = 0; i < INT_SIZE; i++)

{
/* @ dimension: 9AM */

d0 = datali];

dl = datal[i+1];

d2 = Enclii]:

tx = 2%#d0 - 2*dl + 4*d0#dl - 1.0 + (((2*d0-1)*{2+*d1-1))<0?(d2~0.5):(0.5-d2));
rx = tx + SIGMA_ BAM of 128QAM * gasdev();

n = (-1.0) / (2 * SIGMA_8AM of_ 1280AM * SIGMA 8AM of 128QRM):

L d0 = log((exp(n*{rx-0.5)*(rx—-0.5)) +exp (n*(rx-1.5)* (rx-1.5)) +
exp (n* (rz-2.5)* (rx-2.5) )+exp (n* (rx-3.5)*(rx-3.5)))/
{exp (n* (rx+0.5)* (rx+0.5) )+exp (n* (rx+1.5) * (rx+1.5)) +
exp (n* (rx+2.5) * {rx+2.35) )+exp(n* (rx+3.5)* {rx+3.5})));

L dl = log({exp(n* (rx+3.5)* (rx+3.5)) +exp(n* (rx+2.5) * (rx+2.5)) +
exp (n* (rx-2.5)* ({rx-2.5) ) +exp({n* (rx-3.5) *(rx-3.5)))/
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(exp (n* (rx+1.5)* {rx+1.5) ) +exp{n* (rx+0.5) *{rx+0.5)) +
exp(n* (zx=0.5)*{rx-0.5) ) +exp(n*(rx=1.5)*(rx=1.5)}});

L d2 = log{(exp(n*(rx+d.5)* (rx+2.5) ) texp(n*{rx+l.5) * {rx+1.5)) +
exp (n* (rx-1.5)*(rx-1.5) ) texp(n* (rx-2.5) * (rx-2.5)))/
(exp(n* (rx+3.5)* (rx+3.5) ) +exp (n* (rx+0,5) * (rx+0.5)) +
exp(n* (rx~0.5)* (rx-0.5) ) texp (n* (rx-3.5) *(rx-3.5)) 1)

D1_data(i] = L d0;

D1_data[i+l] = L _di;

D1_parityl[i] =1 _dz;

Dl _parity[i+l]

D1 _parity[i+2]

D1 parity[i+3]

D1l_parityli+4]

/* I dimension: 16AM */
d0 = datal[i+2]:;
dl = data[i+3];

d2 = datal[i+4];

d3 = Enc2[i];

tx = 2*dl - 2*d2 + 4*dl*d2 - 1.0 + (((2*d1-1)*(2*d2-1))<0?(d3-0.5):
tx (d0 == 0 2 (tx - 4): (4 - tx)}

r® = tx + SIGMA 16AM of 128QAM * gasdev():

n = (-1.0) / (2 * SIGMA 16AM of 128QAM * SIGMA_16AM of 1280QAM);

L d0 = log({exp(n*(rx-0.5)*(rx-0.5))+exp (n*(rz-1.5)* (rz-1.5)) +
exp (n* (rx-2.5)* (rx-2.5) ) +exp (n* (rx-3.5) * (rx~3.5)) +

exp (n* (rx-4.5)* (rx-4.5) )+exp(n* (rx-5.5) * (rx-5.5)) +
exp (n* (rx—56.5)* (rx—-6.5) y+exp(n* (rx-7.5) * (rx-7.5) ) )}/
(exp (Rn* (rx+0.5})* (rx+0.5) y+exp (n* (rx+1,95) * (rx+1.5)) +
exp (n* (rx+2.5) * (rx+2.5) y+exp(n* (rx+3.5) * (rx+3.5)) +
exp(n*(rx+4 5)*{rx+4.5) y+texp(n* (rx+5.5) * (rx+5.5)) +
exp (n* (rx+6.5) * (rx+6.5) )y +exp(n* (rx+7.5) * (rx+7.5)))) ;

L dl = log((exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2 5)* (rx+2.5)) +
exp (n* (rx+1.5)* (rx+1.5) }+exp (n* (rx+0.5) * (rx+0.5)) +
exp (n* (rx—-0.5)* (rx—-0.5) }+exp(n* (rx-1.5}) *{
exp (n* (rx=2.5)* (rx=2.5) }+exp (n* (rx~3.5) * (rx~3.5)))/
(exp (n* (rx—-4.5)*(rx—4.5) }+exp(n* (rx-5.5) * {
exp (n* (rx—6.5)* (rx—6.5) ) +exp(n* (rx-7.5) *{
exp (n* (rx+4.5)* (rx+4.5) ) +exp(n* {rx+5.5) * (rx+5.5) ) +
exp (n* (rx+6.5) * (rx+6.5) ) +exp(n* (rx+7.9) * (rx+7.5))))

L d2 = log((exp(n* (rx+7.5)* (rx+7.5)) +exp (n* (rx+6.5) * (rx+6.5)) +
exp(n* rx+1.5)* (rx+1.5)) +texp (n* (rx+0.5) * (rx+0.5)) +
+

({ (
exp (n* {(rx-0.5)* (rx-0.5) ) +exp(n* (rz-1.5) * (rx-1.5))
exp {n* (rx-6.5)* (rx-6.5) ) +exp (n* (rx-7.5) * (rx-7.5) )}/
(

exp{n* {rx+3.5)* (rg+3.5)) +texp(n* (rx+2.5) * (rx+2,5)) +
rx-3.5)) +
rx-5.5))));

(
(
(
{exp (n* (rx+5.5)}* (rz+5.5) ) +exp (n* (rx+4.5) * (rx+4.5)) +
(
exp (n* (rx-2.5) * (rx—-2.5) ) +exp(n* (rx-3.5) *(
exp (n* {rx-4.5)* (rx~4.5) ) +texp(n* (rx-5.5) *(

L_d3 = log{(exp(n* (rx+5.5)* (rx+5.5) ) +exp (n* (rx+6.5) * (rx+6.5)) +

exp (n* (rx+1.5)*(rx+1l.3)) texp(n* (rx+2.3) *(rx+2.5)) +
exp (n*(rx-2.5)*(rx-2.5)) texp(n* (rx-1.9)*(rx-1.5})}) +
exp (n* (rx=6.5) * (rx=6.5) ) +exp (n* (rx=5.5) * (rx-5.5)))/
{exp(n* (rx+7.5)* (rx+7.5) ) +exp(n* (rx+4.85)* (rx+4.5} ) +
exp (n* (rx+3.5) * (rx+3.5) ) texp(n* {rx+0.5) * (rz+0.5)) +
exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx 3.5)*(rx-3.5)) +
exp (n* (rx-4.5)* (rx—-4.5) ) +exp (n* (xx-7.5) * (rz-7.5) 1)) s

D1_data[i+2] =L d40;

D1_datal[i+3] =1L di;

D1_datali-+4] =1L d2;

D2 parityli] =1 d3;

D2_parity([i+l] = 0.0;

D2_parity(i+2] = 0.0;

D2_parity[i+3]) = 0.0;

D2_parity[i+4) = 0.0;

i = i+4;
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$ifdef RS58_2550AM

/*

* Channel:

* d0 is MSB and d3 is LSB in 16AM: (d0,dl,dZ,d3):

*

* 0010---0013~-~0001---0000---0100---0101---0121-~-0110
* -7.5 -6.5 -5.5 -4.5 -3.5 -2.5 -1.5 -0.5
*

* 1010---1011---1001---1000---1100-~--11061~~~1111---1110
* 7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5
*

* Channel: we transmit two 16AM symbols to emulate a 2560AM symbol.
* 10 info bits and 6 parity bits are mapped toc 2 256QAM symbols which in
* turn are simulated as 4 16AM symbols to achieve 6bit/s/Hz.
*

* INT_SIZE to be a multiple of 10

*/
n = (-1.0) / (2 * SIGMA_ 58_256QAM * SIGMA_58_256QAM);

/'k

* deinterleave data:

*/

for(i = 0; i < INT_SIZE; i++)

data_d[i] = datali];
r_deileava(data_d, rule);

for(i = 0; i < INT SIZE; i++)

{

/* symbol 1 */

dl

dz =

d3 =
tx =
tx =

dg =

data_d(il;
data_df{i+1]:
data df{i+2];
Enclli}];

2*dl - 2*d2 + 4*d1*d2 - 1.0 + ({(2*d1-1)*(2*d2-1))<0?{d3-0.5):

(d0 == 0 ? (tx - 4}: (4 - tx)),

/* Test the mapping to the 16AM constellation:

* if

(i < 500}

*  printf("\n(%d%d%dd) = %f", (int)d0, (int)dl, (int)dZ,

*/
rx
1,_do

L d1

tx + SIGMA 58 2560QAM * gasdev();

exp (¥ (rx-2.3)* (rx—2.5) }texp(n* (rx-3.5) * (rx-3.5)}
exp (n* (rx-4.5)* (rx-4.5) ) texp{n* (rx-5.5) * (rx-5.5)

(int)d3,

log( (exp(n* (rx~0.5)* (rx-0.5) ) +exp (n* (rx-1.85) * (rx-1.5))

)
)

exp (n* (rx—-6.5)* (rx-6.5) ) texp(n* (rx-7.5) * (rx-7.5)))

{
exp (n* (rx+2.5) * (rx+2.5) ) +texp(n* (rx+3.5) * (xx+3.5)
exp (n* (rx+4.5) * (rx+4.5) )y +exp(n* (rx+5.5) * (rx+5.5)

( )

(
(
(
(exp (n* (rx+0.5) * (rx+0.5) Y +exp(n* (rx+1.5) * (rx+1.5)
(
(
exp (Y (rx+6.5) * (rx+6.9) Y +exp(n* (rx+7,0) * (rx+7.5

= log(({exXp(n* (rx+3.5)*(rx+3.8) ) +exp (n* (rx+2.5)* (rx+2.5))

exp (n* (ex+1.5)}* (rx+1.5) ) +exp(n* (ru+0,.5) * {rx+0.5)
exp (n* (rx-0.5)* (rx-0.5) ) +exp(n* {rx-1.5) *{rx-1.5)
exp (n* (rx-2.5)* (rx-2.5) Y+exp(n* (rx-3.5) *{rx-3.5)
(exp (n* (rx-4.5)* (rx-4.5) ) +texp(n* (rx-5.5) *(rx-5.5)
exp{n* {rx-6.5)* (rx-6.5) ) +texp(n* (rx-7.5) * (rx-7.5)
exp (n*{rx+4.5)* (rx+4.5) Y +exp(n* (rx+5.5) *(rx+5.5)
exp (n* (rx+6.5) * {rx+6.5) Y texp (n* (rx+7.5) * (rx+7.5)

exp (n* {rx+1.5) * (rx+1.5) ) +exp(n* (rx+0.5) * (rx+0.5)
exp(n* (rx-0.5)* (rx-0.5) )+exp{n* (rx-1.5) * (rx-1. 5)
exXp{n*{rx-6.5)* (rx—-6.5) ) +exp (n* (rx-7.5) *(rx-7.5

(exp(n* {rx+5.5) * (rx+5.5} y+exp (n* (rx+4.5) * (rx+4. 5)
exp (n*{rx+3.5)* (rx+3.5) ) texp(n* (rx+2.5) * (rx+2.5)
exp(n*{rx-2.5)* (rx-2.5) ) +exp(n* (rx-3.5) * (rx-3.5}
exp (n* {rx-4.5)* (rx-4.5) y+exp(n* (rx~-5.5) * (rx-5.5)
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)
)
)

)
)
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)
)
)
)

)
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+
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+
+
+
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+
+
)/
+
+
+
)

i

log((exp(n* (rx+7.5)* (rx+7.5) ) +exp (n* (rx+6.5) * (rx+6.5)) +

i

(0.5-d3}));
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L_d3 = log((exp(n* (rx+5.5)
exp (n* (rx+l.
exp ({n* (rx-2.
exXp (n* (rx-6.5) * (rx-6.
(exp (n* (rx+7.
exp (n* (rx+3.5)*¢(
exp (n* (rx-0.
(

exp (n* (rx-4.

D1_datalil

D1 datali+l]
D1_datali+2]
D1_paritylil
D1 _parity[i+l]
Dl_parity([i+2]
D2_parity(i]
DZ_varity[i+l]

L_d0;
L dl;
L_dz;
L_d3;
07
0;
0;
[OH

/* symbol 2 */
d0 = data d[i+3];

dl = data_d[i+4];

d2 = Enc2{i+2};

d3 = Encl{i+4];

tx = 2*dl - 2*d2 + 4*dl*d2 - 1.0 + ((({2*dl-1)*(2*d2-1))<0?(d3-0.5):

tx = (d0 == 0 2 (tx -~ 4): (4 - tx));

rx = tx + SIGMA_ 58 25608M * gasdev():

1_d0 = log((exp(n*(rx 0.5)*{rx-0.5) )+exp (n* (rx-1.5)* (rx-1.5)) +
exp (n* (rx-2.5)* (rx-2.5)) +exp(n* (rx-3.5) * (rx-3.5)) +
exp(n*(rx 4.5)* (rx-4.5) )} +exp(n* (rx-5.5) * (rx-5.5)) +
exp (n* (rx-6.5)* (rx—-6.5) ) +exp(n* (rx-7.5) * (rx-7.5)))/
(exp(n*(rx*O 5)* (rx+0.5) ) +texp(n* (rx+1.5) * (rx+1.5)) +
exp (n* (rx+2.5) * (rx+2.5) ) +exp(n* (rx+3.5) * (rx+3.5)) +
exp (n* (rx+4.5)* (rx+4.5) ) +exp(n* (rx+5.5) * (rx+5.5)) +
exp (n* (rx+6.5)* (rx+6.5) ) texp(n* (rx+7.5) * (rx+7.5))));

L 4l = log{{exp(n* (rx+3.5)* (rx+3.5) ) +exp (n* (rx+2.5)* (rx+2.5)) +
exp (n* (rx+1.5)* (rx+1.5)) +exp (n* (rx+0.5) * {rx+0.5}) +
exp (n* (rx-0.5)* (rx-0.5) ) texp (n* (rx-1.5) * (rx-1.5)) +
exp {(n*{rx-2.5)* (rx~2.5)) +exp (n* (rx-3.5) * (rx-3.5)))/
(exp(n* (rx-4.5)* (rx—-4.5}) +texp (n* (rx-5.5) * (rx-5.5)) +
exp (N* (xx-6.5)* {(rx—6.5) ) texp(n* (rx-7.5) * (rx-7.5)) +
exp(n*(rx+4.5)* (rx+4.5) ) texp (n* (rx+5.5) * (rx+5.5)) +
exXp (n* (rx+6.5) * (rx+6.5) ) texp (n* (rx+7.5) * {rx+7.5)) ) ) ;

L d2 = log((exp(n*{rx+7.5)* (xx+7.5) ) +exp (n* (rx+6.5)* (rx+6.5)) +
exp{n* (rx+1.5)* {rx+1.5)) texp(n* (rx+0.5) * {rx+0.5)) +
exp{n* (rx-0.5)* (rx-0.5) ) +exp (n* (rx-1.5) *{rx-1.5)) +
exp{n* (rx-6.5) * (rx—-6.5) ) +exp(n* (rx-7.5) *{rx-7.5)) )/
(exp{(n* (rx+5.5) * {rx+5.5) ) texp (n* (rx+4.5) * {rx+4.5)) +
exp(n* (rx+3.5)* (rx+3.5) ) +exp(n* (rx+2.5) * (r®x+2.5})) +
exp{n* (rx-~2.5) * {rx-2.5) ) +exp (n* (rx-3.5) * (rx-3.5)) +
exp(n* (rx-4.5)* {rx~4.5) ) +exp(n* (rx-5.5) * (rx~-5.5)) ) )

L d3 = log({exp(n* (rx+5.5)* (rx+5.5))+exp (n* (rx+6.5)* (rx+6.5)}) +

exp (n* (rx+1.5) * (rx+1
exp (n* (rx-2
exp(n* (rx-6.

(exp(n* (rx+7.5

)*
exp(n* (rx+3.5)*
exp(n* (rx-0.5) * (rx-0.
exp(n* (rx-4.5)* (rx-4.

D1 _datali+3] = L dO0;
D1_data[i+4] =1 di;
D2_parity[i+2] = L d2;
D1_parity[i+4] = L_d3;
D1 _parityl[i+3] = 0;
D2_parity[i+3] = 07
D2_parityl[i+4] = 0;

/* symbol 3 */
d0 = data d(i+5];

*(rx+5.
S)*{rx+l.5
5y* (rx-2.5

5)* (rx+7.
rx+3.
5y * (rx~0.
5)* (rx-4.

.5) ¥ (rx-2.

5))+exp(n* (rx+6.5)* (rx+6.5)) +
V) +exp (n* (rx+2.5) * (rx+2.5)
Y)+exp{n* (rxr-1.5)* (rx-1.5)
5))+exp{n* (rx-5.5) *(rx-5.5)
5))+exp (n* (rr+4.5) * (rx+4.5)
5) ) +exp (n* (rx+0.5) * (rx+0.5)
5) y+exp{n* (rx-3.5)*(rx-3.5)

)

3]
)
D]
)
)
)
5))+exp(n* (rx-7.5) * (rx-7.5))

+
+
)/
+
+
+
)

)

’

.5) ) +exp (n* {rx+2.5) * (rx+2.5)
5} *(rx-1.5)
}*(rx-5.5)

)

5))+exp(n* (rx-1. )
)

Y ¥ (rx+4.5))
)

}

5))+exp(n*(rx 5.5
5))+exp(n* (rx+4.5

5))+exp(n*(rx+0. ) *(xx+0.5)

{ 5)*{rx-3.5)

({ 5)*{(rx-7.5)))

5))+exp(n* (rx-3.

+
+
/
+
+
+
5)) texp(n* (rx-7. )

:
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dl = data d[i+6]:

d2 = data_d[i+7];

d3 = Eanc2{i+5];

£x = 2*dl - 2*d2 + 4*dl*d2 - 1.0 + (((2*d1-1)*(2*d2-1))<0?2{d3~0.5):(0.5-d3));

tx = (d0 == 0 ? (tx - 4): (4 - tx));

rx = tx + SIGMA_58_ 256QAM * gasdev();

L do =‘log((exp(n*(rx—O.B)*(rx—O.S))+exp(n*(rx—l.5)*(rx—1<5)) +
exp (n* (rzx-2.5)* {rx-2.5) }texp(n* (rx-3.5) * (rx-3.5)) +
exp(n*(rx—4.5)*(rx-4.5))+exp(n*(rx—5.5)*(rx—5.5)) +
exXp (n* (rx-6.5) * (rx-6.5) ) +exp (n* (rz=7.5) * (rx-7.5)))/
(exp (n* (rx+0.5) * (rx+0.5) }+exp (n* (rx+l1.5) * (rx+1.5)) +
exp(n* (rx+2.5)* (rx+2.5) ) +exp (n* {rx+3.5} * (rx+3.5)) +
exp(n* (rx+4.5) * (rx+4.5) ) texp (n* {rx+53.5) * (rx+5.5)) +
exp(n* (rx+6.5) * (rx+6.5) ) texp (n* (rx+7.5) * (rx+7.5)}) };

L dl = log[(exp(n*(rx+3.5)*(rx+3.5))+exp(n*(rx+2-5)*(rx+2-5)) +
exp(n* (rx+1.5)* (rx+1.5) ) +exp(n* (rx+0.5)* (rx+0.5)) +
exp(n* (rx=0.5)* (rx=0.5) ) +exp(n* (rx-1.5)* (rx-1.5)) +
exp(n* (rx-2.5)* (rz-2.5) ) +exp (n* (rx-3.5)*(rx-3.5)))/
(exp(n*(rx—A.S)*(rx—4.5))+exp(n*(rx -5.5)*{rx~5.5)) +
exp{n* (rx~6.5)* (rx-6.5) )+exp (n* (rx-7.5) *{(rx-7.5)) +
exp (n* (rx+4.5)* (rz+4.5) ) +exp (n* (rx+5.5} * {rx+5.5)) +
exp (n* (Zx+6.5)* (rx+6.5) ) +exp (n* (rx+7.5) * (rx+7.5)))) s

L d2 = log((exp(n* (xx+7.5)* (rx+7.5)) +exp (n* (rx+6.5) * (rx+6.5)) +
exp(n* {rx+1.5)* (rx+l.5) ) +exp (n* (rx+0.5) * {(rx+0.5)} +
exp(n* (rx~0.5)* (rx=-0.5))+exp (n* (rx-1.5)* (rx-1.5) ) +
exp(n* (rx~6.5)* (rz-6.5) )+exp (n* (rx=7.5)* (xrx=7.5) )}/
{exp{n* (rx+5.5)* (rx+5.5) )+exp (n* (rx+4.5) * (zx+4.5)) +
exp(n* (rx+3.5)* (rx+3.5) ) texp (n* (rx+2.5) * {(rx+2.5)) +
exp{n* (rx-2.5)* (rx-2.5) ) +exp (n* (rx-3.5)*{(rx-3.5)) +
exp{n* (xx—-4.5)* (rx-4.5) )+exp (n* (rx-5.5) *{rx-5.5))}) 7

L d3 = log{ (exp{n* (rx+5.5) * (rx+5. 5))+exp(n*(rx+6.5)*(rx+6.5)) +

exp(n* (rx+1.5)* (rz+l.5)) +exp (n* (rx+2.5) * (rx+2.5)
exp (n* (rx-2.5)* (rx-2.5))+exp (n* {rx-1.5)*(rx-1.95)
exp(n* {rx=-6.5)* (rz-6.5) ) +exp (n* (rx-5.5)* (xrx-5.5)
(exp (n* (re+7.5) * (ru+7.5) )+exp (n* (rx+4.5) * (rx+4.5
expn* (xx+3.5)* (rz+3.5) ) texp (n* (rx+0.5) * (xx+0.5
exp (n* (rx-0.5)* (rz-0.5) ) +exp (n* (rx-3.5)* (rx-3.5
exp(n* (rx—-4.5)* (rx-4.5)) +texp (n* (rx-7.5)* (rx-7.5

D1 datafi+5] = L_d0;
D1_data[i+6] = L _dl;
Dl_data[i+7] = I, _dz;
D2_parity{i+5] = 1_d3;
D2 parity[it+e] = 0;
D2_parity[i+7] = O;
Dl_parity[i+5] = 0:
Dl parity[i+é] = 0;

/* symbol 4 */
do = data_d[i+8]);

di = data_d[i+9];

dz = Encl([i+71;

a3 = Enc2[i+3];

tx = 2%dl =~ 2%d2 + 4*d1*d2 - 1.0 + (({(2*dl-1)*(2*d2-1))<07(d3-0.5):(0.5-d3))~
tx = (d0 == 0 2 (tx - 4): (4 - tx));

rx = tx + SIGMA 58_256QAM * gasdev(]};

L_d0 = log((exp(n*(rx-0.5)*(rx-0.5))+exp(n* (rx-1.5)* (rx-1.5)) +

exp(n* (rx-2.5) * (rr-2.5) ) +exp (n* (rx-3.5)* (xrx-3.5)
exp (n* (rx-4.5) * {rx-4.5) ) +texp (n* {rx-5.5)* (xx-5.5
exp(n* (rx-6.5) *(rx-6.5) ) +exp (n* (rx-7.5)* (rx-7.5
(exp (n* (rx+0.5) * (rx+0.5) )+exp{n* (rx+1.5)* (xx+1.5
exp (n* (rx+2.5) *(rx+2.5) ) texp (n* (rx+3.5) * (xx+3.5
exp (n* (rx+4.5) * (rx+4.5) ) +exp (n* (rx+5.5) * (rx+5.5
exp (n* (rx+6.5) * (rx+6.5) ) +exp (n* (rx+7.5) * (rx+7.5

L dl = log((exp(n* (rx+3.5) % (rx+3.5)) +exp (n* (rx+2.5) * (rx+2.5}) +
exp (n* (rx+1.5)* (xx+1.5) ) +exp (0* {(rx+0.5) * (rx+0.3)) +
exp(n* (rx-0.5) * (xx-0.5) ) +exp (n* (rx-1.5) * (rx-1.5)) +
exp(n*(rx—Z.S)*(rx—Z.S))+exp(n*(rx—3.5)*(rx-3.5)))/
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(exp(n* (rx-4.5)* (rx—-4.5)) texp rx-5.5
exp(n* (rx-6.5)* (rx—-6.5)) +exp
exp (n* (rx+4.5) * (rx+4.5) ) +exp

(

exp {n* (rx+6.5) * (rx+6.5) ) +exp

n* (rx—-5.5}*(

n* (rx=7.5)* (rz-7.5

n* (rx+5.5) * (rx+5.5
(

)
)

{ )
n* (rr+7.5) % (rx+7.5)

)
)
)
)

H

L d2 = log((exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+6.5)*(rx+6.5)) +
exp(n* (rx+1.5)* (rx+1.5) ) texp(n* (rx+0.53)* (rx+0.5)) +
exp (n* (rx-0.5)* (rx-0.5) ) texp(n* (rx-1.5)* (rx-1.5)) +
exp(n*(rx—G.S)*(rx—6.5))+exp(n*(rx—7.5)*(rx—7.5)))/
(exp(n*(rx+5.5)*(rx+5.5))+exp(n*(rx+4.5)*(rx+4.5)) +
exp (n* (rx+3.5)* (rx+3.5)) texp(n* (rx+2.5) * (rx+2.5)) +

(

(

exp (n* (rx-2,5) * (rx-2.5)) texp (n* (rx-3.5) * {rx-3.%5)) +
exp (n* (rx-4.5)* (rx-4.5)) texp(n* (rx-5.9)* (xx-5.5)) } )¢

L d3 = log( (exp(n* (rx+5.5) * (rx+5.5) ) texp(n* {rx+6.5)* (rx+6.5)) +
exp (n* (rx+1.3)* (rx+1.5) ) texp(n* (rx+2.5)* (rx+2.5)) +
exp(n* (rx-2.5)* (rx-2.5) ) texp{n* (rx-1.5)* (rx-1.5)) +
exp (n* (rx-6.5)* (rx—-6.5) ) +exp(n* (rx-5.5) * (rx-5.5)) )/
(exp (n* (rx+7.5)* (rx+7.5) ) +exp(n* (rx+4.5) * (rx+4.5)) +
exp (n* (rx+3.5)* (rx+3.5) ) +exp (n* (rx+0.5) * (rz+0.5)) +
exp(n* (rx—-0.5)* (rx-0.5) ) +exp(n* (rx-3.5) *(rx-3.5)) +
exp (n* (rx-4.5) * (rx~4.5)) texp (n* (rx-7.5)* (rx-7.5)}));

D1 datal[i+8] = L_d0;

Di_datal[i+?] = L di;

D1 _parityl[i+7] = L_d2;

D2 parity[i+9] = L_d3;
Dl_parity[i+8] = 0;
Dl_parityl[i+9] = 0;
D2_parityf[i+7] = 0;
D2_parity[i+8] = 0O:
i = i+9;
}

/*

* interleave data:

*/

r_ileav(Dl_data, rule});

#endif

¥ifdef RE8_2560AM
/*
* Channel:

* d0 is MSB and d3 is LSB in 16AM: (d0,dl,d2,d3):

*

* 0010---0011---0001=~~0000---0100-—-0101---0111--~0110

* -7.5 -6.5 -5.5 -4.5 -3.5 =-2.5 -1.5 -0.5

*

* 1010---1011---1001---1000---1100-—-1101---1111---1110

* 7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5

*

* Channel: we transmit two 16AM symbols to emulate a 2560AM symbol.
* § info bits and 2 parity bits are mapped to one 256QAM symbol which in
* turn is simulated as 2 16AM symbols to achieve €bit/s/Hz.

*

* INT_SIZE to be a multiple of 6

*/
n = (-1.0) / (2 * SIGMA_68_256QAM * SIGMA 68_256QAM) ;

/*

* deinterleave data:

*/

for(i = 0; i < INT_SIZE; i++)
data_d[i] = datalil:
r_deileava(data_d, rule):

for(i = 0; i < INT_SIZE; i++)
{
/* symbol 1 */
d0 = data_d[il:
dl = data_d[i+1];
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dz = data_d[i+2]:

d3 = Encl{i];
2%g1 — 2*%d2 + 4*dl*d2 - 1.0 + (((2*d1-1)*(2*d2-1))<0?(d3-0.5):(0.5-d3));

tx =

tx = {(d0 == 0 ? (tx - 4): (4 - tx));

rx = tx + SIGMA 68_256QAM * gasdev();

L d0 = log((exp(n*(rx—O.S)*(rx~O.5))+exp(n*(rx-—l.5)*(rx-l.5)) +

exp(n* {£x-2.5) * (rx-2.5) ) +exp (n* (£x-3.5) * {rx-3.3}) +
exp(n* (rx—-4.5)* (rx-£.5) ) +exp (n* (rx-5.5) * (rx-5.5)) +
exp(n* (rx-6.5)* (rx-6.5) ) +exp (n* (rx-7.5) * (rx-7.5)))/
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+1.5)*(rx+1.5)) +
exp (n* (xz+2.5) *{rx+2.5) ) +exp (n* (rx+3.5) * (rx+3.5)) +
exp (n* (rz+4.5) * (£x+4.5) ) +exp (n* (rx+5.5) * (rx+5.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5))));

L dl = log((exp(n*{rx+3. 5)* (rx+3.5) ) +exp (n* (rx+2.5) * (rx+2.3)) +
exp(n* (rx+1.5)* (rx+l. 5) ) +exp (n* (rx+0.5) * (rx+0.5))
exp(n* (rx-0.5)* {rx-0. 5))+exp (n* (rx-1.5)* (rx-1.5))
exp(n* (rz-2.5)* (rz-2.5) ) +exp (n* (rx-3.5) * (rx-3.5))
{exp (n* {rx-4.5)* (rx-4. 5))+exp(n*(rx—5.5)*(rx—5.5))

( )
( )
{ )

( )
(

exp (n* (rx-6. 5)*(rx—6 5) ) +exp (n* (rz-7.5)* (rx-7.5)
*
(

+
+

/

+

+
exp{n*{rx+4.5 rx+4.5) ) +exp (n* (rx+5.5) * (rx+5.5)) +
exp (n* (rx+6. 5)* rx+6.5) ) +exp (n* (rx+7.3)* (rz+7.5))));
L_dz = log((exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+6.5)*(rx+6.5)) +
exp (n* (xx+1.5)* (rx+1.5)) texp (n* (rx+0.5) * (rx+0.5)) +

(

exp (n* (rx~0.5)* (rx-0.5) ) +exp (n* (rx-1.5)* (rx-1.5)) +
exp(n*(rx—G.S)*(rx—E.S))+exp{n*(rx—7.5)*(rx—7.5)))/
(exp (n* (rx+5.5) * (rx+5.5) ) +exp (n* {rx+4.5) * (rxz+d.5)) +
exp (n* (rx+3.5) * (rx+3.5)) +exp (n* (rx+2.5) * (rx+2.5)) +
exp(n*(rx—2.5)*(rx-2.5))+exp(n*(rx—3.5)*(rx—3.5)) +
exp(n* (rx-4.5)* (rx-4.5) ) +exp (n* (rx-5.5)* {rx-5.5)1) )7

L d3 = log((exp(n*(rx+5.5)*(rx+5.5))+exp(n*(rx+6.5)*(rx+6.5)) +
exp(n* {rx+1.5)* (rx+1.5) ) texp(n* (rx+2.5)* (rx+2.5)) +
exp(n* (rx-2.5) * (rg-2.5) ) +exp(n* (rx-1.5) * (rx-1.5)) +
exp(n*(rx—6,5)*(rx—6.5))+exp(n*(rx-5.5)*(rx—5.5)))/
(exp(n*(rx+7.5)*(rx+7.5))+6Xp(n*(rx+4.5)*(rx+4.5)) +
exp (n* (rx+3.5) * (rx+3.5) ) +exp (n* (rx+0.5) * (rx+0.5)} +
exp (n* (rx-0.5)* (rx-0.5) ) +exp (n* (rx-3.5)}* (rx=3.5)) +
exp(n*(rx-4.5)*(rx-4.5))+exp(n*(rx—7.5)*(rx—7.5))));

D1_datalil = L_do0:

Dl_data[i+1] = L_dl;

Dl _datali+2] = L_dz;

D1_varityl[i] = L_d3;

Dl_parity[i+l] = 0f

D1_parity[i+2] = 0;

D2_parityli] = 0:

D2_parityli+l] = 0z

D2_parity[i+2] = 02

/* symbol 2 */
d0 = data_d[i+3];

dl = data_d[i+4l;

dz = data_d[i+5];

d3 = Enc2[i+3];

tx = 2*dl - 2*d2 + 4*d1*d2 - 1.0 + (((2*d1-1)* (2*d2-1))<0?(d3~0.5):(0.5-d3)):
tx = (d0 == 0 ? (tx - 4): (4 - tx));

rx = tx + SIGMA_68_256QRM * gasdev()};

L_d0 = lo g((eXP(n*(rx ~0.5)* (rx-0.5)) +exp(n* (rx-1.5)*(rx-1.5}) +

exp (n* (rx-2.5) *(rx-2.5) ) +rexp(n* (rx-3.5) * (rx-3.5)) +
exp (n* (rx-4.5) * (rx-~4.5) ) +exp(n* (rx-5.5) * (rx-5.5)) +
exp (n* (rx-6.5) * (rx-6.5) ) +exp (n* (rz-7.5) * (xx-7.5)))/
{exp {n* (rx+0.5) * {rx+0. 5))+exp n*(rx+l.5)*(rx+l.5)) +
exp (n* (rx+2.5) * (rx+2.5)) +exp (n* (rx+3.5)* (rx+3.5)) +
exp (n* {rx+d.5) * (rx+4.5)) +exp (n* (rx+5.5)* (rx+5.5)) +
exp(n* (rx+6.5) * (rz+6.5) ) +exp (0¥ (rx+7.5) *(rx+7.5))))

L dl = log{(exp(n* (rx+3.5)* (rx+3.5) ) texp (n* (rx+2.5) * (rx+2.5)) +
exp (n* (rx+1.5) * (rx+1.5) ) texp (n* (rx+0.5)* (rxz+0.5)) +
exp (n* (rx-0.5) * {rx-0.5) ) +exp(n* (rx-1.5)* (rx-1.5}) +
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exp (n* (rx-2.
(exp(n* (rx-4.

exp(n* (rx-6

§)*(rx-2.5)) texp (n* (rx-3.5) * (rx-3.
5)*{rx-4.5)) +exp (n* (rx-5%.5) * (rx-5.

exp(n* (rx+4.5)

exp(n* (rx+6.

L d2 = log((exp(n*(rx+7.

exp (n* (rx+i.
5)*(rx-0.5)) +exp(n* (xrx-1.5)*(rx-1.5)) +
y*{rx-6.5)) +exp (n* (rx-7.5%) * (rx-7.5)))/
*(rx+5.5)) texp (n* (xx+4.5) *(rx+4.5)) +

exp(n* (rx-0

exp(n* (rx-6.53

5)}
5))
.5)*{rx-6.5)) +texp (n* (rx-7.5) * (rx-7.5)
5))
3))

*(rx+4.5)) +exp (n* (rx+5.5) * (rx+5.
5) *(rx+6.5)) texp (n* (xx+7.5) * (rx+7.

5)* (rx+7.5) ) +exp{n* (rx+6.5) * (rx+6.5)) +

5)* (rx+1.5)) texp (n* (rx+0.5) *(rx+0.5)) +

(exp{(n* (rx+5.5)

exp (n

rx-2.

(

(
exp(n*(rx+3.5
*{

exp (n* (rx-4.

y* (rx+3.5) Y +exp (n* (xx+2.5) * (rx+2.5)) +
5)* (rx-2.5))+exp (n* (rx-3.5) *(rx-3.5)) +
By*(rx—4.5) ) +exp (n* {rx-5.5) *{rx-5.5)}));

L_d3 = log{{exp(n* (rx+5. 5)* (rx+5.5) ) +exp (n* (rx+6.5) * (rx+6.5)) +

exp (n* (rx+l.5) * (rx+1,5)) +exp (n* (rx+2.5) *{rx+2.5)) +
exp (n* (rx-2.5) *{rx-2.5) ) texp (n* (rx-1.5) * (rx-1.5)) +
exp (n* {rx-6 .5)*(rx—6.5))+exp(n*(rx—5.5)*(rx—5.5)))/
(exp(n* (rx+7.5) * {rx+7.5) ) +exp (n* (rz+4.5) * (rx+4.5)) +
exp (n* (rx+3. 5)* {rx+3.5) ) +exp(n* (rx+0.5) *{rx+0.5)) +
exp(n* (rx-0.5)* (rx-0.5)) +texp (n* (rx-3.5) *{rx-3.5)) +
exp(n* ({rx-4.5) * (rx-4.5) ) texp (n* (rz-7.5) * (rx-7.5))});

Dl_data[i+3] = L_dO0;

D1_datali+4] = L di;

D1 _datali+5] = L_d2;

D2_parity[i+3] = L_d3;

D2_parity[i+d] = 0;

D2_parity[i+5] = 0:

Dl1_parity{i+3] = 0;-

D1 _parity[i+d} = 0:

D1 _parity[i+5) = 07

i = i+5;
}
/*
* interleave data:
*/

r ileav(Dl_data, rule);

#endif

#ifdef R69_512¢QAM
/*

* Interleaver should be a multiple of 12, e.g., 6144

%

* Q dimension:

* d0 is MSB and d4 is LSB in 32AM: (d0,dl,d2,d3,d4):

O T A A T T B A

00010--00011--00001--00000--00100--00101--00111--00110
-15.5 -14.5 -13.5 =-12.5 -11.5 =-10.5% -9.5 -8.5

01010--01011--01001--01000--01100--01101--01111--01110
-0.5 ~-1.5 -2.5 -3.5 -4.5 ~5.5 -6.5 -7.5

11010--11011--11001--11000--11100--11101--11111--11110
0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5

10010--10011--10001--10000~-10100--10101--10111--10110
15.5 14.5 13.5 12.5 11.5 10.5 9.5 8.5

I dimension:
d0 is MSB and d3 is LSB in 16AM: (d0,d1,d2,d3):

0010---0011---0001~--0000---0100---0101---0111---0110
-7.5 -6.5 -5.5 ~4.3 -3.5 -2.5 -1.% -0.5

1010---1011---1001---1000---1100--=-1101~~--1111-~~1110
7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5
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*/

/*
* deinterleave data:
*/

for(i = 0; i < INT_SIZE; i++)
data_d[i] = datali]:;

r _deileava(data_d, rule);

for(i = 0; i < INT_SIZE; i++)
/* symbol 1, Q dimension: 32AM */

40 = data_d[i];
dl = data_d[i+l];

dz = data_d[i+2];

d3 = data d[i+3];

d4 = Encl[i]:

tx = 2*d2 - 2*d3 + 4*d2*d3 - 1.0 + (((2*d2-1)*(2*d3-1))<0?(d4-0.5):(0.5-d4));
tx = (dLl == 0 2 (tx - 4): (4 - tx)):

tx = (d0 == 0 2 (tx - 8): (8 - tx));

rx = tx + SIGMA 32AM of_ 5120QAM * gasdev();

n = (=1.0) / (2 * SIGMA 32AM of 512QAM * SIGMA_32AM of_512QaM);

L d0 = log((exp(n*(erO.S)*(rx—O.S))+exp<n*(rx—1.5)*(rx—1.5)) +
exp (n* (rx-2.5) * (rx-2.5) )+exp (n* (rx-3.5) * (rx-3.5)
exp (n* (rx—-4.5)* (r=x-4.5) ) +exp (n* (rx-5.5) * (rx-5.5))
exp (n* (rx-6.5)* (rx-6.5) ) +exp (n* (rx-7.5) * (rx-7.5)
exp(n* (rx-8.5)* (rx-8.5) ) +exp (n* (rx-9.5) * (rx-9.5))
exp{n* (rx-10.5)* (rx-10.5) ) +exp (n* (rx-11.5) * (rx~11.
exp (n* (rx-12.5) *(rx-12.3) ) texp (n* (rx-13.5) * (rx-13.
exp(n* (rx-14.5) * (rx-14.5) ) +exp (n* (rx-15.5) * (rx-15.
(exp (n* (rx+0.5)* (rx+0.5) ) +exp (n* (rx+1.5) * (rx+l1.5))
exp (n* (rx+2.5)* (rx+2.5) ) +exp (n* (rx+3.5) * (rx+3.5))
exp (n* (rx+4.5)* (rx+4.5)) +exp (n* (re+5.5) * (xx+5.5}))
exp(n* (rx+6.5)* (rx+6.5) ) +exp (n* (rx+7.5) * (rx+7.5))
exp{n* (rx+8.5)* (rx+8.5) ) texp (n* (rx+9.5) * (rx+9.5))
exp{n* (rx+10.5) * {rx+10.5) ) +exp (n* (rx+11.5) * (rx+11.
exp(n*(rx+12.5)*(rx+12.5))+exp(n*(rx+13.5)*(rx+13.
exp(n* (rx+14,5)* (rx+14.5) ) +exp (n* (rx+15.5) * (rx+15.

~ + +

QU+ ke OO0+ + + +

~ + +
-

L _dl = log((exp(n* (rx-0.5)*(rx-0. 5) }+exp{n* (rx-1.5)*(rx-1.5})
exp(n* (rx-2.5)% 5)}+exp (n* (rx-3.5)* (rx-3.5)
exp(n* (rx—-4.5) % 5))+exp (n* (rx-5.53)% (rx=5.5))
exp (n* (rx—-6.5)* 5))+exp (n* (rx-7.5) * (rx-7.5))
exp (n* (rx+0.5) * (rx+0.5) ) +exp (n* (rx+1.5) * (xrx+1.5))

5))

5))

5h)
)

+

exp (n* (rx+2.5)* (rx+2. +exp (n* (rx+3.5) * (rx+3.5))
exp(n* (rx+4.5)* (rx+4. +exp (n* (rx+5.5) * {(rx+5.5))
exXp (n* (rx+6.5) * (£x+6C. +exp (n* (rx+7.5) * (rx+7.5)))
(exp(n* (rz-8.5)* (rx-8.5) }+exp (n* (rx-9.5) * {(rx~9.5})
exp(n* (rx-10.5) * (rx~10.5%) ) +exp (n* (rx-11.5) * (rx-11.
exp (n* (rx-12,5) * (rx-12.3) ) +exp (n* (rx—-13.5) * (rx-13.

(

(

+

exp(n* (rx-14.5)* (rx-14.5) ) +exp (n* (rx-15.5) * (rx-15.
exp(n* rx+8.5) % (rx+8.5) ) +exp (n* (rx+9.5) * (rx+9.5))

exp (n* {rx+10.5) * (rx+10.5) ) +exp (n* (rx+11.5) * (rx+1l.
exp (n* {rx+12.5) * {rx+12.5) ) +exp (n* (rx+13.5) * (rx+13.
exp(n* (rx+14.5) * (rx+14.5) ) +exp (n* (rx+15.5) * (rx+15.

QUG +U OO+~ + + + + + +

+

+

L_d2 = log((exp(n*(rx+4.5)*(rx+4.5))+exp(n* (rx+5.5)* (rx+5.5))
exp (n* (Xx+6.5) * (rx+6.5) ) +texp (n* (rx+7.5)* (rx+7.5))
exp (n* (rx+8.5)* (rx+8.5) ) +exp (n* (xx+9.5) * (rxt+9.3))

(n* (rx+10.5) * (rx+10.5) ) texp (n* (rx+11.5) * {rx+11.
exp(n* (rx-4.5)* (rx~4.5) ) +exp (n* (rx-5.5) * (rx=~5.5))
exp{n* (rx-6.5)* (rx-6.5) ) +exp (n* (rx-7.5) * (rx-7.5))

D (n* (

{

{

(

{

+

n* (rx-8.5)* (rx-8.5) ) +exp (n* (rx-9.5) * (rx-9.5) )
n* (rx-10.5)* (rx-10.5) ) +exp (n* (rx-11.5) * {rx-11.
(exp (n* (rx+0.5) * (rx+0.5) ) +exp (n* (rx+1.5) * (rx+1.5)
exp (n* (rx+2.5)* (rx+2.5) } +exp (n* (rx+3. 5)*{rx+3.5))
exp (n* (rx+12.5) * (rx+12.5) ) +exp (n* (rx+13.5) * (rx+13.
exp (n* (rx+14.5) * (rx+14.5) )+exp(n* (rx+15.5) * (rx+15.
exp (n* (rx-0.5)* (rx~0.5) ) +exp (n* (rx-1.5) * {rx-1.3)}
exp (n* (rx=2.5)* (rx=2.5) ) +exp (n* (rx-3.5) * (rx-3.5))
exp (n* (rx-12.5) * (rx-12.5) ) +exp (n* (rx-13.5) * (rx-13.

~

[ I e LI
+ +

+
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exp(n* (rx-14.5)* (rx-14.5) }+exp (n* (rx-15.5) * (rx-15.3))) )¢

L d3 = log ({exp (n* {rx+0.5) * (rz+0.5)) +texp (n* (rx+1.5) * (rx+1.5)) +
exp (n* (rx+6.5) * (rx+6.5) ) +exp (n* (rx+7.5) * (xx+7.3)) +
exp (n* (rx+8.5) * (rx+8.5) ) rexp {n* (rx+9.5) * (rx+9.5)) +
exp(n* (rx+14.5)* {rx+14.5} ) +exp (n* (£x+15.5) * {rx+15.5)) +
exp(n*(rX-O.B)*(rXAO.S))+exp(n*(rx—l.S)*(rx—l.S)) +
exp(n* {rx-6.5) * (rx-6.5) ) +exp (n* (rx-7.5) * (rx-7.5)) +
exp(n* (rx-8.5) * (rx-8.5) ) +exp (n* (rx-9.5)* (rx-9.5)) +
exp(n*(rx—14.5)*(rx-14.5))+exp(n*(rx—15.5)*{rx~15.5)))/
(exp (n* (rx+4.5) * (rx+4.5) ) +exp (n* (rx+5.5) * (rx+5.5)) +
exp(n* (rx+2.5) * (rx+2.5) ) +exp (n* (rx+3.5) * (rx+3.5)) +
exp (n* (rx+12.5) * (rx+12.5) ) +exp(n* (rx+13.5) * (xx+13.5)) +
exp (n* (rx+10.5)* (rr+10.5) ) +exp (n* (rz+11.5) * (xx+11.5)) +
exp{n* (rz-4.5)* (rx-4.5) ) +exp(n* (rx-5.5)* {rx-5.5)) +
exp(n*(rx—2.5)*(rx-2.5))+exp(n*(rx—3.5)*(rx~3,5)) +
exp(n*(rx—l2.5)*(rx—l2.5))+exp(n*(rx—13.5)*(rx—13.5)) +
exp(n* (rx-10.5)*(rx-10.5) ) +exp (n* (rx-10.5) *(rx-10.5)}) ) s

L a4 = log((exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+1.5)*(rx+l.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+9.5)*(rx+9.5)) +
exp(n* (rx+14.5)* (rx+14.5) ) texp(n* (rx+13.5) * (rx+13.5)) +
exp(n* (rx-2.5)* (rx-2.5) ) texp (n* (rx-1.5) * (rx-1.5}) +
exp{n* (rx-6.5)}* (rx-6.5) ) +exp (n* (rx-5.5) * (rx=5.5}) +
exp{n* (rzx-10.5)* (rz-10.5) ) +exp(n* {rx-9.5) * (rx-9.5)) +
exp(n*(rx-14.5)*(rx—l4.5))+exp(n*(rx—13.5)*(rx—13.5)))/
(exp{n* (rx+d.5) * (rx+4.5} ) +exp(n* (rx+3.5) * (rx+3.5)) +
exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+8.5)*(rx+8.5)) +
exp(n*(rx+12.5)*(rx+12.5))+exp(n*(rx+ll.5)*(rx+11;5)) +
exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+15.5)*{rx+15.5)) +
exp(n*(rx—4.5)*(rx—4.5))fexp(n*(rx—3.5)*(rx—3.5)) +
exp (n* rx-7.5) *{rx-7.5) ) +exp (n* (rx-8.5) * (rx-8.5)) +
exp(n*(rx-12.5)*(rx—12.5})+exp(n*(rx-1l.5)*(rx-ll.S)) +
exp(n* (rx-0.5) * (rx-0.5) ) +exp (n* (rx-15.5) * (rx-15.5))) )/

H

D1 _datali] = L_do;
D1_datali+l1] = L _dl;
Dl _datal[i+2] = L d2;
D1_data(i+3] = L d3;
D1l_parityl[i] = L d4;
Dl_parityl[i+l] = 0.0;
Dl_parityl[i+2] = 0.0;
Dl parityfi+3] = 0.0;
Dl_parityf[i+d] = 0.0;

/* symbol 1, I dimension: 16AM */
d0 = data_d[i+4];

dl = data_d[i+5];

d2 = Enclii+4];

a3 = Enc2[i+2]:;

tx = 2%dl - 2*d2 + 4*di*d2 - 1.0 + (((2*dl-1)*(2*d2-1))<07?(d3-0.5):(0.5-d3));
tx = (d0 == 0 ? (tx - 4): {4 - tx});

rx = tx + SIGMA_16AM of_ S512QAM * gasdev();

n = (1.0} / {2 * SIGMA_16AM of_512QaM * SIGMA 16AM of S120AM);

L d0 = log({exp(n* (rx-0.5)* (rx-0.5))+exp(n* (rx-1.5}*(rx-1.5)) +

exp (n* (rx-2.5) * (rzx-2.5) ) rexp (n* (rx-3.5) * (rz-3.5))
exp (n*{rx-4.5) * (rx—-4.5)) +exp (n* (rx-5.5) * (rx-5.3))
exp (n* (rx-6.5)* (xx—6.5) ) +texp (n* (rx-7.5) * (rx~7.5))
{exp (n* {rx+0.5) * (rx+0.5}) +exp (n* (rx+1.5) * (rx+l.5))
( )

)

)

*
*
*
*
*

( (
{ (
exp (n* {rx+2.5) * (rx+2.5)) texp (n* (rx+3.5) * (rx+3.5)
exp (n* (rx+4.5)* (rx+4.5)) texp (n* (rx+5.5) * (rx+5.5)
exp (n* (rx+6.5) * (ru+6.5) ) +exp (n* (rx+7.5) * (rx+7.5)))) 7

L dl = log({exp(n* (rx+3.5)* (rx+3.5) ) +exp(n* (rx+2.5) * (rx+2.5)) +
exp (n* (rx+1.5)* (rx+1.5)) texp (n* (rx+0.5) * (rx+0.5)) +
exp (n* (rx-0.5)* (rx-0.5)) +exp (n* (rx-1.5) *{rx-1.5)}) +
exp (n*(rz-2.5)* (rx-2.5)) +exp (n* (rx~3.5) * (xx-3.5)))/
(exp {n* (rx-4.5)* (rx-4.5)) texp (n* (rz-5.5) * (rx-5.5)) +
exp(n*(rx—G.S)*(rx—6<5))+exp(n*(rx—7.5)*(rx—7.5)) +
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exp (n* (rz+4.5)* (rx+4.5) ) texp (n* (xx+5.5) * (zx+5.35) ) +
exp (n#* (rx+6.5)* (xx+6.5) ) +exp (n* (rx+7.5) * (rx+7.5))) )7

L dz = log((exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+6.5)*(rx+6.5)) +

exp (n* (rx+1.5) * (rz+1.5) ) +exp (n* (rx+0.
exp (n* (rx-0.5)* (xx-0.5}) texp
exp (n* (rx—6.5) * (rx-6,5) ) +exp (n* (rx-7.
(exp (n* (rx+5.5) * (rx+5.5) ) +exp (n* (rx+4.
exp (n* (rx+3.5) * (rx+3.5) ) +exp (n* (rx+2.
exp (n* (rx-2.5)* (rx-2.5)) texp (n* (¥rx-3.
exp (n* (rx—4.5) * (rx-4.5))+exp (n* (rx-5.

(
(
(

n* (rx-1.

S)y*(rx+0.5)) +
5)y*(rx—-1.5)) +
5)*{rx=7.5)))/
5)*(rx+4.3)) +
5)*{rx+2.5))
5) *(rx-3.5))
5)*{xx-5.5})

7

+
+
Iy

L d3 = log((exp(n*(rx+5.5)*(rx+5.5))+exp(n*(rx+6.5)*(rx+6.5)) +

exp (n* (rx+1.5)* (rx+l.5) ) +exp(n* (rz+2,
exp (n* (rx—2.5)* (rx-2.5) ) texp(n* (rx-1.
exp(n* (rx-6.5)* (rx-6.5)) +exp (n* (rx-5.
{exp(n* (rx+7.5)* (rx+7.5) ) +exp (n* (ra+d.
exp(n* (rx+3.5) * (rx+3.5) ) +exp(n* (xx+0.
exp(n* (rx=0.5)* (rx-0.5)) +exp{n* (rx-3.
exp(n*(rx—4.5)*(rx~4.5))+exp(n*(rx—7.

D1_datal[i+4] = L_do;
Dl datali+5] = L di;
Dl_parity[i+4] L d2;

D2_parity[i+2] = L_d3;

D2 parity{i] = 0.0;
D2_parity{i+l] = 0.0;
D2_parity[i+3] = 0.0;
D2 parity{i+d] = 0.0;
D2_parity[i+5] = 0.0¢

/* symbel 2, Q dimension: 32AM */

d0 = data_d[i+6];
dl = data_d[i+7];
d2 = data_d[i+8];
d3 = data_d[i+9];
d4 = Enc2[i+6]):
tx =

tx

S)*(rx+2.5)
S)*(rx-1.5)
5)* (rx-5.5
5)*(rx+4.5
5)* (xx+0.5
5)y*{rx-3.5
5)*{rx-7.5

2442 - 2*d3 + 4%*d2*d3 - 1.0 + (((2%¥d2-1)*(2*d3-1))<0?(d4-0.5):(0.5-d4))};
tx = (dl == 0 2 (tx — 4): (4 - tx));
= (d0 == 0 ? (tx - 8): (8 - tx));
rx = tx + SIGMA 32AM of 512QAM * gasdev();
= (-1.0) / (2 * SIGMA 32AM of_5120AM * SIGMA 32AM of S120AM);

n

L do0 = log((exp(n*(rx—0.5)*(rx—0.5))+exp(n*{rx—l.5)*(rx-l.5)) +
exp (n* (rx-2.5) * (rx-2.5))+exp (n* (rx-3.5) * (rx-3.5)) +
exp(n*(rx-d.S)*(rx—4.5))+exp(n*(rx-5.5)*(rx—5.5)) +
exp (n* (rx-6.5) * (rx-6.5) ) +exp (n* {rx-7.5) * (rx-7.5)) +
exp (n* (rx-8.5) * (rx-8§.5) ) +exp(n* {rx-9.5)* (rx-9.5)) +

exp(n*(rx«lO.B)*(rx—lO.S))+exp(n*(rx—11.5)*(rx—11.5)) +
exp(n*(rx—12.5)*(rx—12.5))+exp(n*(rx—13.5)*(rx—13.5)) +
exp(n*(rx—14.5)*(rx—14.5))+exp(n*(rx—15.5)*(rx—15.5)))/

(exp (n* (rx+0.5) * (rx+0
exp(n* (rx+2.5) ¥ (rx+2
exp(n* (rx+4.5) * (rz+d
exp (n* (rx+6.5) * (rx+6
exp(n*(rx+8.5)*(rx+8

(

(

({

exp(n* (rx+10.5) * (rx+10.5) ) +exp (n* (xx+11.5)* (rx+11.5)) +
exp (n* rx+12,5)* (rx+12.5) ) +exp (n* (rx+13.5) * (rx+13.5}) +
exp (n* rx+14.5)* (rx+14.5) ) +exp (n* (rx+15.5) *(rx+15.5})) )+

L dl = log((exp(n*(rx-O.S)*(rx—D.S))+exp(n*(rx—1.5)*(rx—1.5))
.5))+exp (n* (rx-3.5) * (rx~3.5))
(n* (rx-5.5)*(rx-5.5))
5))+exp(n*(rx—7.5)*(rx—7.5))
5) }+exp (n* (rx+1.5)* (rx+1.5))
y+exp (n* (rx+3.5) * (rx+3.5))

exp(n* (rx-2.5) * (rx-2
exp (n* (rx-4.5) * (rx-4
exp (n*

(rx-6.5) * (rx—-6.
exp(n* (rx+0.5) * (rx+0.
exp (n* (rx+2.5) * (rx+2.
exp (n* (rx+4.5) ¥ (rx+4.
exp (n* (rx+6.5) * (rx+6.
(exp (n* (rx-8.5) * (rx-8.
exp(n*(rx-lO.S)*(rx—lO.S))+exp(n*(rx—ll.5)*(rx—ll.S)) +
exp(n*(rx—lz.5)*(rx—12.5))+exp(n*(rx—l3.5}*(rx—l3.5)) +
exp (n* (rx-14.53) * (rx-14.5) ) +exp (n* (rx-15.5) * (rx-15.5)) +

.5)) +exp(n* (rx+l1.5) * (rx+1.5)) +
.5y )+exp(n* (ra+3.5) * (rx+3.5)) +
.5) ) +exp(n* (rx+5.5) * (rx+5.5)) +
.5)) +exp(n* (rx+7.5) * (rx+7.5)) +
.5)) texp(n* (rx+9.5) * (rx+9.5)) +

.5)

5)
9)
5)
5)

) +exp

y+exp(n* (rx+5.5) *(rx+5.5)) +
yresp (n* (rx+7.5)* (rx+7.5))) /
y+exp (n* (rx-9.5)*(rx-9.5)) +
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exp (n* (rx+8.5) * (re+8.5)) +exp (n* (rx+8.5) * (rx+9.3)) +

exp (n* (rx+10.5) * (kx+10.5) ) +exp (n* (rx+11.5) * (rx+11.5)) +
exp(n*(rx+12.5)*(rx+12.5))+exp(n*(rx+l3.5)*(rx+l3.5)) +
exp(n*(:x+l4.5)*(rx+l4.5))+exp(n*[rx+15.5)*(rx+15.5))));

+

L dz = log [ (exp (n* (rx+4.5) * (rx+4.5) ) +exp (n* (rx+5.3) * (rx+3.5))
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5))
exp (n* (rx+8.5)* (rx+8.5) ) +exp (n* (rx+9.5)* (rx+9.3))
exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+ll.5)*(rx+ll.
exp (n* (rx-4.5)* (rx—-4.5) ) +exp (n* (rx-5.5) * (rx-5.5} ]
exp(n*(rx—G.S)*(rx—6.5))+exp(n*(rx—7.5)*(rx-7.5))
exp(n*(rx—8.5)*(rx-8.5))+exp(n*(rx—9.5)*(rx—9.5))
exp(n*(rx—lO.5)*(rx—10.5))+exp(n*(rx—ll.s)*(rx—ll.
(exp{n* (rx+0.5)* (rx+0.5) ) +exp (n* (rx+1.5) * {rx+l.5))
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5))
exp (n* (xx+12.5) * (rx+12.5) ) +exp (n* (rx+13.5) * (rx+13.
exp(n*(rx+l4.5)*(rx+l4.5))+exp(n*(rx+15.5)*(rx+15.
exp(n*(rx-O.S)*(rx—0.5))+exp(n*(rx—l.S)*(rx—l.S))
exp(n*(rx—Z.S)*(rx—2.5))+exp(n*(rx—3.5)*(er3.5))
exp(n*(rx—lZ.S)*(rx—lz.S))+exp(n*(rx—13.5)*(rx—13.
exp (n* (rx-14.5) * (rx-14.5) ) +exp(n* (rx-15.5) * (rx-15.

+

—
~

+ +

GO+ + QG+ + 0+ + O+

-~ +

~

+

L d3 = log((exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+1.5))
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5))
exp(n*(rx+845)*(rx+8.5))+exp(n*(rx+9.5)*(rx+9.5))
exp(n*(rx+14.5)*(rx+l4.5))+exp(n*(rx+15.5)*(rx+15.5)) +
exp(n*(rx—O.B)*(rx—O.S))+exp(n*(rx—1.5)*(rx—l.5)) +
exp(n*(rx—6.5)*(rx-6.5))+exp(n*(rx~7.5)*(rx—7.5)) +
exp(n*(rx—8.5)*(rx-8.5))+exp{n*(rx—9.5)*(rx—9.5)) +
exp(n*(rx—14.5)*(rx—l4.5))+exp(n*(rx—15.5)*(rx‘15.5)))/
(exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5,5)) +
exp (n* (rx+2.5) * (rx+2.5) ) +exp (n* (rx+3.5) * (rx+3.5)) +
exp(n*(rx+12.5)*(rx+12.5))+exp(n*(rx+l3.5)*(rx+l3.5)} +
exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+11.5)*(rx+ll.5)] +
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx—5.5)) +
exp(n*(rx—2.5)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5)) +
exp(n*(rx-12.5)*(rx-12.5})+exp(n*(rxf13.5)*(rx—13.5)) +
exp(n*(rx—lO.S)*(rx—10.5))+exp(n*(rx—lO.S}*(rx-10.5))));

+ o+

I d4d = log((exp(n*(rx+2.5)*[rx+2.5))+exp(n*(rx+l.5)*(rx+1.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+9.5)*(rx+9.5)) +
exp(n*(rx+14.5)*(rx+14.5))+exp(n*(rx+l3.5)*(rx+13_5)] +
exp(n*(rx—Z.S)*(rx—2.5))+exp(n*(rx—l.S)*(rx—l.S)) +
exp(n*(rx—6.5)*(rx—6.5))+exp(n*(rx—5.5)*(rx—5.5)) +
exp(n*(rx—10.5)*(rx—10.5))+exp(n*(rx—9.5)*(rx-9.5)) +
exp(n*(rx—l4.5)*(rx—l4.5))+exp(n*(rx—13.5)*(rx—13.5)))/
(exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+3.5)*(rx+3.5)) +
exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+8.5)*(rx+8.5)) +
exp(n*(rx+12,5)*(rx+12.5))+exp(n*(rx+11.5)*(rx+ll.5)) +
exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+15.5)*(rx+15,5)) +
exp(n*(rx—4.5)*(rx-4‘5))+exp(n*(rx-3.5)*(rx—3.5)) +
exp(n*(rx—7.5)*(rx—7.5))+exp(n*(rx—8.5)*(rx—8.5)) +
exp(n*(rx~12.5)*(rx—12.5))+exp(n*(rx—11.5)*(rx—11.5)) +
exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx—15.5)*(rx—15.5))));

D1_datal[i+6] = L_do0;
D1 datafi+7} = L_dl;
D1_data[i+8] = L dz;
D1_datal[i+9] = L d3;
DZ_parity[i+6] = L_d4;
D2_parity{i+7] = 0.0;
D2_parity[i+8] = 0.0;
D2_parity[i+9] = 0.0;

D2_parity{i+11] = 0.0;

/* symbol 2, I dimension: 16AM */

d0 = data_d[i+10]};
dl = data d[i+11];
d2 = Enc2{i+10];
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d3 = Encl{i+8];

tx = 2*dl - 2*d2 + 4*d1l*d2 - 1.0 + ({(2%d1-1)*(2*¥d2-1))<02(d3-0.5) : (0.5~d3} )~
tx = (d0 == 0 ? (tx - 4): (4 - £x));

rx = £x + SIGMA 16AM of 512QAM * gasdev(};

n = (-1.0) / (2 * SIGMA 16AM of_5120BM * SIGMA_16AM_of_ S5120AM);

L 40 = log((exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx—l.5)*(rx—l.5)) +

exp(n*(rx—z.S)*(rx—Z.S))+exp(n*(rx—3.5)*(rx—3.5
exp(n*(rx~4.5)*(rx-4.5))+exp(n*(rx—5.5)*(rx—5.5
exp(n*(rx—G.S)*(rx-G.S))+exp(n*(rx-7.5)*(rx-7.5
(exp(n* {(rx+0.5) * (rx+0.5) +exp (n* (rx+1.5) % (rx+1.5
exp (n* (rx+2.5) * (rx+2.5) +exp (n* (rx+3.5) * {(rx+3.5
exp(n* {rx+4.5)* (rx+4.5) +exp (n* (rx+5.5) * (rx+5.5
exp(n*(rx+6.5)*(rx+6.5) +exp (n* (rx+7.5) * (rx+7.5

Ldl = log({exp(n*(rx+3.5)*(rx+3.5))+exp(n*[rx+2.5]*(rx+2.5)) +

exp(n*(rx+l.5)*(rx+1.5))+exp(n*(rx+0.5)*(rx+0.5)) +
exp(n*(rx—D.S)*(rx—O.S))+exp(n*(rx—l.5)*(rx-l.5)) +
exp(n*(rx—Z.B)*(rx‘2.5))+exp(n*(rx-3.5)*(rx-3.5)))/
(exp(n*(rx-4.5)*[rx-4.5))+exp(n*(rx—S.S)*(rx-S.S)) +
exp(n*(rx~6.5)*(rx-6.5))+exp(n*(rx'7.5)*(rx—7.5)) +
exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp (n* (rx+6.5) * (rx+5.5) ) +exp (n* (rx+7.5) *(xx+7.5)))) ¢

L dz = log((exp(n*(rx+7‘5)*(rx+7.5))+exp(n*(rx+6‘5)*(rx+6.5)) +
exp(n*(rx+1.5)*(rx+l.5))+exp(n*(rx+0.5)*(rx+0.5))
exp (n* (rx-0.5) * (rx-0.5) ) +exp(n* (rx-1.5} * (rz-1.5))
exp (n* (xx-6.5) * (rx-6.5) ) +exp (n* (rx-7.5 *(rr-7.5)))

{

)
(exp n* (rx+5.5) * (rx+5.5) ) +exp (n* (rx+4.5) * (rx+4.5))
exp (0* (£x+3.5) * (£x+3.5) ) texp (n* (rx+2.5) * (rx+2.5))
exp(n*(rx—2.5)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5))
exp(n*(rx—4.5)*(rx-4.5)]+exp(n*(rx—5.5)*(rx—5.5))) ;

L d3 = log{(exp(n*(rx+5.5)*(rx+5.5))+exp(n*(rx+6.5)*(rx+6.5)) +
exp(n*(rx+l.5)*(rx+1.5))+exp(n*(rx+2.5)*(rx+2.5)) +
exp(n*(rx—2.5)*(rx—2.5))+exp(n*(rx—l‘5)*(rx—l.5)) +
exp(n*(rx—6.5)*(rx—6.5))+exp(n*(rx—5.5)*(rx—5.5)))/
(exp(n*(rx+7.5)*(rx+7.5))+exp(n*(xx+4.5)*(rx+4.5)} +

exp (n* (rx+3.5) * (zx+3.5) ) texp (n* (xx+0.5) * (rx+0.5)) +

exp

(

n* (rx-0.5) * (rx-0.5) ) +exp (n* (rx-3.5) * (rx-3.5)) +
exp n*(rx—4.5)*(rx—4.5))+exp(n*(rx~7.5)*(rx-7.5))));
D1_data[i+10] = L_d0;
D1_data[i+ll] = L_dl;
D2_parity[i+10] = L dzZ;
Dl_paxity[i+8] = L d3;
Dl parityli+6] = 0.0;
Dl parityl[i+7] = 0.0;
Dl parityl(i+8] = 0.0;
D1_parity[i+10] = 0.0;
Dl_parity({i+11] = 0.0;

i = i+l1;
}
/*
* interleave data:
*/

r_ileav(Dl_data, rule):

#endif

#1ifdef R710_10240AM
/*

'

Use $2044_33_1 interleaver (multiple of 14)

I and Q dimensions:

d0 is MSB and d4 is LSB in 32AM: (d0,dl,d2,d3,d4):
00010——00011——00001——OOOOO-—ODlO0—-00101——00111——00110
-15.5 -~14.5 -13.5 -12.5 -11.5 -10.5 =-9.5 -8.5

* ok F A * b X

01010--01011--01001--01000--01100--01101--01111--01110
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11010--11011--11001--11000--11100--11101--11111--11110

0.5

1.5 2.5 3.5 4.5 5.5 €.5 7.5

10010--10011--10001--10000--10100--10101--10111--10110

15.5

i4.5 13.5 12.5 11.5 10.5 9.5 8.5

n = (-1.0) / {2 * SIGMA 710_10240AM * SIGMA 710_1024QRM);

I

L_

0; 1 <

INT_SIZE; i++)

symbol 1, Q dimension */

o

X
I _d0

dl

dz2

datal
dataf
Encl [

(gl ==
(d0 ==
= tx +

datafil;
data [i+11;

i+2}1:
i+3]:
ils

0 2 (tx — 4): (4 - tx));
0 ? (tx - 8): (8 - tx));
SIGMA_710_1024QAM * gasdev(}):

log((exp(n*(rx—0.5)*(rx-0.5))+exp(n*(rx—l.5)*(rx—l.5)) +

= log!{

exp (n* (rx-2.5) *{rx-2.5 y+exp(n* (rx=3.5) * (rx-3.5))
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx—5.5))
exp(n*(rx—6.5)*(rx—6.5))+exp(n*(rx—7.5)*(rx—7.5))
exp(n*(rx-S.S)*(rx~8.5))+exp[n*(rx—9.5)*(rx—9.5))
exp(n*(rx—lO.S)*(rx—lO.S))+exp(n*(rx—ll.S)*(rx—ll.

exp(n*(rx—14.5)*(rx—14.5))+exp(n*(rx—lS.S)*(rx—lS,
(exp(n*(rx+o.5)*(rx+0.5))+exp(n*(rx+1.5)*(rx+l.5))
exp(n*(rx+2.5)*(rx+2‘5))+exp(n*(rx+3.5)*(rx+3.5))
exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5}*(rx+5.5))
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5))
rx+8.5) * (re+8.5) ) +texp (n* (rx+9.5) * (rx+9.5))
rx+10.5) * (rx+10.5) ) +exp (n* (rx+11.5) * (rx+11.
rx+12.5) * (rx+12.5) ) +exp (n* {rx+13.5) * (rx+13.
rr+14.5)* (rx+14.5) Y +exp (n* (rx+15.5) * (rx+15.

exp (n*
exp{n*
exp (n*
exp{n*

(exp(n*(rx—O.S)*(rx—O.5))+exp(n*(rx—1.5)*(rx—l.5))
exp(n*(rx—2.5)*(rx—2.5))+exp(n*(rx—3,5)*(rx—3.5))
exp(n*(rX*4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx—5.5))
exp(n*(rx—G.S)*(rx—6.5))+exp(n*(rx—7.5)*(rx—7.5))
exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+1.5)*(rx+l.5))
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5))
exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5))
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5)))
(exp(n*(rx—8.5)*(rx—8.5))+exp(n*(rx—9.5)*(rx—9.5))
exp(n*(rx—lO.S)*(rx—10.5))+exp(n*(rx-11.5)*(rx—ll.
exp(n*(rx—12.5)*(rx—12.5))+exp(n*(rx~13.5)*(rx—13.
exp(n*(rx—14.5)*(rx—l4.5))+exp(n*(rx—15.5)*(rx—15.
exp n*(rx+8.5)*(rx+8.5))+exp(n*(rx+9.5)*(rx+9.5))
exp n* {rx+10.5) * (rx+10.5) ) +exp(n* (rx+11.5) * (rx+ll.
exp n*(rx+12.5)*(rx+12.5))+exp(n*(rx+l3.5)*(rx+l3.
exp n* (rx+14.5) * (rx+14.5) ) +exp (n* (rz+15.51 * (xx+13.

= log((exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5))

exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5))
exp(n*{rx+8.5)*(rx+8.5))+exp(n*(rx+9.5)*(rx+9.5))
exp(n*(rx+10.5)*(:x+10.5))+exp(n*(rx*ll.S)*(rx+ll.
exp(n*(rx—4.5)*(rx~4.5))+exp(n*(rx—5.5)*(rx-5.5))
exp(n*(rx-6.5)*(rx—6.5))+exp(n*(rx—7.5)*(rx—7.5))
exp(n*(rx—B.S)*(rx-B.S))+exp(n*(rx—9.5)*(rx—9.5))
exp(n*(rx—lO.S)*(rx-10.5))+exp(n*(rx—ll.5)*(rx—ll.
(exp (n* (rx+0.5) * (rx+0.5) ) +exp (n* (rx+1.5)* (rx+1.5))
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5))
exp(n*(rx+12.5)*(rx+l2.5))+exp(n*(rx+l3.5)*(rx+l3.
exp(n*(rx+14.5)*(rx+14.5))+exp(n*(rx+15.5)*(rx+15.
exp(n*(rx-0.5)*(rx-0.5))+exp(n*(rx—l.S)*(rx—l.S)) +
exp(n*(rx-2.5)*(rx—2.5))+exp(n*(rx~3.5)*(rx—3.5)) +

66

+
+
+
+
5
eXp(n*(rx—lZ.S)*(rx—12.5))+exp(n*(rx—l3.5)*(rx—13‘5
5
+
+
+
+
n

VWO + OUu @+~ 4+ + + + +

—

+

+
+
5
+
+
+
5
+
+
5
5

2%d2 - 2*d3 + 4*d2*d3 - 1.0 + (((2*d2-1)*(2%d3-1))<0?(d4-0.5):(0.5-d4})+

~+ +

5)) +
5)) +
517

+

"N/

) o+
)+
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exp(n*(rx—12.5)*(rx—12.5))+exp(n*(rx—l3.5)*(rx—13.5}) +
exp(n*(rx-l4.5)*(rx—14.5))+exp(n*(rx—15.5)*(rx—15.5})J);

L d3 = log((exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+1.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5)) +
exp(n*(rx+8.5)*(rx+8.5))+exp(n*(rx+9.5)*(rx+9.5)) +
exp(n*(rx+l4.5)*(rx+14,5))+exp(n*[rx+15.5)*(rx+15.5)) +
exp(n*(rx—O.S)*(rx-O.S))+exp(n*(rx—l.S)*(rx—l.S)) +
exp(n*(rx—G.S)*(rx—6.5))+exp(n*(rx—7.5)*(rx—7.5)) +
exp(n*(rx—B.S)*(rx—B.S))+exp(n*(rx—9.5>*(rx-9.5)) +
exp(n*(rx—l4.5)*(rx-l4.5))+exp(n*(rx—lS.S)*(rx-l5.5)))/
(exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*[rx+3.5)) +
exp[n*(rx+12.5}*(rx+12.5))+exp(n*(rx+l3.5)*(rx+13.5)) +
exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+1l.5)*(rx+11.5)) +
exp(n*(rx-4.5)*(rx44.5))+exp(m*(rx—5,5)*(rx—5.5)) +
exp(n*(rx—z.S)*(rx-Z.S)]+exp(n*(rx—3.5}*(rx—3.5)) +
exp{n*(rx—12.5]*(rx—12.5))+exp(n*(rx—13.5)*(rx—13.5)) +
exp(n*(rx—lO.S)*(rx-lO.S))+exp(n*(rx—lO.S)*(rx—lO.S))));

L d4 = log((exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+l‘5)*(rx+1.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+5.5}*(rx+5.5)) +
exp(n*(rx+1045)*(rx+10.5))+exp(n*(rx+9.5)*(rx+9.5)) +
exp(n*(rx+l4.5)*(rx+l4.5))+exp(n*(rx+13.5)*(rx+l3.5)) +
exp(n*(rx—Z.S)*(rx—2.5))+exp(n*(rx—l.5)*(rx—1.5)) +
exp(n*(rx—6.5)*(rx—6.5))+exp(n*(rx—5.5)*(rx-5.5)) +
exp(n*(rx—lO.S)*(rx—lO.5))+exp(n*(rx—9.5)*(rx—9.5)) +
exp(n*(rx—14.5)*(rx—14.5))+exp(n*(Ix—l3.5)*(rx—13.5)))/
(exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+3.5)*(rx+3.5)) +
exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+8.5)*(rx+8.5)) +
exp(n*(rx+12.5)*(rx+12.5))+exp(n*(rx+1l.5)*(rx+ll.5)) +
exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+15.5)*(rx+15.5)) +
exp(n*(rx—é‘S)*(rx—4.5))+exp(n*(rx—3.5)*(rx-3.5)) +
exp(n*(rx—7.5)*(rx—7.5))+exp(n*(rx—8.5)*(rx—8.5)) +
exp(n*(rx—12.5)*(rx—12.5))+exp(n*(rx—ll.S)*(rx—ll.S)) +
exp(n*(rx—o.s)*(rx—O.S))+exp(n*(rx-15.5)*(rx—15.5))));

D1 datalil = 1_do;
D1_datali+l] = L_di;
D1 _data[i+2] = L_dz;
D1_data[i+3] = L _d3;
Dl_parity[i] = L_d4:
D1_parityli+il = 0.0;
D1_parityli+2] = 0.0
D1 parity[i+3] = 0.0;
D1 parity[i+4} = 0.0;
Di_parityl[i+6] = 0.0;

/* symbol 1, I dimension */
d0 = data(i+4];

di = datali+5];
d?2 = datali+6];
d3 Encl{i+5];

d4 = Enc2[i];
2%d2 - 2%d3 + 4*d2*d3 -~ 1.0 + (((2*d2-1)*(2*d3-1))<0?(d4-0.5):(0.5-d4));
tx = (d1 == 0 ? (tx - 4): (4 - tx));

tx = (d0 == 0 2 (tx - 8): (8 - tx));

rx = tx + SIGMA_710_10240AM * gasdev{);

L _do = log((exp(n*(rx—O.S)*(rx-O.S))+exp(n*(rx—l.S)*(rx—l.S))
exp(n*(rx-2.5)*(rx—2.5))+exp(n*(rx—3.5)*(rx—3.5))

exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx-5.5)*(rx—5.5))

exp(n*(rx—G.S)*{rx—6.5])+exp(n*(rx—7.5)*(rx—7.5))

exp(n*(rx—8.5]*(rx—8.5))+exp(n*(rx—9.5)*(rx—9.5))

exp(n*(rx—lO.S)*(rx-10.5))+exp(n*(rx—11.5)*(rx-11.
exp(n*(rx-12.5)*(rx—12.5))+exp(n*(rx-13.5)*(rx-13.
exp(n*(rx—l4.5)*(rx-l4.5))+exp(n*(rx—15.5)*(rx—15.
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+1.5)*(rx+l.5))

exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5>)

exp(n*(rx+4.5)*(rx+4‘5))+exp(n*(rx+5.5)*(rx+5.5))

exp(n*(rx+6.5)*(rx+6.5))+exp(n*{rx+7.5)*(rx+7.5))

R L R R S S S,
~ 4+ +
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exp{n* (rx+8.5) * (rx+8.5) ) +exp(n* (rx+9.5) *(rx+9.5)) +

exp(n* (rx+10.5) * (r+10.58) ) +exp (n* (r+11.5) * (rx+11.5)) +
exp (n* (rx+12.5) * (xx+12.5) ) +exp (n* (rx+13.5) * (rx+13.5)) +
exp{n* (rx+14.5)* (rx+14.5)) +exp (n* (rx+15.5) * (rx+15.5)))) ;

L_dl = log((exp(n* (rx-0.5)*(rx-0.5))+exp (n*{rx~1.5)* (rx-1.5)) +
exp{n* (rx-2.5)*{rx-2.5)) +exp(n* (rx-3.5) *(rx-3.5)) +
exp{n* (rx-4.5) *(r%-4.5) ) +exp(n* (rx-5.39) *{rx-5.%)) +
exp(n* {rx-6.5)* (rx-6.5)) texp(n* (rx-7.5) *(rx-7.5)) +
exp (n* (rx+0.5) * (rx+0.5) ) texp (n* (rx+1.5) *{rx+1.5)} +
exp{n¥* (rx+2.5) * {rx+2.5) ) +exp{n* {rx+3.5) * (rx+3.5)) +
exp (n* {rx+4.5) * (xx+4.5)) texp (n* (rx+5.5) * (rx+5.5}} +

exp{n* (rx+6.5) * (rx+6.5)) texp (n* (rx+7.5) *(rx+7.5)))/
(exp(n* (rx-8.5) * (rx-8.5)) +texp(n* (rx-9.5) *{rx-9.5)) +
expi{n* (rx-10.5)* (rx-10,3) ) +exp (n* (rx-11.9)* (xx~11.5)) +
exp(n* (rz-12.5)* (rx-12.5) )+exp (n* (rx-13.5) * (rx-13.5)) +
exp(n* (rxz-14.5)*(rx-14.3))+exp (n* (rx-15.5)* (rx-15.5)) +
exp(n* (rz+8.5)* (rx+8.5)) +exp (n* (rx+9.5) * (rx+9.5)) +
exp(n* {rx+10.5) * {rxz+10.5) Y+exp (n* {rx+11.5) * {rx+11.5)) +
exp(n* (rx+12.5) * (rx+12.5) ) +exp (n* (rx+13.5) * (rx+13.5)) +
exp(n*{rx+14.5)* (rx+14.5) ) +exp (n* (rx+15.5) * (rx+15.5)))) s

L d2 = log((exp(n*{rx+4.5])* (rx+4.5)}+exp(n*(rx+5.5)* (rx+5.5)) +
exp{n* (rx+6.5) * (rx+6.5) ) +texp(n* (rx+7.5) *(rx+7.5)) +
exp(n* (rx+8.5) *(rx+8.5) ) texp(n* (rx+3.5) *(rx+9.5)) +
exp(n* (rx+10.5) * (rx+10.5) ) +exp (n* (rx+11.5) * (rx+11.5)) +
exp(n* (r-4.5)* (rx-4.5) ) +exp(n* {(rx-5.5) *{rx-5.5)) +
exp(n* (rz-6.5)* (rx-6.5) ) +exp (n* (xx-7.5) *{rx~7.5)) +
exp(n* (rx-8.5) * (rx—-8.5) ) texp(n* (rx-9.5) *{(rx-9.5) ) +
exp(n*{rx-10.5}* (rx-10.5) ) +exp{n* (rx-11.5) * (rx-11.5)) )/
(exp(n*{rx+0.5) * (rx+0.5) ) +exp (n* (xrx+1.5) ¥ (rx+1.5)) +
exp{n* (rx+2.5) * (rx+2.5) ) +exp(n* {rx+3.5) *{rx+3.5)) +
exp(n* (rg+12.5)* (rx+12.5) ) +texp (n* {rx+13.5) * (rx+13.5)
exp(n* (rx+14.5)* (rx+14,5)) +exp (n* (rx+15.5) * (rx+15.5)
exp (n¥* (rx-0.5) * (rx-0.5) ) +exp(n* (rx-1.5)*(rx~1.5}) +
exp(n* {rr-2.5) * (rx-2.5)) +texp(n* (rx-3.5) *(rx-3.5)) +
exp(n* (rx-12.5)* (rx-12.5) )Y +exp{n* (rx-13.5)* (rx-13.5)) +
exp(n* (rx-14.5)* (rx-14.5))+exp (n* (rx-15.5) * {rx-15.5)) )} ;

L_d3 = log(({exp(n*{rx+0.5)* (rx+0.5))+exp (n* (rz+l.5)* (rx+l.5)) +
exp(n* (rx+6.9) * (rx+6.5) ) texp (n* (xx+7.5) *(rx+7.5)} +
exp (n* (rx+8.5) * (rx+8.5) ) +texp(n* (rx+9.5) *(rx+2.5)) +
exp(n* (rx+14.5)* (rx+14.5) ) texp(n* (rx+15.5) * (r=x+15.5)) +
exp(n* (r%x=-0.5)*(rx-0.5) ) +exp(n* {rx=1.5)*(rx-1.5)) +
exp{n* (rx-6.5) * (rx-6.5) ) +exp(n* (rx-7.5) * (rx-7.5)) +
exp (n* (rz-8.5)* (rx-8.5)) +exp (n™* (rx-92.5) *{rx-3.5)) +
exp (n* (rx-14.5)* (rx-14.5) ) +exp(n* (rx-15.5)* (rx~15.5))) /
{exp{n* (rx+4.5) * (rx+4.5)) +exp (n* (rx+5.5} *(rx+5.5)) +
exp (n* (rx+2.5) * {rx+2.5)) texp(n* (rx+3.5) *(rx+3.5)) +
exp(n* (rx+12.5)* (rx+12.5) ) texp(n* (rx+13.5} *(rx+13.5)
exp(n* (rx+10.5)* (rx+10.5) ) +exp {n* {rx+11.5)* (rx+11.5)
exp(n*(rx-4.5)* (rx-4.5)) texp(n* (rx-5.5) * (rx-5.5}) +
exp(n* (rx-2.5) * (xx-2.5) ) texp(n* (rx-3.5) *{rz-3.5)) +
exp(n* (rx-12.5)* (rx-12.5) ) +exp{n* (rx-13.5) * (rz-13.5)) +
exp (n* (rx-10.5) * (rx-10.5) y+exp(n* (rx-10.5)* (rx~10.5)))):

L_d4 = log((exp(n* {rx+2.5)* (rx+2.5))+exp(n* (rx+1.5)* (rx+1.5)) +
exp (n* (rz+6.5)* (rx+6.5) ) texp(n* (rx+5.5) * (xx+5.5)) +
exp({n* {rx+10.5)* (rx+10.5) Y +exp{n* (rx+2.53) * {rx+9.5)) +
exp(n* (rx+14.5)* (rx+14.5) ) texp(n* (rx+13.5) * (rx+l13.5)) +
exp (n* (rx~2.5) * (rx=2.5)) +rexp(n* (rx-1.5) * (rx-1.5)) +
exp(n*{rr-6.5)*(rx-6.5) ) +exp(n* (rx-5.5) * {(rx-5.5)) +
exp (n* (rx-10.5)* (rx~-10.5) )+exp (n* (rx-9.5}* (rx-9.5)) +
exp(n* (rx-14.5}* (rx-14.5) ) +exp (n* (rx-13.5) * (rx~13.5})) /
(exp (n* (rx+4.5)* (rx+4.5) ) +exp (n* (rx+3.5) *{rx+3.5)) +
exp(n* (rx+7.5)* (rx+7.5)) +texp(n* (rx+8.5) * (rx+8.5)) +
exp{n* (rx+12.5)* (rx+12.5) ) +exp{(n*{(rx+11.5}* (rx+11.5)) +
exp(n* (rx+0.5) * (rx+0.5)) +exp(n* {rx+15.5) * (rx+15.5)) +
exp(n* (rx-4.5)* (rx-4.5)) texp{n* (rx-3.5) *(rx-3.5}) +
exp(n* (rx=7.5)* (rx~-7.5)) +exp(n* (rx-8.5) * (rx-8.35)) +
exp(n*(rx-12.5)* (rx-12.5) ) +exp (n* (rx-11.5) * (rx-11.5)) +
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exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx-15.5]*(rx—l5-5))))i
Di_datafi+4] = L_d0;
D1_data[i+5] = L dl;
Dl data[i+6] = L_d2;
Dl_parity[i+5] = L_d3;
D2_parity(i] = L_d4;
D2_parity{i+l] = 0.0;
Dp2_parity[i+2] = 0.0;
D2_parity[i+3] = 0.0
D2_parity{i+d] = 0.0;

D2 parity(i+6] = 0.0;

/* syrbol 2, Q dimension */
d0 = datali+7};
dl = datal[it+8];

d2 = datali+9l;
43 = datali+10]:
d4 = Enc2(i+3]:

tx = 2%d2 - 2*d3 + 4*d2*d3 - 1.0 + (((2%*d2-1)*(2*d3-1))<0%(d4=-0.5): (0.5-d4));

tx = (dl == 0 ? (tz - 4): {4 - tx))?

txz = (d0 == 0 ? (tx - 8): (8 - tx))s

rx = tx + SIGMA_710_1024QaM * gasdev():

L_d0 = log((exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx—1.5)*(rx—1-5)
exp(n*(rx—2.5)*(rx-2.5))+exp(n*(rx—3.5)*(rx—3.5))
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx-5‘5)*(rx—5.5))
exp(n*(rx—6.5)*(rx—6.5))+exp(n*(rx—7‘5)*(rx—7.5))
exp(n*(rx—8.5)*(rx—8.5))+exp(n*(rx-9.5]*(IXW9.5H
exp(n*(rx—lO.S)*(rx—lO.5))+exp(n*(rx—11.5)*(rx-ll.
exp(n*(rx—12.5)*(rx-12.5))+exp(n*(rx-13.5)*(rx—13.
exp(n*(rx—14.5)*(rx—14.5))+exp(n*(rx—15.5)*(rx—15.
(exp(n*(rx+0.5)*[rx+0.5))+exp(n*(rx+1.5)*(rx+1.5))
exp[n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5))
exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5))
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5)
exp(n*(rx+8.5)*(rx+8.5))+exp(n*(rx+9.5)*(rx+9.5))

+

+H RO+ o+

~+ 4

exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+1l.5)*(rx+1l.5)) +
exp(n*(rx+12.5)*(rx+12‘5))+exp(n*(rx+13.5)*(rx+13.5)) +

exp(n*(rx+14.5)*(rx+14.5))+exp(n*(rx+15.5)*(rx+15.5))));

L dl = log((exp(n*(rx—O.S)*(rx—O.S))+exp(n*(rx—1.5)*(rx—l.&)) +
exp(n*(rx—Z.S)*(rx—Z.S))+exp(n*(:x—3.5]*(rx—3.5)) +
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx—5.5)) +
exp(n*(rx—6.5)*(IXA6.5))+eXp(n*(rx—7.5 *(rx-7.5)) +

*(rx+l.5)) +
* +
+

!
exp(n*(rx+0.5)*(rx+0.5)}+exp(n*(rx+1.5)
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5) (rx+3.5)
exp(n*(rx+4’5)*(rx+4.5))+exp{n*(rx+5.5]*(rx+5.5)

)

exp (n* (rx+6.5) * (rx+6.5) ) +exp (n* (rx+7.5 * (rx+7.5)))/
(exp(n*(rx—s.S)*(rx-8.5))+exp(n*(rx—9.5)*(rx—9.5)) +

exp(n*(rx-lO.S)*(rx-10_5))+exp(n*(rx-11.5)*(rx—ll.S)) +
exp(n*(rX‘12.5)*(rx-12.5))+exp(n*(rx—13.5)*(rx—l3.5)) +
exp(n*(rX‘14.5)*(rx—14.5))+exp(n*(rx—lS.S)*(rx—lS.S)) +
exp(n*(rx+8.5)*(rx+8.5))+exp(n*(rx+9.5)*(rx+9.5)) +

exp(n*(rx+10.5)*(rx+lo.5))+exp(n*(rx+11.5)*(rx+11.5)) +
exp(n*(rx+l2.5)*(rx+12.5))+eXp(n*(rx+l3.5)*(rx+l3.5)) +
exp (n* (rx+14.5) * (rx+14.5) ) +exp (n* (rx+15.5) *(rx+15.5))));

L d2 = log((exp(n*(rx+4.5}*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+6<5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5)) +
exp(n*(rx+8.5)*(rx+8.5))+exp(n*(rx+9.5)*(rx+9.5)) +

exp(n*(rx+10.5)*(rx+10,5))+exp(n*(rx+11.5]*(rx+11.5)) +

exp n* (rx-4.5)* (£x-4.5) ) +exp (n* (rx-5.5)*(rx-3.35)) +
exp n*(rx-6.5)*(rx-6.5))+exp(n*(rx—7.5)*(rx~7.5)) +
exp n* (r-2.5) % (rz-8.5) ) +exp (n* (rx-9.5)* (rx-9.3)) +

exp n*(rx—lO.S)*{rx—lO.S))+exp(n*(rx—1l.5]*(rx—ll.S)))/

exp n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5)) +

exp n*(rx+12.5)*(rx+12.5))+exp(n*(rx+l3.5)*(rx+13.5))
exp n*(rx+14.5)*(rx+l4.5))+exp(n*(rx+15.5)*(rx+15.5))
exp n*(rx—O.S)*(rx-O.5))+exp(n*(rx—l,S)*(rx-l.5)) +
{

exp (n* rx-2.5)* (rx-2.5) ) +exp(n* (rx-3.5)* (rx-3.5)) +

(
(
(
(
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+l.5)) +
(
(
(
(
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exp(n*(rx—12.5)*(rx—l2.5))+exp(n*(rx—l3.5)*(rx—l3.5]) +
exp(n*(rx—l4.5)*(rx—l4.5))+exp(n*(rx—lS.S)*(rx—15.5))));

L d3 = log((exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+1.5)*(rx+l.5)) +
exp(n*(rx+6.5)*(rx+6,5))+exp(n*(rx+7.5)*(rx+7.5)) +
exy(n*(rx+8.5)*(rx+8.5))+exp(n*(rx+9.5)*(rx+9.5)) +
exp(n*(rx+14,5)*(rx+l4.5))+exp(n*(rx+15‘5)*(rx+15.5)) +
exp{n*(rx—O.S)*(rx—O.S))+exp(n*(rx—l.S)*(rx—l.S)) +
exp(n*(rx—G.S)*(rXu6.5))+exp(n*(rx—7.5)*(rx—7.5)) +
exp(n*(rx—B.S)*(rx-8.5))+EXP(H*(rX—9-5)*(rX-9.5)) +
exp(n*(rx-14.5)*(rx—14.5))+exp(n*(rx—15.5)*(rx—15. Y/
(exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5)} +

exp(n*(rx+12.5)*{rx+12.5))+exp(n*(rx+13.5)*(rx+13.5)) +

exp(n*(rx+10.5)*(Ix+10.5))+exp(n*(rx+11.5)*(rx+ll.5)) +

exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx—5.5)) +

exp(n*(rx—2.5)*(rx—2.5))+exp(n*{Ix—3.5)*(rx—3.5)) +

exp(n*(rx—12.5)*(rx-12.5))+exp(n*(rx-lB.S)*(rx—13.5)) +

exp(n*(rx—lO.S)*(rx—lO.S))+exp(n*(rx—lO.S)*(rx~10.5))));

L d4 = log((exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+1.5)*(rx+1,5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+9.5)*(rx+9.5)) +
exp(n*(rx+14.5)*(rx+14.5))+exp(n*(rx+13.5)*(rx+l3.5)) +
exp(n*(rx-Z.S)*(rx—2.5))+exp(n*(rx—1.5)*(rx—l.S)) +
exp(n*(rx—6.5)*(rx-6.5))+exp(n*(rx—5.5)*(rx—5.5)) +
exp(n*(rx—lO.S)*(rx—lO.S))+exp(n*(rx-9.5]*(rx—9.5)) +
exp(n*(rx—14.5)*(rx—14.5))+exp(n*(rx—l3.5)*(rx—13.5)))/
(exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+3.5)*(rx+3.5)) +
exp(n*(rx+7.5)*(rx+7.5))+exp(n*(rx+8.5)*(rx+8.5)) +
exp(n*(rx+12.5)*(rx+12.5))+exp(n*(rx+11.5)*(rx+1l.5)) +
exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+15.5)*(rx+15.5)) +
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—3.5)*(rx—3.5)) +
exp(n*(rx—7.5)*(rx—7.5))+exp(n*(rx—8.5)*(rx—8.5)) +
exp(n*(rx—lZ.B)*(rx—lZ.S))+exp(n*{rx-ll.S)*(rxAll.S)) +
exp(n*(rx-O.S)*(rx—0.5))+exp(n*(rx—15.5)*(rx—15.5))))'

;

D1_datal[i+7] = L_do0:
Dl_data[i+8] = L _di;
D1_datali+d} = L _d2;
D1_data[i+10] = L d3;
D2_parity[i+3] = L_d4;
D2_parity[i+7] = 0.0;
D2 _parity[i+8] = 0.0;
D2_parity[i+®] = 0.0;
D2_parity[i+11] = 0.0;
D2_parity([i+12] = 0.0:
= 0.0;

D2_parity[i+13]

/* symbol 2, I dimension */

d0 = datali+ll];
= datalitl2];

42 = data[i+13];

d3 = Enc2{i+101;

d4 = BEncl[i+101];

tx = 2*d2 -~ 2*d3 + 4*d2*d3 - 1.0 + (((2*d2—l)*(2*d3—1))<0?(d4—0.5):(O.5—d4));

tx = (dl == 0 ? (tx - 4): (4 - tx));

= (d0 == 0 ? (tx - 8): (8 - tx));

rx = tx + SIGMA_710_1024QaM * gasdev ()

L do = log((exp(n*(rx—O.S)*(rx—0.5))+exp(n*(rx—l.S)*(rx-l.S)) +
exp(n*(rx—Z.S)*(rx—Z.S))+exp(n*(rx—3.5)*(rx—3.5)) +
exp(n*(rx—4.5)*(rx-4.5)}+exp(n*(rx—5.5)*(rx—5.5)) +
exp(n*(rx‘6.5)*(rx—6.5))+exp(n*(rx-745)*(rx—7.5)) +
exp(n*(rx—S.S)*(rx—S.S))+exp(n*(rx—9<5)*(rx-9.5)) +
exp(n*(rx—10.5)*(rx—10.5))+exp(n*(rx—11.5)*(rx-11.5
exp(n*(rx—12.5)*(rx—12.5))+exp(n*(rx—lB.S)*(rx—l3.5
exp(n*(rx—l4.5)*(rx—14.5))+exp(n*(rx—15.5)*(rx—15.5
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+1.5)*(rx+l.5)) +
exp (n* (¥x+2.5)* (£x+2.5) ) +exp (n* (rx+3.5) * (rx+3.5)) +
exp{n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +

)
)
)

~+ +

)
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exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5)} +
exp(n*(rx+8.5)’(rx+8.5))+exp(n*(rx+9.5)*(rx+9.5)) +
exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+11.5)*(rx+11.5)) +
exp(n*(rx+12.5)*(rx+12.5))+exp(n*(rx+13.5)*(rx+l3.5)) +
exp(n*(rx+l4.5)*(rx+l4.5))+exp(n*(rx+l5.5)*(rx+l5.5))))

H

L dl = log((exp(n*(rx-O.S)*(rxfO.S))+exp(n*(rx-1.5)*(rx-l.5)) +
exp(n*(rx—Z.S]*(rx—Z.S))+exp(n*(rx—3.5)*(rx—3.5)) +
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx-5-5)*(rx—5-5)) +
exp(n*(rx—G.S)*(rx~6.5))+exp(n*(rx—7.5)*(rx-7.5)) +
exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+l.5)) +
exp(n*(rx+2.5)*{rx+2.5))+exp(n*(rx+3.5)*(rx+3.5)) +
exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5)))/
(exp(n*(rx-8.5)*(rx—8.5))+exp(n*(rx—9.5)*(rx—9.5)) +
exp(n*(rx—lﬂ.5)*(Ix—10.5))+exp(n*(rx—11,5)*(rx—11.5)) +

exp(n*(rx-12.5)*(rx—12.5))+exp(n*(rx—13.5)*(rx—l3.5))

(

{

+ +

exp n* (rx-14.5)* (rx-14.5))+exp (n* (rx-15.5) * {rx-15.5))
exp n*(rx+8.5)*(rx+8.5))+exp(n*(rx+9.5)*(rx+9.5)} +
exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+ll.5)*[rx+ll.5)) +
exp(n’(rx+12.5)*(rx+12.5))+exp(n*(rx+13.5)*(rx+13.5)) +
exp(n*(rx+14.5)*(rx+14.5))+exp(n*(rx+15.5)*(rx+15.5))))?

L d2 = log((exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5)) +
exp(n*(rx+8.5)*(rx+8.5))+exp(n*(rx+9.5)*(rx+9,5)) +
exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+11.5)*(rx+11.5)) +
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx—5.5)) +
exp(n*(rx—G.S)*(rx—6.5))+exp(n*(rx-7.5)*(rx—7_5)) +
exp(n*(rx—S.S)*(rx—8.5))+exp(n*(rXA9.5)*(rx—9.5)) +
exp(n*(rx-lO.S)*(rx—lG.S))+exp(n*(rx—ll.S)*(rx—ll.S)))/
(exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+1.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5)) +
exp(n*(rx+12.5)*(rx+12.5))+exp(n*(rx+13.5)*(rx+13.5)) +
exp(n*(rx+l4.5)*(rx+l4.5))+exp(n*(rx+15.5)*{rx+15.5)) +
exp(n*(rx—O,S}*(rx—O.S))+exp(n*(rx‘l.S)*(rx—l.S)) +
exp(n*(rx—Z.S)*(rx-2.5))+exp(n*(rx—3.5)*(rx—3.5)) +
exp(n*(rx—12.5)*(rx—lZ.S))+exp(n*(rx—13.5)*(rx—l3.5)) +
exp(n*(rx—14.5)*(rx—14.5))+exp(n*(rx—l5.5}*(rx—15.5))));

L_d3 = lOg((exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+l.5)*(rx+l.5)) +
exp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+7.5)*(rx+7.5)) +
exp(n*(rx+8.5)*(rx+8.5))+exp(n*(rx+9.5)*(rx+9.5)) +
exp(n*(rx+14.5)*{rx+14.5))+exp(n*(rx+15.5)*(rx+15.5)) +
exp(n*(rx—0.5)*(rx—0.5))+exp(n*(rx—l.5)*(rx—1.5)) +
exp(n*(rx~6.5)*(rx—6.5))+exp(n*(rx—7.5)*(rx—7.5)) +
exp(n*(rx—S.S)*(rx-8.5))+exp(n*(rx—9.5)*(rx—9.5)) +
exp(n*(rx—14.5)*(rx—14.5))+exp(n*(rx-lS.S)*(rx—lB.S)))/
(exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+3.5)*(rx+3.5)) +
exp(n*(rx+12.5)*(rx+12.5))+exp(n*(rx+l3.5)*(rx+13.5)) +
exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+ll.5)*(rx+1l.5)) +
exp(n*(rx—4.5)*(rx—4.5))+exp(n*(rx—5.5)*(rx-5.5)) +
exp(n*(rx—Z.S)*(rx-Z.S))+exp(n*(rx—3.5)*(rx—3.5)) +
exp(n*(rx—l2.5)*(rx—l2.5))+exp(n*(rx-13.5)*(rx—13.5)

{

y o+
exp n* (rx-10.5) * (rx~10.5) ) +exp (n* (rx-10.5) * (rx-10.5)}))

H

L d4 = log{(exp(n*(rx+2.5)*(rx+2.5))+exp(n*(rx+1.5)*(rx+l.5)] +
EXp(n*(rx+6.5)*(rx+6.5))+exp(n*(rx+5.5)*(rx+5.5)) +
exp(n*(rx+10.5)*(rx+10.5))+exp(n*(rx+9.5)*(rx+9.5)) +
exp(n*(rx+14.5)*(rx+14.5))+exp(n*(rx+13.5)*(rx+13.5)) +
exp(n*(rx—Z.S)*(rx—2.5))+exp(n*(rx—l.S)*(rx-l.S)) +
exp(n*(rx—G.S)*(rx—5.5))+exp(n*(rx—5.5)*(rx—5.5)) +
exp(n*(rx—10.5)*(rx—10.5))+exp(n*(rx—9‘5)*(rx—9;5)) +
exp(n*(rx—14.5)*(rx—14.5))+exp(n*(rx—13.5)*(rx-13.5)))/
(exp(n*(rx+4.5)*(rx+4.5))+exp(n*(rx+3.5)*(rx+3-5)) +
eXp(n*(rX+7.5)*(rx+7.5))+exp(n*(rx+8.5)*(rx+8.5)) +
exp(n*(rx+12.5)*(rx+12.5))+exp(n*(rx+1l.5)*(rx+ll.5)) +
exp(n*(rx+0.5)*(rx+0.5))+exp(n*(rx+15.5)*(rx+15.5)) +
exp(n*{rx—4.5)*(rx-4.5))+exp(n*(rx—3.5)*(rx—3.5)) +
exp(n*(rx—7.5)*(rx-7.5))+exp(n*[rx—8.5)*(rx—8.5)) +
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exp(n*(rx~l2.5)*(rx—12.5))+exp(n*(rx-ll.5)*(rx—ll.5)) +

exp(n*(rx—0.5)*(rx—0.5))+exp(n*(rx—15.5)*(rx»15.5)))),

Di_data[i+11] = L_d0;
p1_data[i+12] = 1L _dl;
Dl_datali+13] = L_d2;

D2_parity[i+10] = L_d3;
D1_parity[i+10] = L_d4;
Dl_parity[i+7] = 0.0;
D1_parity[i+8] =0
Dl _parity[it+8] =0
Dl parity[it+ll] = O.
D1 _paraity[i+l2] = [¢]
D1 parity[i+13] = 0

i = 1+13;
}
$endif

/**************k**********************&**/

* At this moment we received the whole turbo code block:
D1_datal] stores the received information sequence,

* D1_parity[] stores the received punctured parity P sequence and

* D2_data[] stores the interleaved received information sequence,

*/

for(i = 0; i < INT SIZE; it++)
D2_data[i] = D1 _datalil;

r_ileav(D2_data, rule});

/*

* D2_parityl[] stores the received punctured parity Q seguence.

*/

for(iteration = 1; iteration <= NR_ITER; iteration++)

{

/¥
* Start one iteration of the turbo decoder here:
*/
#ifdef R46_640AM TTCM VOCAL
jat_map2(jat_codel, D1_data, D1 _parity, D1_app., Dl exil:
#else
jat_mapl(jat_codel, D1_data, D1_parity, D1_app, D1 _exi);
$endif
/”r
* Interleave the extrinsic information from Decoderl:
*/

for(k = 0; k < INT SIZE; k++)
D2_applk] = D1_exilkl;
r_ileav(D2_app, rule);

/*
* Decoder2:
*/
#ifdef R46_G4QAM TTCM_VoCAL

jat_map2 (jat_code2, D2 data, D2 _parity, D2_app, D2 exi):

#else
jat_mapl(jat_code2, D2_data, D2 parity, D2_app, D2_exi);
#endif
/7
% Deinterleave the extrinsic information from Decoder2:
*/

r deileav(D2_exi, rule);
for(k = 0; k < INT SIZE; k++)
Dl_applkl = D2_sxil[k];
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#ifdef R46_640AM_TTCM VoCAL

for(k = 0; k < INT_SIZE/2; k++)
Dec_datalk] = Dl_datalk] + log(Pl_exilk]) + log(D2_exi[k]):

/*
* Re-encode with encoderl:
*/
jat codel->enc_state = 0; /* reset encoderl's state */

for(k = 0; k < INT_SIZE/2; kt++)
Encl{k] = jat_enc_bp fp(jat codel, ((Dec datalk] > 0.0}21:0));

/*

* interleave data:

=/

for(k = 0; k < INT_SIZE/2: k++)
data_ilkl = ({Dec_datalk] > 0.0)21:0};

r_ileava(data_i, rule);

/*
* Re-encode with encoder2:
*/
jat_codeZ->enc state = 0; /¥ reset encoder2's state */

forlk = 0; k < INT_SIZE/2:; k++)
Enc2[k] = jat_enc_kp fp(jat_code2, data_ifkl};

/*
* Find the closest point out of four in the sub-constellation
*/
for(k = 0; k < INT_SIZE/2 - 1; )
{
u4 = {(Dec datalk] > 0.0)21:0):
u3 = {(Dec_datalk+l] > 0.0)21:0):
u2 = Encll[k];
ul = Enc2[k+1];
rx I = D1_datalk + INT SIZE/2];
rxz Q = Dl datalk + INT SIZE/2 + 1);

J = 4*ud+8*u3+lé*uz+32*ul;
v00_I = find_tx T(j);

v00_0Q = find txz 0(j):

v01_T = find tx T (j+1);
v0l_Q = find_tx_Q(3+1);
v10_ T = find_tx I(j+2);
v10_0 = find tx_Q(j+2);
v1il_I = find_tx_I(j+3):

vll Q = find_tx_Q(j+3);

Dec_datalk+INT_SIZE/2] = log{
(exp(n* ((rx I-vll I)*{rx I-vll I}+(rz_Q-vll Q)*(rx_QO-vil Q}))+
exp{n* {((rx_I-v10_I)*(rx_I-v10_I)+(rx_Q-v10_Q)* (rx_Q-v10_0Q))))/
(exp(n* ({(rx_I-v0l_I)*(rx_I-v0l_I)+(rx_Q-v0l_O)*{xx_0Q-v0l_0}))+
exp(n* ({rx_ I-v00_I)* (rx_I-v0O0_TI)+(rx_Q-~v00_Q)* (rx_Q-v00_Q)))))s

Dec_data[kX+INT_SIZE/2+1] = log{
(exp(n* ((rz_I-vll I)*(rx_I-v1l I}+(rz_Q-vll _Q)*(rx_0Q-v1l Q}))+
exp{n* {({(rx_I-v0l_I)*{rx_ I-v0l I)+(rx Q-v0l Q)*(rx_Q-v01l Q})))/
(exp(n* ((rx_I-v10_I)* (rx_I-v10_I)+(rx_Q-v10_Q)* (rx_Q-vi0_Q}) )+
exp(n* ({rx_T-v00_I)*(rx I-vDO_T)+(rx_Q-v00_Q)*(rxz Q-v00_Q)1)));

k = k+2;
}
$else
for(k = 0; k < INT_SIZE; ki+)
Dec datalk] = Dl1_datalk] + log(Dl_exil[k]) + log(D2_exilk]l):
#endif

J*
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* print errors:

*/
k = print_err(data, Dec data, iteration, block, no_err);
if(k == 0)
break;
/*
* End one iteration of the turbo decoder here.
x/

}
free (jat_codel->POstate);
free{jat_codel->Plstate);
free(jat_codel->NOstate);
free(jat codel->Nlstate);
free (jat_codel->Coded0);
free(jat_codel->Codedl);
free(jat_codel);
free(jat_code2->P0Ostate);
free(jat_code2->Plstate);
free(jat_code2->NOstate);
free(jat_codeZ->Nlstate);
free(jat_code2->Coded));
free(jat_code2->Codedl) ;
free(jat_codel2):
free(rule):
free(data);
free(data_i);
free(data_d);
free(no_err);
free(Encl) ;
free(Enc2);
free(D1_data):
free(Dl_parity):
free (D1 _app);
free(Dl exi);
free(D2_data);
free (D2 _parity);
free(D2_app);
free(D2_exzi);
free(Dec_data};
free{frame hist):
free(Zero_data);
for(i = THRESHOLD_ITER; i <= NR_ITER; it+)

free(bit_hist array{il);

free(bit_hist_ array);
free(bit_hist_block);
}

[ KRR KR R R R K KK FE R A KA IR A A I IR AR I AR AR I I AT R I Tk L h ek we koK kA IR A A F I X I h o dekx /

/* jat_trellis_bp fp{) initializes the code structure */
void jat_treliis bp fp{jat code *code str)
{

int i

for(i = 0:; i < code_str->nr_states ; i++)
{
code _str->enc_state i;
code_str->P0Ostate[il jat_os (code_str, 0);
code_str->Plstate[i] = jat_ps{code_str, 1)/

code str->enc_state = i:

code_str->Coded0([i] = jat_enc_bp_ fp(code_str, 0};

code_str->NOstatel[i]) = code_str->enc_state; /*next state 1 if d = 0 */
code_str->enc_state = i;

code_str->Codedl(i]l = jat_senc_bp fp(code_str, 1):

code_str->Nlstate[i] = code_str->enc state; ./*next state 1 if d =1 */
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[k R kA K R KK K KRR R KRR K E A IR R F KA I I I XK IFHINFHH I I KR I I AKX I KKK R F A XA X I HFx [

/* jat_ps(] returns the previous state, given the code structure & the input */

/* bit for the previous state */
/* input: current state, input bit for the previous state */
/* output: previous state */

int jat_ps(jat_code *code_st, int inp)
int pr_state, pr_msb, i, j, k, I1:

if {code_st->enc_mem == 1)
{
pr_state = code_st->enc_state * inp;
!

else ,
{
/*find previous state: */
pr_msb = (inp & 0x1) ~ (code_st->enc_state & 0xl);
for(1=1,j=2,k=(1 << code_st->enc_mem-1),l=code_st->enc_mem-1;i<code_st-

renc_mem;i++, 1--}
{

pr_msb = pr_msb ~ ({(code_st->enc_state&])>>1) & ({code_st->bpek)>>1));
j =3 << 1;
k=k > 1;

}

pr_state = ((code st->enc_state >> 1) & ((l<<(code_st->enc mem - 1)) - 1)) |
{pr_msb << (code st->enc mem - 1)}
}
return (pr_state);

}

e R sk Sk gk e ok ke kK Rk KR K R kR Kk ok ok kR R Rk Kk Rk R Rk K Rk R Rk kK R KRk R A A X AR KAk

/* jat_enc_bp fp{) - rate 1/2 systematic feedback convolutional enc. */
/= input: input bit to be encoded */
/* output: the coded bit */
/* Note: the 1lsb of the enc_state will have the new input bit */
7% the msb of the enc state matches the 1sb of bp & fp *f
int jat_emnc_bp fp(jat_code *code_st, int data)

{

int new lsh, parity, i, 3, k%, 1;

new_lsb = data;
if (code_st~>enc mem == 1)
{
parity = code_st->enc_state * data;
code st->enc_state = parity;
}
else
{
/* xor it with the bits of the enc_statel for which bpl is one */
for(i = 0, j = 1, k = (1 << code_st-»enc_mem-1), 1 = code_st->enc_mem - 1; i <
code_st->enc_mem; i++, 1--}
{
new_lsb = new_1sb * ({{code_st->enc statesj)>>i} & (({code_st->bpsk)>>1));

3 =3 << 1;
k=%k > 1;
}
/* find the parity bit */
parity = new_lsb & (({code st->fps&(l<<code_st->enc mem)) >> code_st->enc_mem);
for(i = 0, jJ =1, k¥ = (1 << code_st-»enc mem-1}), 1 = code_st->enc mem - 1; i <
code_st->enc_mem; i++, 1--)
{
parity = parity ~ (((code_st->enc_states&]j)>>1i) & ({code_st->fpsk)>>1));
J=3 <<k
k=%k>1;
}
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/* update code_st->enc_state */
code st->enc_state = (({code_st->enc_state & (code_st->nr_states/2 - 1)) << 1)
new_lshb;
}
return (parity);

}

/*‘k******&********7’:**************************************************:\'***"k***/
void r_ileav(double *array, int *rule_i)
{

double *i_wmem;

int ks
1_wmem = (double *)malloc(sizeof(double) * INT_SIZE);
if{i _wmem == 0)

printf("\nCouldn't allocate i_wmem memory!");
for(k = 0; k < INT SIZE; k++)

i wmem{k] = arraylkl;
for(k = 0; k < INT_SIZE; k++)

arrayfk] = i_wmem{rule_i[2*k+1}]};
free (i_wmemn) ;

/***i**********1*****************************x**********k***"k**’(**************/
void r_ileava({int *array, int *rule_3i)

{
int *i_wmem;
int k;
2_wmem = (int *)ymalloc (sizeof (int) * INT_SIZZ);

if{i_wmem == 0)
printf ("\nCouldn't allocate i wmem memory!™);
for(k = 0; k < INT SIZE; k++) -
i_wmem(k] = arraylk]z
for(k = 07 k < INT_SIZE; k++)
arraylk] = i_wmem[rule i[2*k+1])],;
free (i_wmem);

/*****1*****‘k*‘k**********x************‘k**r*********7'(*1(t******************t***/
void r_deileav(double *array, int *rule_d)
{

double *d_wmem;

int k.,

d wmem = (double *Jmalloc(sizeof {double) * INT_SIZE);
if(d_wmem == 0)
printf ("\nCouldn't allocate d wmem memoxry!");
for(k = 0; k < INT_SIZE; k++) -
d wmem[rule dfz*k+1]] = arraylkl;
fori(k = 0; k < INT_SIZE; k++)
arrayl[k}l = d wmem([k];
free (d_wmen) ;

/**"r)\'***‘k*****‘k*********************‘X********‘k***************************‘k***/
void r_deileava(int *array, int *rule_d}

int *d_wmen;

int ki

d_wmem = (int *)malloc(sizeof (int) * INT_SIZE);
if(d_vmem == 0]

printf{"\nCouldn’t allocate d_wmem memory!");
for(k = C; k < INT_SIZE; k++)

d_wmem[rule d[2*k+1]] = array[k]l;
for(k = 07 k < INT_SIZE; k++)
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arrayl[k]l = d wmem([k];
free (d_wmemn);

/'x***************x****************'It*******************************1***********/
*/
=/

/* nrgen() returns a random number between 0 and 1
/* (uniform distribution generator)
double nrgen()
{
long z, k»

k = sl / 53668,
sl = 40014 * (sl - k * 53668) - k * 12211;
if(s1 < 0)
sl += 2147483563;
k = s2 / 52774;
s2 = 40692 * (s2 - k * 52774) - k * 3791;
if(s2 < 0)
52 += 21474833588;
z = s1 - 82;
if(z < 1)
z += 2147483562;
retuzn {((double)z / 2147483563);

JEREEHE IR KA F A HFIF IR LK KK R X IR I I IIHIIAIRR K FF I A A S AT Ak d TR h o rkrrhrek

/* nrgenbin() returns & 0 or 1 funiform distribution)
int nrgenbin()
{
return ({nrgen{) > 0.5)?1:0);
}

=/
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/* gasdev() returns a normally distributed deviate
/* with zero mean and unit variance
doukle gasdev()

{

static int iset = 0;
static double gsat;
double fac, r, vl, v2;

if(iset == 0)

{
/* pick two uniform numbers in the square extending from
/¥ =1 to +1 in each direction, see if they are in the
/* unit circle, and if they are not, try again.
de
{
vi= 2.0 * nrgen() - 1.0;
vZ = 2.0 * nrgen() - 1.0;
r=vl * vl + v2 * v2;
}
while (r >= 1.0 || r == 0.0}
fac = sqrt(-2.0 * log(xr)/r);
/* now make the Box-Muller transformation to get two normal
/* deviates; return one and save the other for next time.
gset = vl * fac;
iset = 1; /* set flag
return (v2 * fac):;
}
else
{

/* we have an extra deviate handy, so unset the flag and
/* return it.

iset = 0;

return (gset};
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/*****************************************************************************/

/* errors{) returns the nr. of positions in which two blocks of data are */
i different; it accepts a shift between the addresses */
/* inputs: the address of the fixst block of integers */
/* the address of the second block of doubles */
/* the size of the block (blocks are equal) */
/* output: the number of positions in which the two blocks axe dif. */
int erroxs{int *blockl, double *block2, int size, int iter_nr)

{

int i

int count = 0;

for(i = 0; i < size; i++)
if(blockl[i] != ((block2[i] > €.0)21:0))
{
count++;
#if defined BIT HIST
if(iter nr>=THRESHOLD ITER)
{

*bit_hist_array[iter_nr] = bit_hist_block[iter_nr];
bit _hist arrayliter_nrj++;
*pit_hist_arrayl{iter nr] = i;
bit_hist_array{iter_nrl++;

#endif
}
#if defined BIT HIST
if((count>0)&&(iter_nr >= THRESHOLD_ ITER))
bit_hist_block[iter nri++;
#endif
return (count);

3
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/* print_err() append to the file the nr. of errors and BER */
/* returns: number of bit errors in a block */
int print_err(int *datal, double *data2, int iter_ no, int block _no, int *err)
{

int i, j, nr;

int block_err = 0;

char fname[] = BIT HIST FILE NAME:

char sssi} = {'07,'1', "2, '3%,'4", '8 ,%6','7,'8",'9"};

FILE “*out_file = NULL;

int *pi;

if(({iter_no == 1} && (block no == 1))
£
out_file = fopen(ERROR_FILE NaME, "a");
if(!out_file)

{
printf ("Error2: the output file could not e opened!\n");
exit (1);
¥
fprintf(out file, “ref_tc.c, RSCl_enc mem = %d, RSCl_fp = %d, RSCl_bp = %d,

RSC2_enc _mem = %d, RSC2_fp = %d, RSC2 bp = %d, sl = %d, s2 = %d, int_size = %d, Limit soft
outputs to = %e, Eb/No = %fdB\n", RSCl_ENC_MEM, RSC1_FP, RSC1_BP, RSCZ_ENC_MEM, RSCZ_FP,
RSC2_BP, SEED1, SEED2, INT SIZE, (double) MAX, (double) EBNO):
fclose (out_file) s
}
block err = errors(datal, data2, INT_SIZE, iter_no}:
err[iter no - 1] += block_err;

++frame_hist{(iter_no-1)* (INT_SIZE+l) + klock errl;

if((iter_no == NR_ITER) && (block_err != 0}]
++frame_err;
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#if defined BIT HIST
if{{block err != 0} && (iter_no >= THRESHOLD_ITER))
{
frname [strlen(fname)-1]= sssliter nol;
out_file = fopen(fname, "a"};
1f{Tout_file)
{
printf("Error: the bit hist file could not be opened!\n"};
exit (1);
}
for{pi = bit_hist_array[NR_ITER +iter_noJ; pi < bit hist array[iter nol; pi = pi+2)
fprintf (out_file, "\n%06d %06d", *pi, *(pitl));
fclose (out_file);
bit_hist_array[iter_noc] = bit_hist_array(NR ITER +iter no];

}
$endif
if{{({iter no == NR ITER) && ({(block_no % PRINT_BLOCKS) == 0) || (err[NR ITER - 1] >
MAX_ERROES)}) || {((block no % PRINT_BLOCK3) == 0) && (block err == 0}))
{
out file = fopen(ERROR_FILE NAME, "a"};
if{tout_file)
{
printf("Error3: the output file could not be opened!\n");
exit {(1);

}
nr = block no * INT_SIZE;
fprintf(out_file, "\n\nMr. of info kits: 3%d (%d blocks)”,
nr, block no};
for(j = 0; j < NR_ITER; j++)
fprintf(out_file, "\nIter: %02d, Errors: %06d, BER = %e",
3 + 1, err[jl, (double)err[i]l/INT SIZE/block _noj:
total err = err[NR ITER - 1];
fprintf(out_file, "\nFrame error = %f(%f errors per block)\n",
(double) frame_err/block_no,
(frame_err == 020.0: (double)err[NR_ITER-1} /frame_err));
fclose(out_file);

if({block no % 100000) == 0)
{
out_file = fopen(FRAME_HIST FILE NAME, "a")’;
if(tout_file)
{
printf ("Errord: the .fhist file could not be opened!\n");
exit (1);
3
nr = block no * INT SIZE;
fprintf(out_file, "\n\nNr. of info bits: %d (%d blocks)”,
nr, klock_no);
for(j = 0; j <= INT_SIZE:; j++)
fprintf(out_file, "\n%03d %03d",
j, frame hist{(NR_ITER-1)* (INT_SIZE+1)+jl);
fclose{out_file):;
}
}
return (block_err);

}

/*******x*********************************************************************/

/* This is a MAP decoder for a cs->nr_states states jat_code. */
/* function: decodes a block of received data of length INT SIZE. */
/* It assumes that the encoder state starts from state zero */
/* input: code structure, I address, Q address, L_in address * )
/*  output: the extrinsic information in L_out */
/* globals: noise */
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* As jat_map but outputs probability and not log(probability)
* It also can handle very large interleavers
*/
void jat _mapl{jat_cede *cs, double *I, double *Q, double *L in, double *L out)
{

double sum, sum 0, sum 1, max;
int i, 3, k, st:

double *alpha_old;

double *alpha_new;

double *betal;

cdouble *betal;

double *probl:
double *probQ;

alpha_old = {double *)malloc(sizeof(double) * 2 * cs->nr_states);
alpha new = (double #*)malloc(sizeof (double) * 2 * cs->nr_states);
betal = (double *)malloc(sizeof({double) * INT_SIZE * cs->nr_states);
if(betald == 0)
{
printf(”Couldn’'t allocate betal memory!\n");
exit(1l);
}
betal = (double *)malloc(sizecf(doukle} * INT SIZE * cs->nr_states);
if (betal == 0)
{
printf("Couldn't allocate betal memory!\n"):;
exit{l1};
}
probI = (double *)malloc{sizeof(double) * INT_SIZE);
if(probIl == 0)
{
printf("Couldn't allocate probl memory!\n");
exit(1);
}

probQ = (double *)malloc{sizeof(double) * INT_STZE};
if{probQ == 0)
{

printf({"Couldn't allocate probQ memory!\n"):
exit (1) ;

/* initialize the alpha_old metrics */
for(st = 0; st < cs->nr_states; st+t}
for({k = 0; k < 2; k++)
* (alpha ¢ld + k * ¢s->nr_states + st) = 0.0;

*(alpha_old + cs->POstatel[0]) = 1.0;
*(alpha_old + cs->nr_states + cs->Plstate([0]) = 1.0;

/* initialize beta's */
for(st = 0; st < cs~>nr_states; st++)
{

betal[ (INT_SIZE - 1) * cs->nr_states + st] = 1.0;
pbetal [ (INT_SIZE - 1) * cs->nr_states + st] = 1.0;
}
/* compute all beta's */
for(i = INT_SIZE -~ 2; i >= 0; i--)
{
probI[i + 1] = exp(I[i + 1]} * L_in{i + 11;
probQli + 11 = exp(Q[i + 11);
for(st = 0; st < cs->nr_states; st++)
{
/* compute hetal[il[st]: */
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betal[i * cs->nr_states + st] = betald[(i + 1) * cs->nr_states + cs~
>NOstate[st]l]*
{ (cs->Coded( [cs->N0state([st]] == 0)?1l:probQli + 1])+
petall(i + 1) * cs->nr_states + cs->NOstate[st])*probI[i + 1}*
{ (cs->Codedl [cs—>NOstate{st]}] == 0)?1l:probQ[i + 1]);
betal[i * c¢s->nr_states + st} = betal[(i + 1) * cs->nr_states + cs-
>Nlstatelstll*
((cs->Codedl [cs—>Nlstate([st]] == 0)?1l:probQ[i + 1])+
betal[{i + 1) * cs->nr_states + cs->Nlstate[st]]*probI[i + 1]*
((¢cs->Codedl{cs—>Nlstate{st]] == 0)?1l:probQ[i + 1]);

}

max = betaQ[i * cs->nr_states];
for(st = 1; st < ¢s->nr_states; st++)
if(betalfi * cs->nr states + st]l > max)
max = betaO{i * cs->nr_states + stl:
for{st = 0; st < cs->nr_states; st++)
if(betalli * cs->nr_states + st] > max)
max = betalli * cs->nr_ states + st);
for(st = 0; st < c<s->nr_states; st++)
{
betal[i * cs->nr_states + st] betal{i * cs->nr_states + st] / max;
betal[i * cs->nr_states + st] = betal{i * cs->nr_states + st] / max;
}

Ll

}

/* now we have all beta's; we can compute alpha for all states for each *7
/* data bit and using beta's we compute lambda */
probIi0] = exp(I[0]) * L_in([0];
proebQl0]) = exp(QI0]);
for(k = 0; k < INT_SIZE; k++)
{
for({st = 0; st < cs->nr_states; st++)
{

sum = *{alpha_old + cs->POstate(stl) + *(alpha old + c¢s->nr states + cs-~
>Plstate(st]);

*(alpha_new + st) = sum * ({cs->CodedO[st] == 0)721l:probQ[kl);

*(alpha_new + cs->nr_states + st) = sum * probI[k] * ((cs->Codedl(st] ==

0)2?1:prabQik]):
3

/* find the max value and rencormalize alpha's: */
max = *alpha new;
for(st = 0; st < cs—->nr_states; st++)
for(j = 0; j < 2; j++)
if (* (alpha_new + cs—>nr_states * j + st) > max)
max = *(alpha_new + cs->nr_states * j + st);
for (st = 0; st < cs->nr_states; st++)
for{j = 0; j < 2; j++)
* (alpha_new + cs->nx_states * j + st) = *(alpha_new + cs->nr_states * j + st)/
max;

/* f£ind sum 0 and sum 1 over all states for L out: */
sum 0 = 0.0;
sum_1 = 0.0;
for(st = 0; st < cs->nr_states; st++)
{
sum_0 += *(alpha new + st) * betal{k * cs->nr_states + st];
sum_1 += *{alpha_new + cs->nr_states + st} * betal(k * cs->nr_states + st]:
}

/* output the extrinsic information: */
L_ocut(k] = (sum_1 / sum_0) / exp(I[k]) / L_in[k]:
if(L_out[k] > MAX)
L_out[k] = MAX;
1f(L_out([k] < 1/MAX}
L_out{k] = 1/MRX:

for (st = 0; st < cs->nr_states; st++)

for(j = 0; j < 2; 3++)/* update alphas */
*({alpha_old + cs->nr_states * j + st)=*(alpha new + cs->nr states * j + st);
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}
free{betal);
free(betal);
free(probl);
free (probQ);
free(alpha_old):
free{alpha_new);

}

doukle find tx I{int k)
{
double tx I;
switch (k)
{
case 0:
tx_I = 0.5;
break;
case 1:
tx I = -3.5;
break;
case 2:
tx I = 0.5;
break;
case 3:
tz I = -3.5;
break:;
case 4:
tx I = 2.5;
break;
case 5:
tx I = -1.5;
break;
case 6;
tx I = 2.5¢
break;
case 7T:
tx I = -1.5;
break;
case 8:
tx I = 2.5;
break;
case 9:
tx I = -1.5;
break;
case 10:
tx I = 2.5;
break;
case 1l:
tx I = -1.5;
break;
case 12:
tz I = 0.5;
break;
case 13:
tx I = =3.5;
break;
case 14:
tx I = 0.5;
break;
case 15:
tx T = -3.5;
break;
case 16:
tx I =1.5;
break;
case 17:
tx I = -2.5;
break;
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case 18:
tx I = 1.5;
break;

case 19:
tx I = -2.57
break;

case 20:
tx_I = 3.5;
break;

case 21:
tx I = -0.5;
break;

case 22:
tx_I = 3.5/
break:?

case 23:
tx I = -0.5;
break;

case 24:
tx I = 3.5;
break;

case 25:
tx_I = -0.5;
break;

case 26:
tx I = 3.57
break;

case 27:
tx_I = =0.5;
break;

case 28:
tx I = 1.5;
break;

case 29:
tx I = -2.5;
break:

case 30:
tx I = 1.57
break;

case 31:
tx_ I = ~2.5;
break;

case 32:
tx I = 1.5;
break:

case 33:
tx I = -2.5;
break;

case 34:
tz I = 1.5;
break;

case 35:
tx I = -2.5;
break:

case 36:
tx_I = 3.5
break;

case 37:
tx_I = -0.5;
break;

case 38:
tx_I = 3.5;
break;

case 39:
tx_I = -0.5¢
break;

case 40:
tx_ I = 3.5;
break:

case 41:
tx I = -0.5;
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break;

case 42:
tx_ I = 3.5;
break;

case 43:
tx I = -0.5;
break;

case 44:
tx I = 1.5;
break:

case 45:
tx I = -2.5;
break;r

case 46:
tx I = 1.5;
breaks:

case 47:
tx I = -2.5;
break;

case 48:
tx I = 0.5;
break;:

case 49:
tx_T = -3.3;
break;

case 50:
tx I = 0.5;
break;

case 51:
tx I = -3.5;
break;

case 52:
tx_ I = 2.5;
break;

case 53:
tx I = -1.5;
break;

case 54:
tx I = 2.5;
break;

case 55:
tx I = -1.5;
break:

case 56:
tx I =2.5;
break;

case 57:
tx_I = -1.5;
break;

case 58:
tx I = 2.5}
break;

case 59:
tx I = -1.5;
break;

case 60:
tx I = 0.5;
break;

case 6l:
tx I = —-3.5;
break;

case 62:
tx I = 0.5;
break;

case 63:
tg I = -3.5;
break;

}

return (tx I);
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double find_tx_Q{int k)

{

double tx_Q;

switch (k)

{

case 0:
tx Q= 2.5;
break;

case 1:
tx_Q = 2.5;
break;

case 2:
tx_Q = ~1.5;
break;

case 3:
tx 9 = -1.5;
break;

case 4:
tx_Q = 0.5;7
break;

case 5:
tx_Q = 0.5
break;

case 6:
tx Q = -3.5;
break;

case 7:
tx O = -3.5;
break:;

case 8:
tx_ Q= 2.5;
break;

case 9:
tx_Q = 2.5;
break;

case 10:
tx Q = -1.5;
break;

case 11:
tx_Q = -1.5;
break:

case 12:
t Q@ = 0.5;
break;

case 13:
tx Q = 0.5;
break;

case 14:
tx Q = -3.5;
break;

case 15:
tx 9 = -3.5;
break;

case 16:
tx g = 3.5;
break:

case 17:
tx @ = 3.5;
break;

case 18:
tx Q = -0.5;
break;

case 19:
tz Q= -0.5;
break;

case 20:
tx_Q = 1.5;
break;

case 21:
tx Q = 1.5;
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break;

case 22:
tx_Q = -2.5;
break;

casea 23:
tx Q = -2.5;
break;

case 24:
tx_Q = 3.5;
break;

case 25:
tx_Q = 3.5;
break;

case 26:
tx 0 = -0.5;
break;

case 27:
tx_ Q0 = -0.5;
break;

case 28:
tx @ = 1.55
break;

case Z9:
tx_Q = 1.5;
break;

case 30:
tx Q = -2.5;
break;

case 31:
tx 0 = -2.5;
break;

case 32:
tx_Q = 2.5;
break;

case 33:
tx O = 2.5,
break;

case 34:
tx @ = -1.5;
break;

case 35:
tx_Q = -1.5;
break;

case 36:
tx @ = 0.5
break;

case 37:
tx_Q = 0.5;
break;

case 38:
tx Q= -3.3;
break;

case 39:
£x_Q = -3.5;
break;

case 40:
tx_Q = 2.5,
break;

case 41:
tx Q@ = 2.5;
break;

case 42:
tx Q0 = -1.5;
break;

case 43:
tx_Q = -1.5;
break;

case 44:
tx_ Q= 0.5;
break;

case 45:
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tx_Q = 0.5;
break:

case 46:
tx_Q = -3.5;
break;

case 47:
tx Q = -3.5;
break;

case 48:
tx_Q = 3.5;
break;

case 49;

tx Q

= 3.5;

break;
case 50:

tx @

= -0.5;

break; -
case 51:

tx Q

= =0.5;

break;
case 52:

tx Q

=1.5;

break:
case 53:

tx Q

= 1.5;

break;
case 54:

tx Q

= -2.5;

break;
case 55:

t®_Q

= -2.5;

break;
case 56:

tx_Q

= 3.5;

break;
case 57:

tx Q

= 3.5;

break;
case 58:

tx Q

= -0.5;

break;
case 59:

tx Q

= -0.5;

break;
case €0:

tx QO

= 1.5

break;
case 61:

tx Q

= 1.5;

break;
case 62:

tx Q

= -2.5;

break;
case 63:

tx O

= -2.5;

break;

}

return(tx_0Q}:
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This is a MAP decoder for a cs->nr_states states jat_ccde.

/*
Vi
Vad
/*
/*
/*

/*

function:

input:
output:
globals:

decodes a block of received data of length INT_STZE/2.
It assumes that the encoder state starts from state zero
ccde structure, I address, { address, L_in address

the extrinsic information in L out

neoise
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* As jat_map but outputs probability and not log(probability)
* Tt also can handle very large interleavers

*/
voird Jat_map2(jat_code *cs, double *I, double *Q, double *L_in, double *L_out)
{

double sum, sum 0, sum 1, max;

int i, 3, k, st;

double *alpha old:

double *alpha_new:

double *betal;

double *petal;

double *probl;
double *probQ;

alpha old = (double *)melloc(sizeof(double) * 2 * cs->nr_states);
alpha new = (double *)malloc(sizeof(double) * 2 * cs->nr_states);

betal = (double *)malloc{sizeof(double) * INT 3IZE/2 * cs->nr_states);
if (betal == 0)
{
printf("Couldn't allocate betal memory!\n");
exit (1)
}

betal = (double *)malloc{sizeof(double) * INT_SIZE/2 * cs->nr_states);
if (betal == Q)
{
printf ("Couldn't allocate betal memory!\n");
exit(l);
}

probl = (double *)malloc(sizeof (double) * INT_SIZE/2);
i1f(probl == 0)
{
printf("Corldn't allocate probI memory!\n");
exit(1);
}

probQ = (double *)}malloc{sizeof{double) * INT SIZE/2):
if{probQ == 0)
{
printf{("Couldn't allocate probQ memory!ii\n");
exit(l);
}

/* initialize the alpha old metrics */
for(st = 0; st < cs->nr_states; st++)
fortk = 0; k < 2; k++)
*(alpha_old + k * cs~>nr_states + st) = 0.0

*{alpha old + c¢s->POstatei0]l) = 1.0;
*{alpha_old + cs->nr_staftes + cs->Plstate[0]) = 1.0;

/* initialize beta's */
for{st = Q; st < cs->nr_states; st++)
{

betal[ (INT SIZE/2 - 1) * cs->nr_states + st] = 1.0;
betall (INT_SIZE/2 - 1) * cs->nr_states + st] = 1.0;
}
/* compute all beta's */
for(i = INT_SIZE/2 - 2; i >= 0; i--)
{
probI[i + 1] = exp(I{i + 11) * L_in[i + 1]
prebQ(i + 1] = exp(Q[i + 11)/
for(st = 0; st < ¢s->nr_states; st++)
{
/* compute betaQ[i] [st]: >/
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peta0[i * cs->nr_states + st} = betaCl[(i + 1) * cs—»nr_states + cCs—
>NOstate[st]l?*
{{cs—>Coded0[cs->NOstate[st]] == 0)?1:probQ(i + 11)+
betall(i + 1) * cs—>nr_states + as->NOstate[st]]*probT{i + 1]*
( (es->Codedl {cs->N0state[st]] == 0)?1l:oxobQ(i + 11):
betaili * cs—>nr_states + st} = Dbetald[d + 1) * cs->nr_states + Cs-
>Nlstate[st]]*
{{es->Coded0[cs~>Nlstate{st]] == 0)?l:probQ[i + 11)+
betall[(i + 1) * cs->nr_states + cs->Nlstate[st]]*probI(i + 11*
((cs—>Codedl[cs->Nlstate[st]] == 0}21l:probQ[i + 113

max = betaO[i * cs->nr_statesl;
for(st = 1; st < cs->nr_states; st++)
if (betal(i * cs->nr_states + st] > max)
max = betaO[i * cs->nr_states + st];
for(st = 0; st < cs->nr_states; st++)
if (betal[i * cs—->nr _states + st] > max)
max = betall[i * cs->nr_states + st];
for(st = 0; st < ¢s->nr_states; st++)
{
betal[i * cs->nr_states + st] = betal[i * cs->nr_states + st] / max;
betalii * cs->nr_states + st] = betal[i * cs->nr_states + st] / max;

3
}

/* now we have all beta's; we can compute alpha for all states for each */
/* data bit and using beta's we compute lambda =/
probI[0] = exp(I[01) * IL_in[0};
probQ[0) = exp(Q[0]);
foxr(k = 0; k < INT_SIZE/2; k++)
{
for(st = 0; st < cs—>nr_states; st++)

{

sum = =*{alpha old + cs->POstatefst]l} + * (alpha_cld + cs—>nz_states + C3-
>Plstate[st]);

*{alpha new + st} = sum * ((cs->Coded0[st] == 0)?21l:probQlkl});

*(alpha_new + ¢s->nr states + st) = sum * probI[k} * ( {cs=>Codedl [5t] ==

0)?1:probQlkl);
}

/* find the max value and renormalize alpha’s: */
max = *alpha new;
for (st = 0; st < cs->nr_states; st++)
for(j = 0; j < 2; j++)
if(*{alpha new + cs->nr_states * j + st) > max)
max = *(alpha new + cs->nr_states * j + st);
for{st = 0; st < cs->nr_states; st++)}
for(j = 0; j < 2; 3++)
*(alpha new + cs->nr_states * j + st) = * (alpha new + cs—>nr_states * J + st)/
max;

/* find sum 0 and sum_1 over all states for L out: */
sum 0 = 0.0;
sum_1 = 0.0;
for(st = 0; st < cs->nr_states; st++)
{
sum O += *(alpha_new + st) * betal[k * cs->nr _states + stl;
sum_1 += *{alpha new + cs->nr_states + st) * betallk * cs—>nr_states + st];

}

/* output the extrinsic information: */
L out[k] = (sum_l / sum 0y / exp(T[k]) / L_inlxl:
if(L_out[k] > MAX)
L_outl[k] = MAX;
if{L out([k] < 1/MAX)
L_out[k] = 1/MBX;

for{st = 0; st < cs—>nr_states; st+h)

for(j = 0; 3 < 2; j++)/* update alphas */
*(alpha old + cs—>nr_states * j + st)=*(alpha new + cs~->nr_states * J + st);
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}
free(betal);
free(betal);
free(probl);
free (probQ) :
free(alpha_old};
free(alpha_new);
3
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interlever.c

$define MAX CINDEX 46
#define MAX RINDEX 47
$#define MAX_ ELEMENT 2100
#include <stdion.h>
#include <stdlib.h>

void main (veid)

{

int ra, ca; //Ia sequence row and column indices

int count; //Counter for each bit in DMT frame

int element; //Element number used for finding if element within array
FILE *output;

ocutput=fopen{"interlieaver”, "w"}
//Initial sequence indices

ra=MAX RINDEX-1;
ca=0;

//Adjust the initial indices for Ia if beyond ending element
element=ra*MAX CINDEX+ca;

while (element >=MAX_ELEMENT) {
ra--:
ca++;
if {(ra<0) {
ra:MAX_RINDEX—l;
ca=ca+(MAX_RINDEX-1):
}
ca=ca%MAX CINDEX;

element= ra*MAX CINDEX+ra;
}

//Fetch all elements in sequence Ia

for (count = 0; count<MAX_ELEMENT; count++) {
//Fetch array([ra] (ca]l
element=ra*MAX CINDEX+ca;
fprintf (output, "$d %d\n",count, element);
//Update indices for next access

do {

ra—--;

catt;

if (ra<0Q) {
ra=MA¥X_RINDEX-1;
ca=ca+ (MAX_RINDEX-1};

}

ca=ca%MAX CINDEX;

element = ra * MAX CINDEX+ca;
} while (element >= MAX ELEMENT);
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[ S-type interleaver generatior

program int (input,output];
{This program generates mocd-k s-random and symmetric mod-k S-random interleavers.

const Nmax = 63536; {maximum interleaver size}

var G,H,I,J,K,L,M,N,S,count,temp,prt,i_,j_,k_,im,jm:longint;
inta,hat,deint:array[0..Nmax] of longint;
pass,good:boolean;
sl,s2:1longint; {seeds fox function uniform}
into,deinto:text;
sym:char;

function max(x,y:longint):longint;
{Finds the maximum of x and y}

begin{max}
if x>y
then max := X
else max = y;
end; {max}

function min(x,v:longint}:longint;
{Finds the maximum of x and y}

begin{min}

if x <y
then min = X
else min := y;

end: {min}

function uniform(var sl,s2:longint):double;
{Generates a random number from 0.0 < x < 1.0}
const m0 = 2147483562;

ml = 2147483563;

m2 = 2147483399;

al = 40014;
a2 = 40692;
gl = 53668;
q2 = 52774;
rl = 12211;
r2 = 37%1;
var k:longint;
begin{uniform}
k := sl div gl;
s1 1= al*(sl-k*gl) - k*ri;

if s1 < 0 then sl := sl+ml;

k := 82 div g2;
s2 := al*(s2-k*qg2) - k*r2;

if 82 < 0 then s2 := s2+m2;
k := sl-s2;
if k < 1 then k := k+m0Q:

uniform := k/ml;
end; {uniform}

procedure srandem;
{Generates mod-k S-randoem interleaver}
label 98;

procedure reject;
{reject random number}
begin{reject}
count := count-1;
if count = 0
then begin{bad int}
good := false;
goto 98;
end; {bad int}
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pass := false;
for ¥ := K to count-1 do
hat{M] := hat[M+1];
hat[count] := J;
end; {reject}

bagin{S-random}

repeat
writeln('seedl = ',s1:1,', seed2 = ',s52:1);
good := true;
for I := 0 to N-1 do
hat[I] := I:

for I := 0 to N-1 do
begin{make int}

count := N-I;

i :=TI mod k ;

im := min(i_,k_-i_);

repeat
pass = trus;
¥ := trunc(count*uniform(sl,s2)):;
if XK = count then K := K-1;

J := hatlk];
if k_ > 1 then
begin{mod k test}
j_ = Jmod k_;
jmot= min(j_,k_-j_):
if im <> im then reject;
end; {mod k test}
if pass = true then
begin{S~random test}
for L := max(0,I-3) to I-1 do
if (abs{J-inta[L]) <= 3) and (pass = true) then reject;
end{S-random test}
until pass = true;
for M := K to R-I-2 do

hat [M] := hat[M+1]);
intalI]l := J;
end; {make int}

28:
until good = true;
end {S-random} ;

procedure trandom;
{Generates symmetric mod-k S-random interleaver}
label 99;

procedure rejects;
{reject random number}
begin{reject S}
count := count-1;
if count = 0 then
begin{bad int}
goecd := falser

goto 99;
end; {bad int}
pass :~= false;
intalI] := -1;
intalJ] := -1
for M := K to count-1 do
hat(M] := hat{M+1l];
hat [count} := Jr

end; {reject S}

procedure test;
{S-random test}

begin{test}
if (intalL] >= 0) and (abs{(G-intalLll]) <= 8} then rejects;
L := L+1;

end; {test}

begin{T-random}
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repeat
writeln{'seedl = ',sl:1,’,
good := true;
for I := 0 to N-1 do
begin{init}
hat{I]l := I;
inta{i} := =~
end; {init}
H := N;
I :=20;
repeat
count := H;
while {intalI]
i_ =TI mod k_;
im := min(i_,k -1 ):
repeat
rass := true;

seed2 = ',s2:1);

1;

>= (0) and (I < N} do I := I+l;

K := trunc(count*uniform(sl,s2));
if K = count then K := K-1;
J := hat[K]:
if k_ > 1 then
begin{mod k test}
j_ o= J mod k_:

dm o= min(j_,k -3 _);
if im <> jm then rejects;
end; {mod k test}
if pass = true then
begin{S-rarndom test}

intaf[i] := J;
intal[J] := I;
G = J;

L := max(0,I-8);

while (pass = true) and (L < I} do test:

L := I+1;

while (pass = true) and (L < min(I+S,N}) do test;
G = 1I;

L := max(C,J-8):

while (pass = true) and (L < J) do test;

L = J+1;

while (pass = true) and (L < min{(J+S,N)) do test;

end; {S-random test}
until pass = true;

H := H~1;
for M := K to H-1 do
hat[M] := hat[M+1];
if I <> J then
kegin{sym
= 07
while (hat[K] <> I) and (K < H) do K := EK+l;
= H-1;
for M := K to H-1 do
hat[M] := hat[M+1}:
end; {sym}
until H = 0
99:

until good = true;
end {T-random};

begin{int}
sl := 12345;
s2 := 67890;

{initialise seeds for uniform}

writeln;

writeln('Random Interleaver Generator Vi.01'};
writeln('Copyright {(c) 1998 Small World Communications. All
writeln;

write ('Enter bklock size N <= ',Nmax:l,": ');

readln (N);

write('Enter S parameter (S=1 is random): '}:;

readln(S):
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write ('Enter mod-k parameter (k=1 is normal): ');
readln(k };
repeat "

write{'Do you want a symmetric interxleaver? ');
readln{sym);

pass := (sym = 'y') or {(sym = 'Y¥') or {sym = 'n') or {(sym = 'N");
if pass = false then
writeln{'Invalid entry. Try again.');
until pass = true;
writeln;

case sym of
‘y!,'¥': trandom;
'n', 'N'; srandom;
end; {case}

assign(into, 'int.dat');

rewrite (into);

for I := 0 to K-1 do
writeln(into,inta[Ij:1);

close(into);

for I := 0 to N-1 do
hat([I] := O;
for I := 0 to N-1 do
begin{test}
J := intalI};
hat[J] := hat[J] + 1;
end; {test}

pass = true;
for I := 0 to N-1 do
if hat[I] < 1 then pass := falses

if pass = false
then writeln('Bad interleaver!');

pass := true;
I :=0;
repeat
J := intal[Il;
for L := max(0,I-8) to I-1 do
if (abs(J-inta(L}) <= 8) and (pass = true)
then begin
pass := false;
writeln('Interleaver failed S-test');
writein(I:1," ',intalI}:1,"' ',L:1l,"' '
end;
I := I+1;
until {pass = false) or (I = N):

cinta{Ll:1);

K = 0;
for I := 0 to N-1 do
K := max{K,abs (I-intalI]));
writeln{'Dmin = *',K:1);
writeln{'Interleaver table int.dat succussfully generated'):
end. {int)
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1. A method of producing a modulated signal with for-
ward error correction from an information bit stream in a
QAM transmitter comprising:

producing first and second parity bit streams correspond-
ing to an information bit stream using first and second
concatenated coders interconnected by an interleaver;

selecting respective subsets of said first and second parity
bit streams in accordance with a puncturing pattern;

combining the selected subsets of said first and second
parity bit streams with said information bit stream;

producing a QAM symbol stream by mapping a first
subset of the combined bit streams to an I dimension
and mapping a second subset of the combined bit
streams to a Q dimension;

modulating said QAM symbol stream to produce a modu-
lated signal; and, transmitting said modulated signal
over a communications link.

2. The method recited in claim 1, wherein said puncturing
pattern selects respective subsets of parity bits from said first
and second parity bit stream such that the number of parity
bits represented in each QAM symbol of said QAM symbol
stream is less than the number of information bits repre-
sented by said each symbol.

3. The method recited in claim 1, wherein each of said
mapping to an I dimension and said mapping to a Q
dimension comprises:

placing one or more parity bits in least significant posi-
tions of said dimension; and, placing information bits
in more significant positions of said dimension.
4. The method recited in claim 1, wherein each of said
mapping to an I dimension and said mapping to a Q
dimension comprises:

placing an information bit in a least significant position of
said dimension;

placing one or more parity bits in a more significant
position of said dimension; and,

placing additional information bits in remaining positions
of said dimension.
5. The method recited in claim 1, where each of said
mapping to an I dimension and said mapping to a Q
dimension comprises:
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placing one or more parity bits in a most significant
position of said dimension; and,

placing additional information bits in less significant
positions of said dimension.
6. A method of producing a recovered information bit
stream from a noisy modulated signal with forward error
correction in a QAM receiver comprising:

receiving a modulated signal representing a QAM symbol
stream from a communications link, where said
received signal includes errors;

demodulating said received signal;

producing a decoded bit stream by iteratively decoding
said demodulated signal wherein said demodulated
signal is decoded independently in the I dimension and
the Q dimension using a puncturing pattern; and,

regenerating said information bit stream from said

decoded bit stream.

7. The method recited in claim 6, wherein said puncturing
pattern selects respective subsets of parity bits from first and
second parity bit streams such that the number of parity bits
represented in each QAM symbol of said QAM symbol
stream is less than the number of information bits repre-
sented by said each symbol.

8. A method in a QAM receiver for adapting to perfor-
mance conditions in a communication system, comprising:

receiving a QAM symbol stream from a transmitter;

determining a performance metric of the communication
system;

determining, based on the performance metric, a punc-
turing pattern for use in the transmitter to improve
performance of the communication system; and

communicating the puncturing pattern to the transmitter.

9. The method recited in claim 8, wherein said puncturing
pattern selects respective subsets of parity bits from first and
second parity bit streams such that the number of parity bits
represented in each QAM symbol of said QAM symbol
stream is less than the number of information bits repre-
sented by said each symbol.



