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EXIT-Chart Based Labeling Design for Bit-interleaved
Coded Modulation

with Iterative Decoding

Student: Chu-Yan Wang Advisor: Dr. Wern-Ho Sheen

Department of Communication Engineering

National Chiao Tung University

Abstract

In this thesis, constellation labeling-is-jointly-designed with the outer code by
using an EXIT-chart based analysis to' improve the performance of bit-interleaved
coded modulation with iterative decoding (BICM-ID). A systematic design method is
proposed to obtain a set of labelings with good EXIT-chart characteristics for the
regular one-dimensional (complex) modulation. Given an outer code, the best
matched labeling can be employed to improve the BER performance. Furthermore,
the method is extended to the multi-dimensional modulation case, where a group of
bits are mapped to a vector of one-dimensional complex symbols. This general
mapping strategy allows for more flexibility and potential performance improvements.
Verified by the simulation results, our design provides a significant SNR gain over the

conventional ones.
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Chapter 1

Introduction

Coded-modulation is a bandwidth-efficient scheme for data transmission on a
bandwidth-limited channel. With joint design of coding and modulation, coded-
modulation imposes no extra system bandwidth while achieves a coding gain
comparable to the traditional coded system. Trellis-Coded Modulation (TCM) [1],
proposed by Ungerboeck, is a form of coded modulation designed for additive white
Gaussian (AWGN) channels, where the minimum free Euclidean distance (FED) of
the coded symbol sequences determines the asymptotic BER performance. In [1],
with a set-partitioning principle, TCM: was designed with the largest FED by
maximizing the intra-subset ‘minimum’ Euclidean® distance. Nevertheless, when
transmitting over fading channels, the TCM performance will be degraded because in
this case diversity order rather than the minimum FED becomes the primary factor

that determines the BER performance [2].

An approach to improve the performance coded-modulation systems in fading
channels is to use bit-interleaved coded modulation (BICM) [3], [4]. BICM is a serial
concatenation of a conventional channel code (called the outer code) and a mapper
(called the inner code) with a bit-wise interleaver inserted between them, as shown in
Fig. 1.1. The bit-wise interleaver can break the fading correlations and increase the
diversity order to the minimum Hamming distance of the code at the expense of
reducing the minimum FED [3]. Therefore, the performance of BICM outperforms
TCM in fading channels but performs less favorably in AWGN channels. In [3],

Zehavi suggested a suboptimal decoding method that separates demodulaton and
1



decoding as two steps because joint demodulaton and decoding is too complicated to
implement, and in [4], Caire laid a theoretic foundation on BICM, provided tools for

evaluating its performance and gave design guidelines.

Transmitter

Information bit Transmitted signal
—¥»| Encoder »| Bit-interleaver Mapper
\
Channel
Receiver
<4——| Decoder [« De-interleaver Demapper ) )
Decoded bit Received signal

Fig. 1-1 Block diagram of BICM systems

Motivated by the serial concatenated structure of BICM, BICM with iterative
decoding (BICM-ID) was propesed.in [5], [6], [7] to improve the performance. The
block diagram of a typical BICM:ID_is-shown 1n Fig. 1-2. Iterative decoding
iteratively exchanges information between demapper and decoder. Through iterative
decoding and with a proper labeling, the minimum inter-signal Euclidean distance of
BICM is increased while the desired Hamming distance is preserved [6]. Therefore,

BICM-ID can provide excellent performance in both AWGN and fading channels.

Transmitter

Information bits Transmitted signal
— ¥ Encoder [—®| Bit-interleaver Mapper
\
Receiver Channel
¢ De-interleaver [*
<4— Decoder Demapper

Decoded bits T Received signal
Bit-interleaver

Fig. 1-2 Block diagram of BICM-ID systems
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It was shown in [4], [6], [7] that constellation labeling is crucial to the
performance of BICM and BICM-ID systems. In [4], Gray labeling was proved to
provide the best performance for BICM. In [6]-[7], different labelings were shown to
have different influences on the bit error rate (BER) performance of BICM-ID. To
find the optimal labeling for BICM-ID, the BER bounds of BICM [4] were extended
in [6]-[7] with the assumption of error free feedback (EFF) to provide insight into the
design of labeling. Their results suggest that the minimum Euclidean distance
between any pairs of modulated symbols which have only one distinct bit on their
labels should be maximized to minimize the BER upper bound at high signal-to-noise
ratio (SNR). Beside, labeling design based on the extrinsic information transfer (EXIT)
chart [8]-[10] indicates that under EFF assumption, the larger mutual information of

demapper outputs is, the better asymptotic performance can be achieved.

Based on these criteria, many one-dimensional’ labelings for regular complex
constellations (e.g., phase-shift Keying (PSK) and 'quadrature amplitude modulation
(QAM)) have been introduced. In [6]-[7], the authors use random computer search to
choose a labeling that has reasonable first round performance and large iterative
decoding gain to achieve low BER through several iterations. In [11], a general design
algorithm based on binary switching algorithm (BSA) was proposed to find optimum
labelings which can achieve the best asymptotic performance. The labeling
optimization problem in [12] is solved by applying the generic solutions to the

quadratic assignment problem (QAP) to achieve the largest asymptotic coding gain.

BICM-ID can also take advantage of multi-dimensional modulation schemes,
which map a sequence of coded bits into a vector of symbols to form a
multi-dimensional signal, to make labeling design more flexible and achieve better

performance. Previous researches in [13]-[16] and [17]-[18] consider
3



multi-dimensional modulation in single-input single-output (SISO) systems (i.e., the
multi-dimensional signal is transmitted over consecutive time slots) and multi-input
multi-output (MIMO) systems (i.e., the multi-dimensional signal is transmitted over
distinct antennas), respectively. Labeling designs in [15]-[18] are based on the
distance criteria deprived from the BER bounds to achieve best asymptotic
performance. In [13]-[14], the authors use the EXIT-chart to design the labelings that
are high at two end points of its demapper transfer curve to achieve good trade-off

between the waterfall region and the BER floor.

1-1 Thesis Contributions

In terms of the EXIT-chart; given an:outer code, a good labeling should be
designed to form a tunnel between the transfer curve of demapper and decoder at SNR
as low as possible to guarante€:a low open tunnel threshold for BICM-ID. The
demapper curve should also intersect the decoder curve at a point with mutual
information as large as possible to avoid the undesired error floor at high SNR.
However, labelings obtained in the previous works are designed separately from the
outer code. The expected optimal performance hence can not always be achieved as
different outer codes are employed. In most of the cases, those labelings perform well
only at high SNR while unacceptable BER degradation is observed in the low SNR
region. Given an outer code, we are to design the labeling to achieve the acceptable

BER performance in the low SNR region.



In this thesis, therefore, constellation labeling is jointly designed with the outer
code by an EXIT-chart based analysis. For an outer code, we observe that the
demapper transfer curve of a good labeling should match to the decoder transfer curve
and be high at its two end points to avoid early crossing with the decoder curve at low
SNR and to achieve low BER after several iterations. In addition, we also observe that
for different outer codes, the best labeling is different from code to code. Stimulated
the above observations, a systematic methodology of labeling design is proposed for
both one-dimensional and multi-dimensional modulation schemes which can easily
obtain a set of labelings (called the candidate set) with good EXIT-chart
characteristics. Given an outer code, we can then choose a labeling from the candidate
set which is most matched to the outer code. Verified by the simulation results, our

design can provide remarkable SNR gain over the‘conventional ones.

1-2 Thesis Organization

The rest of this thesis is organized as.follows. In chapter 2, we describe the system
model of BICM-ID. A brief review of the EXIT-chart based analysis as well as the
basic guidelines of labeling design are given in chapter 3. A systematic design
methodology for one-dimensional labeling is presented in chapter 4. The design
methodology is extended in chapter 5 for multi-dimensional labeling. Simulation
results are provided in chapter 4 and chapter 5 for one-dimensional and
multi-dimensional designs, respectively, to verify the superiority of our design.

Finally, a summary is drawn in chapter 6 to conclude this work.



Chapter 2

System Model

As mentioned in chapter 1, both one-dimensional and multi-dimensional
constellations can be used in BICM-ID. This thesis is to provide a systematic labeling
design for both one-dimensional and multi-dimensional complex constellations. The
general system model with N; transmit antennas and N, receive antennas is shown
in Fig. 2-1. When employing multi-dimensional constellation, the mapper maps a
sequence of coded bits to form a  signal in multi-dimensional space. The
multi-dimensional signal can be.sent viaidistinct transmit antennas at a time or via

single transmit antenna over consecutive time slots.

b c .
»| Encoder Bit-interleaver | Y| Mapper E s
Channel
Ly L
De-interleaver
y K
«— Decy(}der Dem;pper . N

= t

Bit-interleaver
%) 0]
LE LA

Fig. 2-1 System model



When employing one-dimensional constellation and reducing the number of
transmit antenna and receive antenna to one, the model is reduced to a conventional

BICM-ID system. The detailed system model is to be introduced in this chapter.

2-1 Transmitter

When a N-dimensional constellation is considered, a sequence of information

bits b are encoded to ¢ and then interleaved and grouped into to blocks

of MmN coded bits; the t-th block is denoted v, =(v,[0],...,v,[mMN]). Then, v, is

mapped to a vector of symbols s, =(S|,...,S' ), where each element of s, is in a
one-dimensional complex constellation with M = 2" signal points. The signal S, is in

a N-dimensional constellation y,avhich has M." signal points X,, X, ,..., X _,and

N
is equipped with a labeling. x which! assighs' X, a unique label u(x;) with
0<u(x)<M" . By setting “N =N 7the N-dimensional signal s, is sent
via N; transmit antennas at a time!and ‘received by N antennas. If N; =1
and N =1, the N-dimensional signal s, is transmitted in a SISO channel
over N consecutive time slots. Furthermore, when employing one-dimensional
constellation and setting N; =1, N; =1, the model is reduced to a conventional
BICM-ID system and the transmitter parameters described above can also be applied
in this case by setting N =1. Therefore, we will discuss the most general system

model employing multi-dimensional modulation with N; transmit antennas and N,

receive antennas in the following.



2-2 Channel model

Assume the N -dimensional signal s, is transmitted via N; antennas over a flat

fading channel H, where N =N, . Each element of the NpxN; matrix H is
assumed to be zero-mean i.i.d. complex Gaussian distributed with variance 1/2 per
dimension. Let r, =(r',..,r"®) represent the received signal corresponding
to s, and r, is given by

r,=Hs, +n, (2-1)
where n, is a vector of noise with zero mean and variance N, /2 per dimension. On
the other hand, if s, is transmitted via single antenna over N consecutive time slots

over a flat fading channel and received, by single antenna, the received signal

corresponding to S, is denoted Ji = (5., ") hand:r” is given by
he SePsiekn? (2-2)

where ¢, denotes the channel gain, nf-stands for the noise with zero mean and

variance N, /2 per dimension and 1< p<N . If setting fading coefficients equal to 1,

it becomes an AWGN channel. Moreover, when employing one-dimensional

constellation and setting N; =1, N, =1, the model is reduced to a conventional

BICM-ID system. The system model is given by
L =S +n (2-3)

Also, assume channel state information (CSI) is available at the receiver.



2-3 Receiver

The demapper ¢ takes r,’s and the a priori input L' (v[i])’s (i.e., the log-
likelihood ratio (LLR) of V,[i]’s fed back from the decoder ) and then compute the

extrinsic output by [12]

Pr(v[i]=1|r)
PI‘(Vt[i] =0 | rt)

ZAeXp{ ||r : || +ZV j]L(¢) V[J])}

LY (v,[i]) =1In - L2 (v [i])

siex j#i

ZIGXP{ ”r N ” +ZV[J L(¢) V[j])}

St€X0 j#

(2-4)

where y, is the subset of y comprising all the multi-dimensional signal points for

those the i-th bit of the binary representation of their labels is of value b. Note that

L@ (v,[i]) °s also depend on the choices of % and x. The output LLRs of the
demapper are then de-interleavedand serve as-the a priori inputs LY (v,[i])'s of the

decoder. Finally, the extrinsic outputs L¥’(v,[i])'s of the decoder generated by an

appropriate soft-input soft-output decoding algorithm, e.g. BCJR algorithm [19], are
fed to the demapper for next iteration of processing. The derivations of extrinsic
information at demapper output and decoder output will be introduced in the next two

subsections, respectively.

2-3-1 Demapper

As shown in Fig. 2-1, consider a BER-optimal MAP demapper ¢ that takes
soft-input r,’s and the soft-input a prior LLR LY (v,[i])’s (i.e., the feedback LLR

of Vv,[i]’s from the decoder ) and then computes the a posteriori LLR [6], [7]



L Provlil=11n)

Pr(Vt[i] =0 | rt)

' Pr(v [i]=1) tn

Pr(l’t | Vt[i] = 1)

Pr(v[i]=0)

Cn Pr(v[i]=1) T In

PI‘(I’[ | V[[i] =0)
Pr(r:vi[i]= 1)/ Pr(v,[i] = )

Cn Pr(v[i]=1) T In

Pr(v[i]=0)  Pr(r;V[i]=0)/Pr(v,[i]=0)
Pr(r,;s,)/ Pr(v,[i]=1

_p Lrvlil=n Z;; s =0

Pr(vt[i]:O) ZPr(r s,)/Pr(v,[i]=0)

1
SteEX

l: z Pr(r, |St)'Pr(st) /Pr(Vt[i] =1)

Pr(v[i]=0)

_ Prulin=n

{Z Pr(r, |s,)-Pr(s,) /Pr(vt[

S, EZO

{ZPr(r [s)- H Pr(v,[j])

i1=0)

/Pr(vt[i] =1)

/ Pr(v,[i]=0)

Pr(v,[i]=0) |
' ZPr(r 5" HPr<vm>
P T P
e i]— ) Z r(r, |s.) H r(v,[ j1)
== o T A T
t ZPr(r|s) H Pr(v,[j])

H
zeXp{ Iri= s N [ +2 LY (LD}

= L9 (v,[i]) +In >~

0 ]¢I

z exp{ ” ” ZV [J]L(¢)

where in the last equation

St€X0 0 j=
Pr(y[i]=1)

LY (v[i)) =In

Pr(v,[i]=0)

and form equation (2-1) the likelihood function is given by

1
exp[—N-”rt - Hst”z}
Pr(l’t | St) = s .

(7[N0)NR

10

v [ID}

(2-5)

(2-6)

(2-7)



For the first round iteration, no a prior LLR is available and hence LY (v,[i])=0, Vi .

The demapper outputs the extrinsic a posteriori LLR LY (v,[i])’s, where

Pr(v[i]=1|r,) _L9[i])

(#) =
Dm0l

Zexp{ Ir=Hs ” + > VI WD}
_ s i , (2-8)
2 expi- Ir.=Hs | ” + 2 VI (LD}

and then the soft-output LY (v,[i])’s are de-interleaved and serve as the a priori

inputs L'’ (c[i])'s of the decoder.

2-3-2 Decoder

The decoder takes L'’ (c[i])?s and computes the a posteriori LLR of coded bits

Pr(cfil=1]1") )
fn Pr(c[i]=0]LY) 2-9)

and the a posteriori LLR of information bits
i1= ()
ln Pr(b[l] - 1 | I_A ) (2_10)
Pr(b[i]=0| L")

by an appropriate soft-input soft-output decoding algorithm, e.g. BCJR algorithm. The

decoder produces the extrinsic a posteriori LLR LY’ (c[i])’s, where

PRCil=1ILY) o _
Pr(clij=o( L) €D (2-11)

LY (c[i]) =In

and LY (c[i])’s are interleaved and serve as the a priori inputs LY (v,[i])'s of the

demapper.

11



Chapter 3

Exit-Chart Based Analysis

The EXIT chart is a powerful tool for analyzing the convergence behavior of
iterative decoding schemes [8], [9], [20], which consists of two parallel or serial

concatenated soft-input soft-output decoders. We use the EXIT chart for performance

analysis to trace the effect of 4 on BICM-ID, where two transfer characteristics for

decoder and demapper are plotted in the same diagram. Each curve describes how the
mutual information between input LLRs, and. transmitted bits transfers to that between
output LLRs and transmitted bits., Thetransfer’characteristics of demapper and
decoder as well as the labeling" design . guideline- based on EXIT-chart will be

discussed in the following sections.

3-1 Transfer Characteristics of Demapper

The demapper ¢ takes channel observations I,’s and a priori input LY ’s from

the decoder and calculates the extrinsic a posteriori L' ’s by equation (2-4). The

information transfer can be controlled by the robustness of the a priori information.

Several observations are obtained from [20]. 1) For large interleavers the a priori
information L'’ ’s remain fairly uncorrelated from the respective channel observations

I,’s over many iterations. 2) The probability density function of the a priori

information approach Gaussian-like distribution with increasing number of iterations.

Therefore, it is appropriate to model the a priori input LY in conjunction with the

12



known transmitted upmapped bitv € {+1} as

L(qu) ::uA'V+nA9

(3-1)

where n, is an independent Gaussian random variable with zero mean and variance

o, and according to [20]

2
O
Ha =

The conditional probability density function of LY is

e—«f—(oi/zyv)z/zoi)

Py €IV =) ==——
A

(3-2)

(3-3)

To measure the information contents of the a priori information, the mutual

information 11 = 1(V; L) between the: transmitted bits V and the L-values L'’’s is

used.
1 =1(v; L)

2~ p|_<:>>(é:|v =V)

33 [ pusceiv=v el

v=-11 " p,_(g) GV =D+ p,_(:ﬁ) GV =-0

0< 1Y <1,

With equation (3-2) and (3-3), equation (3-4) becomes

+20 e—«f—(ai/z)-vf/zoi)
0) _
1¥(e)=1- ]

b V27mo,

For abbreviation define
J@)=1{ (04 =0)
with
Eg(l)J(a)zO, iii?oJ(G):L o>0.
Because equation (3-7) is monotonically increasing ino ,
oy,=J"(19).

13
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(3-4)

(3-5)

(3-6)

(3-7)

(3-8)

(3-9)



; (#)
Thus, given an |,

and a sequence of transmitted bits for a particular value of E, /N,
we can use o, to generate the independent Gaussian random variables LY’ ’s. At the

demapper output, the mutual information 1 = 1(V;L¥) between the transmitted

bits V and the L-values LY ’s is calculated.

1 =1(v; L)
L5 T oV mvtog, e VD g,
=5 ) =V)-lo , -
2,55 b GV =D+ (EIV =)
0<1Y <1, (3-11)

Note that the required pdf p ,, (&V =V) can be estimated by generating the histogram

of L and no Gaussian assuraption-is_imposed-on this term. Therefore, given

an 11” and a E,/N,, the extrinsic information -transfer characteristics can be

0

computed.

For example, Fig. 3-1 and Fig. 3-2 show the deampper transfer curves of Gray and

Anti-Gray [21] labeling for 16QAM in AWGN channel respectively. It can be seen
from these figures that the demapper curve is enhanced at all range of 1\ but not
equally at higher E /N,. For Gray labeling, the transfer curve remains almost

(#)
I A

constant with the increasing of 1,”’, whereas the transfer curve of Anti-Gray labeling

is very steep revealing the potential performance improvement over iterations.

14
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Fig. 3-1 Demapper transfer curve of Gray labeling for 16QAM in AWGN channel
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Fig. 3-2 Demapper transfer curve of Anti-Gray labeling for Il6QAM in AWGN channel
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3-2 Transfer Characteristics of Decoder

The decoder y takes the a priori input L'Y"’s from the demapper and calculates

the extrinsic a posteriori LY’s by equation (2-10). Because there is no channel

observations in the decoder input, its transfer characteristics do not depend on E, /N, .

Define the mutual information between the coded bits and the decoder input and

between the coded bits and the decoder output as I’ and 1, respectively.

Assume LY ’s are independent Gaussian distributed, the extrinsic information transfer

characteristics of the decoder can be computed by the same way as presented in the

previous section.

Fig. 3-3 shows an example of the decodertransfer curves of a rate-1/2 turbo code

14D +D?

[22], [23] with constituent code”} 1, S
1+D+D

) and with 5 inner iterations as well

as two convolutional codes with generator matrix (1+D*,1+D+D?) and
(1+D*+D’+D’+D%1+D+D*+D’+D°) . Note that the axes are swapped: the
input is in the ordinate and the output is in the abscissa. It can be seen from the figure
that the larger the code memory is, the flatter the decoder curve will be and the farther
the curve may intersect with the demapper curve. Then, the resulting BER

performance is better.

16
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Fig. 3-3 Decoder transfer curves of turbo code and convolutional codes

3-3 Design Guideline Based on EXIT-chart

The transfer characteristics of the demapper and the decoder can be plotted in the
same diagram with the axis of the decoder swapped. The exchange of extrinsic
information between the demapper and the decoder can be visualized as the decoding

trajectory in the EXIT-chart. Consider an example with the trajectory shown in Fig.

3-4, where (1,1) and (1Y,1%’) denote the mutual information of input and

output LLRs of the demapper and decoder, respectively. The trajectory shows how the
mutual information actually transfers between the decoder and the demapper. The
farthest point that the trajectory can reach is the first intersection of the decoder
transfer curve and the demapper transfer curve and it determines the performance

limit of BICM-ID system.

17



ns

-
-
-~
08t s
-
<7 7
07 e g
___,-'f

0B el
e 7
05
&
-y

0.4

0.3

02k

01rF —— - Decoder curve

— — — Demapper curee
D 1 | 1 1 1 1 T T T
0 0.1 0.2 0.3 0.4 05 0B 07 08 04

1P 29

Fig. 3-4 An example of the EXIT-chart, forlBIGM-ID at E, / N, =4dB in AWGN channel

Given an outer code, a good labeling should be designed such that the demapper
transfer curve and the decoder transfer curve can form a tunnel at SNR as low as
possible to guarantee a low threshold for BICM-ID and have the first intersection at

the farthest point to lower the undesired BER floor. Consider an example in Fig. 3-5,

where two channel codes: a convolutional code with generator matrix
(1+D°,1+D+D?* and a rate-1/2 turbo code with constituent code
1+D*+D’ : : . : . :
(l,m) are investigated with two kinds of labelings: Gray and Anti-Gray [21]
+D+

at E /N,=4dB in AWGN channel. It can be observed from the figure that Gray is
preferable to the turbo code while Anti-Gray is favorite to the convolutional code.
This example suggests that the best labeling is different form code to code and
therefore the labeling should be designed jointly with the outer code. Consider
another example in Fig. 3-6, where a convolutional code with generator matrix

(1+D*+D’+D°+D%1+D+D*+D’+D°) is investigated with two kinds of

18



labelings: MSEW [24] and M16a [11] at E /N,=4.5dB in AWGN channel. The
MSEW is more preferred because the left-end point of its demapper curve is higher
than that of M16a such that the tunnel can be opened at lower threshold and the
right-end point is almost the same such that similar BER floor can be expected. This
example advises that the transfer curve of the good labeling should be high at its two
end points for an given outer code. Therefore, the design guideline can be
summarized as: the best labeling should be designed such that its corresponding

transfer curve not only matches a given outer code but is high at its two end points.

0.8

0.7

Igf‘) : '!E{ﬂ
]
i

o
=

03§

0 Turbo decoder I

— — — Convolutional decoder
oEE e H

Anti-Gray
—— - Gray
D 1 1 1 1 1 I I I I
] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.s 09 1

1P 1

Fig. 3-5 Observation I for labeling design.
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Fig. 3-6 Observation Iy for labeling design

For a one-dimensional mapper with .M signal points, an intuitive way to find the
optimal labeling with respect to some outer codes is to plot the demapper curve of all
possible M !labelings and then choose the one most matched to the outer code.
However, for a large M , the high complexity required for exhaustive search is usually
far beyond what a practical system can afford. To provide a practical search scheme

for the optimal labeling, a systematic design methodology is proposed in next chapter.
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Chapter 4

One-dimensional Labeling Design

The design guideline based on the EXIT-chart in chapter 3 pointed out that the
best labeling should be designed such that its corresponding transfer curve not only
matches a particular outer code but is high at its two end points. In this chapter,
labeling design for regular one-dimensional constellation is concerned and the system
model is reduced from the general system model Fig. 2-1 by employing a 1-D mapper
as well as setting N; =1 and N, =1. Several criteria regarding the highness of two
end points of demapper transfer.’curve will bé, presented first and then a systematic
design method based on these criteria is proposed to design a set of lablings with good
EXIT-chart characteristics. In® this: chapter, ‘a ‘one-dimensional M -ary complex

constellation with m=1log, M is assumed.

4-1 Design criteria
The mutual information between the demapper output and the coded bits when no
a priori information is available (denoted as Ig)(lff) = 0)) and when a priori

information is ideally fed back (denoted as |1’ (IX’” = 1)) corresponds to the left-end
and the right-end point of the demapper transfer curve, respectively. Several criteria
deprived in previous works governing | (|,<j” = 0) and 1Y (Iff) = 1) will be

investigated in this section.

21



4-1-1 Without A Priori Information

When a priori information from the decoder is not available (i.e., I =0), it

corresponds to the first iteration when the demapper takes only the channel
observations r’s and computes the extrinsic a posteriori information LY ’s by

assuming the probability of occurrence of bit 1 and bit 0 are equal likely.

Higher 1 corresponds with a lower BER P’ of the hard-decisioned bits at the

demapper output. The derivation of P’ is as follows. By the union bound

approximation, the pairwise symbol error probability p(X, — X, ) when X is

transmitted and erroneously decided as_X, .can be written as

M1
P(X 2> %) S P(X = X, ). 4-1)
k=0,k=|

Then the averaged symbol errorrate p, can be written as

M=L- M-+]

P, =" (X, = %) P(X). (4-2)

1=0 k=0skzl

The relationship between the symbol error probability p, and the bit error probability

p,, of a MPSK or MQAM signal is as follows (assume the bit error probability in

each bit position is equal likely)

Pe =1- Pe
=1-(py)"

=1-(1=pg)"
~m-p, ( By Taylor's expansion) (4-3)

where p, is the symbol correct probability and p, 1is the bit correct probability.
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By equation (4-2) and (4-3), P can be written as [14], [25]

M-1M-1

P

1=0
k

dHam(lLl(Xl) /u( k)) PI'(X| N Xk)_Pr(XI) (4_4)

#l

where d,,, (.,.)denotes the Hamming distance of two bit vectors and Pr(x)=1/M

Ham

owing to the lack of a priori information.

At a E /N, the pairwise symbol error probability p(Xx, = X, ) depends on the
Euclidean distance between X, and X, : as the distance becomes smaller, the pairwise

symbol error probability is larger. The nearest constellation points therefore contribute
more in the symbol error probability and thus the BER P’. The average number of
bits that differ between two closest constellation points is then the most important

parameter that determines P, which is-denotéd:as [14]

1\1\1

= (% ). 4(%)) | - (4-5)

|Z| 1=0 N(I)Xkem
where y, contains the nearest neighbors of X, and | ;(|| =N(l). Hence, N,, can be

used to determine Ié””(ly) :0) . Note that N_,, depends on g and not

on E /N, and channel.
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4-1-2 Ideal A Priori Information

When ideal a priori information from the decoder is available (i.e.,1{’ =1), the
demapper computes the extrinsic a posteriori information LY ’s based on the channel
observationsr’s and the a priori information LY ’s. Higher 1 corresponds with a

lower BER P,. The BER upper bounds deprived in [4], [6], [7] for AWGN channels

and Rayleigh fading channels will be presented in this sections.

4-1-2-1 AWGN Channels

The union bound of probability of bit error for convolutional codes of rate K_/n,

is given by [4]

skiiw,(d)f(d,ﬂ,x), (4-6)
d=d;

where W, (d) is the total information weight of error events at Hamming
distance d, d, is the minimum Hamming distance of the code and f (d, z, ) is the

average pairwise error probability (PEP) depending on Hamming distance d, a
labeling £ and a signal constellation y .

In AWGN channels, f(d, z, ) is deprived as [4] [11]

f(d,ﬂa}()A‘!m'lzmki;Z(;z ZCXP( ”);NZ“ }] : (4-7)

where 7 is the only element in ;(b‘f under the EFF assumption (i.e., other bits forming

a channel symbol are known). For example, Fig. 4-1 shows the Gray labeling and the
Set-partitioning labeling for 8-PSK; when a priori information is ideally fed back, the

8-PSK constellations can be partitioned into sets of BPSK constellations having larger
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intersignal Euclidean distance. Therefore, equation (4-7) can be rewritten as

d
f(d,u, )~ ﬁZZZexp —ﬁ . (4-8)

It can be seen form equation (4-8) that f (d, z, ) is dominated by the terms with the

smallest square Euclidean distance, which is denoted as

d,, = min [x-2|. (4-9)

min Xe;(g ,Vk,b

The number of terms in equation (4-8) corresponding to d_. can be equivalently

expressed, up to a scaling factor, as the average number of nearest neighbors [15]

1 2M—1

N i Am Nmin (Xi’dmin) (4-10)

min m
275

where N _. (X,d . ) is the number of nearest neighbors of X.. Note that both d_. and

min

N, . depend on the mapping and_constellation. If a labeling has larger d_. and

min

smaller N__ , this labeling can-achieve dower BER P! and higher I(Em(l,(f) =1) in

min

AWGN channel.
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Fig. 4-1 Two mappings of 8-PSK constellation: (a) Gray and (b) Set-partitioning



4-1-2-2 Rayleigh Fading Channels

In [6] [7], the asymptotic performance of BICM-ID over Rayleigh fading channels

can be approximated at high SNR by

d
log,, P = —ﬁ[( RQ? )dB {5] ]+ const (4-11)
dB

0

where d, is the free Hamming distance of the code, R is the information rate

(bits/dim)and Q° is the harmonic mean of the squared Euclidean distances, defined

as

™

k=1 b=0 xe

oo L3S (nx—znZ)‘T @1

P~

where 7 e ;(t')f and m=1log, M ,» Note rthat under*EFF assumption 7 is the only
element in ;(g The performance bound over Rayleigh fading channels primary
depends on d, and Q* and is not dominated by the minimum intersignal Euclidean

distance as in AWGN channels. It can be seen form equation (4-11) that d, controls
the slope of the probability of bit error curve while Q* provides the horizontal offset.
Moreover, since d, is a parameter of the channel code and Q° is a function of the
labeling x and the signal set y, the effect of the channel code and the labeling on
BER P can be separately optimized. If the minimum squared Euclidean distance

between any pairs of modulated symbols which have only one distinct bit on their
labels is increased, Q° is increased and the resulting BER P, is lower. Then, 1is

higher at the right-end point of the demapper transfer curve.
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Hence we will investigate more on Q° in the following. For each signal point X,

define

o £ (ii(llxi - ZIIZ)T (4-13)

mis

where X, € 7, Z€ . Each o’

is the harmonic mean of the squared Euclidean

distances between X, and other m constellation points whose labels differ in only

one bit-position with x,. With this definition, we can rewrite Q° as the harmonic

2
mean of @, ’s

o2 :{ 1 Zm—l(wiz )1} . (4_14)

m
275

If taking partial derivative of Q’=with respectto. @*, the result is

00?2 K& L M-l ’
~=2" [ oc( a)f] : (4-15)
a(a)i ) ] =0, ji

If @ is the minimum in @ ’s, then 6(22/ O(@}) is maximized. Therefore, we learn
that the increment of the smallest term of @’ ’s maximizes the increase of Q°. The

large increment of Q° lowers BER P and enlarges I(E"’)(Iff) :1) maximally.
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4-2 Design Method

Based on these design criteria regarding the highness of the two end points of the
demapper transfer curve discussed in last section, we are ready to design a set of
labelings (called the candidate set I') with desired good EXIT-chart characteristics
(i.e., the demapper transfer curve matches the decoder transfer curve and is as high as
possible at its two end points). Conventional Gray labeling, whose transfer curve is
almost flat since the minimum intersignal Euclidean distance can not be increased
through iterative decoding, is first chosen as the initial labeling. It can be observed
that the demapper curve will be steeper if swapping any two labels of the Gray

labeling. To design labelings with good EXIT-chart characteristics, the two labels to

be swapped should be selected such that I(Em(l,(f) = 1) can be enhanced significantly

and | (Iff) = 0) can be pulled:down least: Through consecutive label swappings, we

can get a set of labelings with good EXIT-chart characteristics.

More specifically, to make |’ (IE\”” = l)be enhanced significantly after swapping

two labels in both AWGN and Rayleigh fading channels, the criteria presented in

section 4-1-2 are used. In AWGN channels, larger d_; and smaller N _; can result in

lower BER P and higher I”’. Each swapping must ensure that N_ can be reduced

and d_. can be gradually enlarged through consecutive swappings. Therefore, we

min

require the signal point X, to be swapped with anther one should satisfy

min %, =X, £ V) # L 0 (X)), (X)) = 1y =0l (4-16)

In Rayleigh fading channels, larger Q° can result in lower BER P, and higher 1’

and the increasing of the smallest term of @’’s maximizes the increasing of Q°.
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Because many small terms in @] ’s are usually about the same value, each swapping

must guarantee that one of them can be enlarged such that Q° can be increased

significantly. Therefore, the signal point X, to be swapped with another one is also

required to satisfy

o’ <O, (4-17)

On the other hand, to make |1’ ( 19 = O)be pulled down least, the criterion presented

in section 4-1-1 suggests that N_, should be kept small after each swapping. Based on

the above design principles, a systematic procedure is proposed as follows.

Procedure for searching T":

Step 1: Choose Gray mapping as the initial labeling.

Step 2: Calculate @ of each constellation point X, and Q°.

Step 3: Generate a set of constellation points:‘Each one, say X, must satisfy equation
(4-16) and the corresponding @’ must satisfy equation (4-17).

Step 4: Try to switch the label of each signal point in the set with the label of another
signal point in the constellation and then calculate the resulting N, and Q°.

Step 5: Select a pair of signal points for label swapping and then store the resulting

labeling in I". The selection rule is as follows:

1. Over the pairs satisfying Q7 > Q?, select the pair with minimum N_,.

2. If there are more than one pairs with the same minimum N, select the pair

av?

with maximum Q?.
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3. If there are still more than one pairs with the same maximum Q?, pick any
one of them and store other pairs’ resulting labelings after swapping in a
temporary stack.
Step 6: If the swapping pair can be found in Step5, go back to Step 2 and continue the
search procedure. If not (i.e., all the swapping pairs’ corresponding Q° < Q?),
go to Step 7.
Step 7: Replace the initial labeling with one labeling stored in the temporary stack.
Remove this one from the temporary stack. Then, restart the search procedure.

Stop until the temporary stack is empty.

Remarks:
When the search procedure is finished, we can.get many labelings in I". There are

two points to be noted :
1. If there are more than one lableings in TF-with the same value of Q* and N_,, pick

any one of them and discard others.” These labelings may result in the same
EXIT-chart characteristics and BER performance.

2. For those demapper transfer curves corresponding to the labelings in I'", uniformly

quantize 1 ( 1 = 0). With each discrete value at the left end, choose the labeling

with the largest 1 ( 1 = 1).
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4-3 Proposed Labelings

The searched I'’s for 8-PSK, 16-QAM and 64-QAM are presented in Table 4-1,

4-2, 4-3, respectively, where the labelings are listed in a decreasing order in terms of

Ié¢)(|§\¢) =1). From Fig.4-2, Fig. 4-3 and Fig 4-4, the labeling are observed to

generate the curves which are uniformly distributed in the left end and are high in the
right end in both AWGN and Rayleigh fading channel. In addition, all the demapper
curves can still keep the same order at various SNR and channel. Therefore, given an
outer code, we can then choose a labeling form I which most matches the outer code

to make tunnel open at low threshold and achieve acceptable BER at high SNR.

4-3-1 8-PSK
Table 4-1:Candidate set for 8-PSK

£t for 8PSK| (se(x ). (). pt(x7)) ) X, )
A8 5.6,3,4,1,2,7,0 e o
B8 | 50361247 . .
C8 U3.60.0.1.4.5 4 o’
D§ 0,6,7,1,3,2,4,5
E8 1.0.6,7.3.24.5 X X
F3 1,03,2,6,7,54 . ©
Gray 0,1,3,2,6,7,5,4 Xg
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Fig. 4-2 Labelings for 8-PSK in Table 4-1 at (a) E, / N =3dB in AWGN channel
and (b) E, / N, =5dB in Rayleigh fading channel
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4-3-2 16-QAM

Table 4-2 Candidate set for 16-QAM
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Fig. 4-3 Labelings for 16-QAM in Table 4-2 at (a) E, / N,=3.5dB in AWGN channel
and (b) E, / N, = 6dB in Rayleigh fading channel
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4-3-3 64-QAM

£i(x) for 64QAN

Table 4-3 Candidate set for 64-QAM

(#(x[) ), ﬂ(xl ) B #(1]53 )

A64
B64

(56,8,4%9,55,22,14,7,21,54,25,1,19,16,28,4,52 41,61, 13,34,40,57 2,45,36,6,10.40,58 43,33,349,0,
18,48,30,54,15,2,63,3.51,17,24,27,29,5.60,31.47.37,20,23,53,12,26,62 44,38,32,35,50,42,11)

(30.11.1,8.4,9.29.15,23,35,2.26,14,3,5,12.53,50,2 2,62, 42,32, 17.20,57.27.21,31, 25,44, 59, 18 A8,
24, 136,19.55,61, 28,58 6046.36.16.7,37 52 39,63 58.40,33.38.47. 44 45,43,51 34.0.10.41 56)

(30.11,1,8,13,15,20.9,23,35,2,26,14,6,5,12,17,.18,22,62,42,36,53,20.57.27.21.31,25,53.40,1 6.4
8,24.4.3,19,55,61, 28546046, 10,0,7.37,52,39.63 5840333547 44,45 43,51,34,50.32.41.56)

(26,59,49,16,22,14.28,61.56.25,1 . 1955,7,4.21.8.40,1 3,1 1. 31.15,12.£5,0,48.24,58,62.39.5,53.3
3341001 8.54.23.20,52.07.51.,32743.30.29.60,57.9.37.35.46,42. 41,4443 47 38.50.6,2.32.36)

(26.59.49,16,22. 142861 56251195574 21,840, 13.1 1.31.15,12,45.0.48.24 58,626,553 33,
34,10,18,54,23.20,52,17,51,3,50,30,63,29,60,57,27 2 A2 46,47 A1,44,9.43,35,32,34,39.37 38)
(9128125151403 1,26.30,6,1 3,28, 16, 18,1725 A0.54.53.20,22 27 20 31 52,2221 .4 4857
A9.19.549,55,01,52,32.41.34,10,35,7 37.23,50,50, 38 40, 46,38, 47 63,4 2,43,51,33,29, 36,44 45)
(24.27.9.10.22.14 28,1350, 25, 119,35, 7 4.2 16,8201 1,311 5.0 2.29.0,40,26,59,30,6.5.20.3,34,
18.51.54.23,53,52,17.48.49,50,62,63.61 60,5741 35,42 46.47,56.44,58,43,33,32 38,3957 45)

(1,8.2,10,12.5,15,14,0.8.3.11,13,6,30,28,16,24,17.25,31,7.21 4,14, 27,23,59 52,22 52,2048 57,
51,19.54,55,53,29,40,56,50.26,58,63,61 45,35 32 42 404647 36.60,43,41,33 34 38 39.37.44)

(%,1,19,26,23,14,28,20.0.9,3,10,6.7.4,13,16,17,27.18,54,15,12,21,24 25,11,2,30,23,5,20,40.41,
59.58,31.55,53.52 5648 49.50,62,03,01 60,5733 35,42 46,47,36,44. 51 43,34 32 38,3937 .45)

(1L02,10.04,12,1515,89.3,11,7.,654,26,24 27 25,31 30,29,28,1%.17,18,16.22.23.21.20,48.57,
51.58.34.55,53.52. 49, 56.50.59.62 63,61 60,3332 4240 46,47 36,4443 41,35,34, 38,3937 45)

(9,01,3267.5 1580 10,11.14.154,12,2624,2725,50,31,29,28,19,17,18,16.22,.23,2 1, 20,48,57,
51.58,54,55,33,52,49,56,50,59,62,63,01,60,33,32,42,43 46,47,36,44,41 40,3534, 38 30,37 45)

(013267513 80,10,11, 1415412 25 24 27 26.30,31.29. 28, 16,17, 18, 19,2223, 21,2048 49,
50.51.54,55,33.52,57,50.58.59,62.65.6160.40,32 42 A3 A047,30.44,41,33,35,34,38.39.37 45)

(0,103,265 4.8.9.11.10,14.15,13,12,24 2527 26.30,31.29,28,16,17,19,18.22.23.21.20,48 49,

51,50,54,55,53,52,56,57 59,.58,62,63,01,60,40,41,43,42 46,47 45,44 32,33,35,34, 38 39.37,36)
X
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Fig. 4-4 Labelings for 64-QAM in Table 4-3 at (a) at E, / N = 6dB in AWGN channel
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4-4 Simulation Results

To verify the superiority of our design over the conventional labelings, the
BICM-ID system consisting of two kinds of rate-1/2 convolutional codes with
generator matrix (1+ D*, 1+ D+D*)and(1+D*+ D’ + D’ +D°,1+D+D*+ D’ + D%),
a bit-interleaver of block length 24000 bits, and 8-PSK/16-QAM/64-QAM
modulation is simulated for transmission over AWGN and Rayleigh channels. The
demapper in (2-4) and BCJR decoder of the outer code are employed for iterative
decoding with 40 iterations. For 8-PSK modulation, conventional designs suggest
MSEW and SSP with the steepest demapper curves as the optimal labelings for
BICM-ID. However, it can be seen’from Fig: 4-5, Fig. 4-6 and Fig. 4-7 that the
labeling that most match the outer code|is B8, C8 and B8, respectively, as revealed
from the EXIT-chart in Fig. 4-5(a) at 2.6dB, in 4-6(a) at 3dB and in 4-7(a) at 4.8dB.
These labelings can provide SNR gain at BER around 10~. For example in Fig.

4-6(a), the first intersection of the demapper and decoder curves for C8 is observed to

have 1 larger than which of Gray, MSEW and SSP; the tunnel between both curves

opens for C8 but not for MSEW and SSP. Therefore, based on the design guideline in
section 3-3, C8 is expected to provide the best decoding performance, followed by
Gray and then MSEW/SSP. The corresponding BER curves in Fig. 4-6(b) agree with
the above analysis, which also show that our design can achieve 1.7 dB SNR gain

over MSEW and SSP at BER 107°.

Similarly, simulation results in Fig. 4-8 to Fig. 4-10 confirm the most matched
labelings for 16-QAM and 64-QAM modulation in the candidate sets can provide

remarkable SNR gain over the conventional ones.
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Chapter 5

Multi-dimensional Labeling Design

Multi-dimensional modulation scheme was proposed in [26] for TCM systems for
several advantages compared with conventional one-dimensional mappings such as
flexibility and higher code rate. When combined with BICM-ID systems, such a large
constellation in higher dimensional space makes labeling design more flexible and
allows potential performance improvements. For a N-dimensional signal X, it is
generated by taking the N-fold Cartesian product of the one-dimensional
constellation (i.e., a block of coded bits were mapped to a vector of N symbols),

denoted as
=[S, Srs S, (5-1)

where the sub index t indicdtes that the'signal are generated at time t. The
multi-dimensional signal can be transmitted in'a SISO system over time domain or a
MIMO system over spatial domain. We are going to design multi-dimensional
labelings with good EXIT-chart characteristics for BICM-ID systems in both system
configurations. Design criteria regarding the highness of both ends of the demapper
transfer curve will be presented. Then, labeling design method for one-dimensional
constellation can be directly extended to multi-dimensional constellation with the

criteria changed.
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5-1 Design Criteria

5-1-1 Multi-dimensional Mapping over Spatial Domain

The design of bit-interleaved space-time coded modulation with iterative decoding
(BI-STCM-ID) over block Rayleigh fading channels with N, transmit antennas
and N, receive antennas was proposed in [27] to capture both space and time
diversity. In this section, we consider employing a MD mapper and spatial
multiplexing in the BI-STCM-ID system. Several criteria governing two end points of
the demapper curve when a priori information is not available and when a priori

information is ideally fed back, respectively, will be presented.

5-1-1-1 Without A Priori Information

The derivation of BER P’%is the same7as in section 4-1-1 except that super-

symbols are considered here. By the funion bound approximation, the pairwise
super-symbol error probability p(X, = X,) when X, is transmitted and erroneously

decided as X, can be written as
2™
PO > X)S Do Py = X,). (5-2)
k=0,k=l

The averaged super-symbol error rate p,can be written as

2mN -1 2mN —1

Pe=D. D P —>X)P(X). (5-3)

1=0 k=0,k=I
The relationship between super-symbol error probability p, and bit error probability
P, of a multi-dimensional signal is as follows (assume bit error probability in each bit

position of the super-symbol is equal likely)
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Pe =1- P.
z1_(pcb)mN

=1-(1-py,)™
~mN - p,, ( By Taylor's expansion) (5-4)
where p, i1s the super-symbol correct probability and p,, is the bit correct probability.

From equation (5-3) and (5-4), BER P’ can therefore be written as

2mN -1 sz -1

P’ = ; kz;‘ dHam(“(r;(;\)l’“(xk)) Pr(X, — X,)-Pr(x,) (5-5)

k=l

where d,_,(,.) denotes the Hamming distance of two bit vectors and

Pr(x) = 1/ 2™ due to the lack of a priori information.

At a E /N,, the pairwise. super-symbol error-probability p(X, — X,) depends

on the Euclidean distance between X, -and_X,..Since the nearest constellation points
contribute more in the super-symbol €rror-probability and the BER P, the average

number of bits that differ between two closest signal points is then the most important

parameter that determines the BER P, which is denoted as [14]

1 &
N = — dHam | ) k b 5_6

where y, contains the nearest neighbors of X, and | ;(,| =N(l). Hence, N,, can be

used to determine I(E"”(I,&@ :0) . Note that N, depends on x and not

on E /N, and the channel.
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5-1-1-2 Ideal A Priori Information

In [12], X is defined as a Lx N; space-time codeword matrix, where L is the

number of time slots for transmitting one space-time codeword. The asymptotic
performance of BI-STCM-ID over block Rayleigh fading channels under EFF

assumption can be approximated by

0

PN d
log,, P! = — 1?) f {(Rgz)d“(ij :|+c0nst. (5-7)
dB

Here, d; is the minimum Hamming distance of the code, R is the information rate

(bits/dim), f is the rank of the matrix A=(X-Z)"(X-Z) where X and Z differ in

the k-th bit-position of their corresponding abels and Q* is defined as
1

TZZ(;%) } R (5-8)

1
mN
mNT .2 ! k=1 b OXEZb

B

Q=

where /Z,’s are the nonzero eigenvalues'of the A.

We can take advantage of the above performance analysis in our system
configuration by assuming L=1, N, =N and a N -dimensional mapper.
Then X becomes a IxN  space-time codeword matrix representing

a N -dimensional signal X

X=[s!,8....5 1, (5-9)

t o
and Z can also be seen as a N -dimensional signal Z. It can then be verified that

A is a rank-1 matrix with the eigenvalue ||X - 2||2 . Therefore, QO° can be rewritten as

1

{mN S rN] Yy (Ix-2f°) ™ }NR- (5-10)

b=0 xe z;

Note that equation (5-10) is just the N,-th power mean of the squared Euclidean
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distances associated with all pairs of N -dimensional signals whose labels differ only
in one bit-position. Hence if the minimum squared Euclidean distance between any

pairs of multi-dimensional signals which have only one distinct bit on their labels is

increased, then Q° is increased, the resulting BER P, is lower and I<E¢)(IX’” =1)is

higher.

For each N -dimensional signal X;, define

o £ [ﬁ%(llxi = j (5-11)

whereX, € 7, Z€ x5 . Each @’ is the N,-th power mean of the squared Euclidean
distances between X; and other mN signal points whose labels differ in only one

bit-position with X,. With this definition, we caw. rewrite Q° as the N -th power

2
mean of @/ ’s:

. :|: 1 sz_l(a)lz)NR } R. (5-12)

mN
27 =S
For the same reason as in section 4-1-2-2, the increase of the smallest term maximizes

the increase of Q°. The large increase of Q° lowers BER P! and increases

19 (1 =1) maximally.
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5-1-2 Multi-dimensional Mapping over Time Domain

In this section, we employ a multi-dimensional mapper in the conventional

BICM-ID whereby the multi-dimensional signals are transmitted in consecutive time

slots over a SISO channel. Several criteria governing Ié"’)(lff” 20) and

Ig)(lff):l) when a priori information is not available and when a priori

information is ideally fed back, respectively, will be presented.

5-1-2-1 Without A Priori Information

The derivation of BER P, is the same as in section 5-1-1-1 and can be expressed

as equation (5-5). The most important parameter-that determines P’ is the average
number of bits that differ between two closest MD Signal points, denoted as N, in

equation (5-6). N_, is used to determine 1% (Iff’) = 0).

av

5-1-2-2 Ideal A Priori Information

The BICM union bound of probability of bit error is expressed in equation (4-6)
except MD signal is considered here. Under EFF assumption, the average PEP is

presented in the following.

52



5-1-2-2-1 AWGN Channels

The average PEP f (d, u, y) deprived in [15], [16] can be approximated as

(i)~ [Ac (0] (5-13)

where

Ac(u, )= N sz ZZZexp[ -2 J (5-14)

k=1 b=0 xey,
Here, Z differs from X only in the k-th bit-position of their corresponding labels. It
can be seen form equation (5-14) that the average PEP f (d, 1, y) is dominated by the
smallest square Euclidean distance, which is denoted as

d,, =¢ymin ||X Z|| (5-15)

B, xez& . vk.b

The number of terms in (5-14) cerresponding tod . can be equivalently expressed, up

to a scaling factor, as the average numberof nearest neighbors [15]

N o O ZNmm,m (5-16)

where N_. (X;,d_. ) is the number of nearest neighbors of X, . Note that both d_._

min min

and N_. depend on the mapping and constellation. If a labeling has larger d . and

stil can keep N__ small, this labeling can achieve lower BER P and

n

higher 1 (ij) = 1). Note that if setting N =1, equation (5-15) is exactly the same as

equation (4-8).
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5-1-2-2-2 Rayleigh Fading Channels [16]

When each element of the N -dimensional signal fades independently, the average

PEP f(d, i, y) can be approximated as

(a2~ 5[4 2] (5-17)

where

Ay, 1) =———mv oy 2mN ZZZH 14— (5-18)
k=1 b=0 xe ¢ n=1 O
Here, define 7 as
7=[5.87...8" ], (5-19)

where the labels corresponding to X+sand Z ‘differ only in the k-th bit-position. When

each element fades simultaneously, the average. PEP f (d, &, y) can be approximated

as
F(d, ) S [Ny )] (520)

where
M) =— ZZ x-2]*. (5:21)

A, (1, y)and Ag(u, y) characterize the influence of g on the BER performance.
Note that Ag(u, )" is the harmonic mean of the squared Euclidean distances

associated with all pairs of N -dimensional signals whose labels differ in only one

bit-position and it is exactly the same as equation (4-12) if setting N =1.

From equation (5-18) and (5-21), we consider each MD signal in A, (u, 7)'

Ag(u, )™ in the same way as the one-dimensional case. Then, we can rewrite
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AA(/“& Z)_l

An (s 7) L 25(”(#,1)] (5-22)

mN
275

where

mN n ~n 2

N
H1+

n=1 0

i al 1
5,2\)(;”7/1/): N

5-23
N 2 (5-23)

Here, X, = [Stl’i JSeisee ] and Z = [Stll ,8i S ] differ in the k-th bit-position in their

label. And Ag(x, 7)™ can be rewrittensas

Ag(p, ) = [2mN 25(')(/1,;() } : (5-24)
where
(i) NI . eV
5 (u,z)—[mz(llxi—zll) j . (5-25)

Each &’(u,y) is the harmonic mean of the squared Euclidean distances
between X; and other mN signal points whose labels differ only in one bit-position

with X, . The increase of the smallest term of &\’ (u, ¥)’s (5&”(;1, ;()'s)maximizes
the increase of A,(u, ) (AB(u, ;()_1), which is evident from section 4-1-2-2, and

then the resulting BER P, is lowered and 1 ( 19 = 1) is enhanced maximally.
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5-2 Design Method

The procedure for one-dimensional labeling design is directly extended for MD

constellation with design parameters replaced by those introduced in this chapter. We

summarize the labeling design parameters in Table 5-1.

Table 5-1 Summary of design criteria.

1 =0 1Y =1
Q* (4-12)
One.-dimel?sional design N, (4-5) 0 (413)
Fast Rayleigh fading, AWGN channels
dmin (4-9)
Q> (5-10)
Spétial doTnain N, (5-6) o (5-11)
Fast Rayleigh fading channels
dmin (5- 1 5)
A, (u, )t (5-22
Fast.Rayleigh fading, NaZ2 )
Multi-dimensional AWGN channels N, (5-6) ;
. Sp (44 ) (5-23)
design
Time dmin (5- 1 5)
domain A (1, 7Y (5-24)
Block Rayleigh fading, i
AWGN channels N, (5-6)

Sy (1, ) (5-25)

d_ (515)

min
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5-3 Proposed Labelings

Since multi-dimensional labeling design is more flexible in the larger space, we
can find the labelings with better EXIT-chart characteristics than one-dimensional
ones. Multi-dimensional mapping over spatial and time domain will be proposed in

this section.

5-3-1 Multi-dimensional Mapping over Spatial Domain

N -dimensional signals are generated by taking the N -fold Cartesian product of
M-ary one-dimensional constellation ,.and is assumed to be transmitted
by N transmit antennas. An .equivalent and convenient way to describe the
multi-dimensional mapper is shown in Fig.”5-1, where Gray labeling is employed as
the constituent one-dimensional mapper as-shown in Fig. 5-2 and the block M is a
one-to-one mapping function of the coded bits' forming a super-symbol. Therefore, the
labeling of multi-dimensional constellation can be conveniently described by M . The
searched I'’s for multi-dimensional constellation are presented in the same way as in

section 4-3.
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Fig. 5-1 Equivalent and convenient model of the multi-dimensional mapper over spatial domain

1 0 1000 1100 0100 0000
T- J‘ = on . ° . .
U ® 8 12 i )
a. BPSK 010 ; 001
. : L4 1001 1101 0101 0001
10 00 2 | . ° P °
110 000 9 13 5 \
L { & &
- i 1011 1111 0111 0011
11 100 1. . -t .
° " ° 15
1 o1 7 P | 1010 1110 0110 0010
o o ) ° ° ° o
1 10 \ f 2
b. QPSK c. 8-PSK d. 16-QAM

Fig. 5-2 Constituent one-dimensional mappers: (a) BPSK (b) QPSK (¢) 8-PSK (d) 16-QAM
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5-3-1-1 NxBPSK

5-3-1-1-1 2xBPSK

Table 5-2 Candidate set for 2xBPSK

M for 2« BPSK | (MO),..., M3))

Anti-Gray | (1,0,2,3)
Gray 0,1,2,3)

0.8 .

=l

—_
T

|

I:I | 1 1 1 1 | | 1 1
1] 0.1 02 03 04 05 os 0¥ 08 09 1

fiﬁ

Fig. 5-3 Labelings for 2xBPSK in Table 5-2 at E, / N,=2dB in 2x2 fast Rayleigh fading channel
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5-3-1-1-2 3xBPSK

Table 5-3 Candidate set for 3xBPSK

Mfor 3xBPSK | (M(0), M(1), ..., M(T))
3DA2 (3,4,6,1,5,2,0,7)
3DB2 (3,6,4,1,5,2,0,7)
a2 (1,6,4,3,5,2,0,7)
3DD2 (1,6,2,3,4,5,0,7)
3DE2 (1,0,2,3,4,5,6,7)
Gray 0,1,2,3,4,5,6,7)

! 1 1 1 1 ! ! 1 1
0 0.1 02 0.3 0.4 0.5 0.6 a.7 0.3 039 1
fl."ﬂ

A

Fig. 5-4 Labelings for 3xBPSK in Table 5-3 at E, / N,=2dB in 3x3 fast Rayleigh fading channel
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5-3-1-1-3 4xBPSK

Table 5-4 Candidate set for 4xBPSK

333333333

7777777

-~ -~ -~ -~ -~

77777

M(15))

99999

’’’’’’’

777777

-~ - - - -~ -

-~ - -~ - -~ -~

9,1

- -~ - -~ -

(M(0), M(L), ...

99999

77777

-~ -~ -~ -~ -~

- - -~ - -~

-~ - -~ - -~

- -~ -~ -~ -~ -~ - -~ -~

M for 4 x BPSK

R=R S
R=R S
0.7

0.3 0.4 0.5 0.6 a.7 0.3 039
fl."ﬂ

02

0.1

b
Fig. 5-5 Labelings for 4xBPSK in Table 5-4 at E, / N,=2dB in 4x4 fast Rayleigh fading channel
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5-3-1-2 NxQPSK

5-3-1-2-1 2xQPSK

Table 5-5 Candidate set for 2xQPSK

M for 2 - QPSK (M(0), M(1), ..., M(13))
2DA4 (15,4,09,2,11,13,6,8,3,7,12,5,14,10,1)
2DB4 (13,4,0,9,2,1,15,6,8,3,7,12,5,14,10,11)
2DC4 (6,5,1,12,11,4,14,3,9,8,2,13,10,7,15,0)
2DD4  1(2,3,1,0,11,4,14,5,9,8,10,13,6,7,15,12)
2DE4 (8.13.69.12.1,2.3.4.15.10.7.0.5,14.11)
2DF4 €1,4.2,3.0.5,7,6,89.11,10,12,13,14.15)
2DG4 (1,0,2,3,4,5,7,6,9,8,11,10,12,13,14,15)
2DH4 (1,0,2,3,4,5,7,6,8,9,10,11,12,13,14,15)
2D14 (1,0,2,3,4,5,6,7,8,9,10,11,12,13,14,15)
Gray 0.1.2.34.5.6.7.8.0.10.11.12.1 3. 14.15)

1

0ot

08t

07 =

% 0.5 —

04F

k]

B

0.1

0

! 1 1 1 1 ! ! 1 1
0 0.1 02 0.3 0.4 0.5 0.6 a.7 0.3 039 1
fl."ﬂ

A

Fig. 5-6 Labelings for 2xQPSK in Table 5-5 at E, / N = 3dB in 2x2 fast Rayleigh fading channel
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5-3-1-2-2 3xQPSK

Table 5-6 Candidate set for 3xQPSK

(MO0), ML), ... M(63))

(45,10,0,35,6,37,47,28,2,33.43,8.41,30,4,39,16,51,59,24,63.14,20,55,57,26,18,49,22,53,61,12,
3DA4 42,1,15,40,13,46,36,7.9,58,32,3,38,5,11,44,27.56,48,19,52,23,31,60,34,17,25,50,29,62,54,21)

3DB4 (51,44,14,17,12,19,49.46,36,59,25.6,27 4,38 57 28,3,33,62,35,60,30,1,11,20,54,41,52.43.9.22,
10.21,55.40,53,42,8,23,29,2,32,63,34,61,31,0,37,58,24,7,26,5,39,56,50,45,15,16,13,18,48,47)

3DC4 (4,17,19,6,21,8,10,23,9,12,14,11,0,29,31,2,1,20,22,3,24,7,5.26,28,25,27,30,13,16,18,15,49,36,
38,51,40,53,5542,44,41,43,46,61,32,34,63,52,33,35,58,37,56,54,39,57,48,62,59,60,43,47,50)

3DD 4 (3,48,50,1,36,5,7,38,40,9,11,42,15,60,46,13,32,17,19,34,21,52,54,23,25,56,58,27,44,29,31,62,
0,35.33,2,37,4.6,39.41 8,10,43,28,47,45,30,49,16,18,51,20,53,55,22,24,57,59,26,63,12,14,61)

3DE4 (1,4.2,3,0,5,15,6.8,17,11,10.13,12,14,7,16,25,27,18,29,20,22,31.9,24.26,19.28,21,23.30.36.33.
35.38.37.32,34,39,49.40,46,43,44.45,47.42,57.48,50,59,52,61,63,54,56.41,51,58,53,60,62,55)

3DF4 (1,0,2,3,4,5,15,14,8.9,11,10,13,12,6,7,16,17,19,26,21,20,30,23,29,24,18,27,28,25,31,22.32 33,
43.42,45,44,46,47,41.40,34,35,36,37,38,39,49,56,58.51,60,53,54,55,48,57,50,59,61,52,62,63)

3DG4 (3,2,0,1,4,5,7,6,8,9,11,10,13,12,14,15,16,19,17,18,21,20,22,23.25 24.26,27,28.29,31,30,32,35,
33,34,37,36,38,39,41,40,42,43,45,44,47,46,48,51,50,49,52,53,54,55,56,57,58,59,61,60,62,63)

3DH4 (1,0.2,3,4,5,7,6,8,9.11,10,13,12,14.15,16,17,19,18,21,20,22,23,25,24,26,27,28,29,30,31,32,33,
35,34,37.36,38,39,41.40,42,43,44,45,46,47.48.49,51,50,53,52,54,55,56,57,58,59,60,6 1 ,62,63)

3DI 4 (10,2,3,4,5,7,6,8,9,11,10,13,12,14,15,16,17,19,18,21,20,22,23,25 24,26,27,28,20,30,31,33,32,
34,35,36,37,38.30.40,41.42,43,44.45,46,47.48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63)

3DJ4 (1,0.2,3,4,57,6,8,9,11,10,13,12,14,15,16,17,18,19,20,21,22,23,24 25,26,27,28,29,30,31,32,33,
34,3536,37,38,39,40,41,42,43 .44 45 46,47 48 49,50,51,52.53,54,55,56,57 58,59,60,61,62,63)

G (0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32
ray 34,35,36,37,38,39,40,41,42,43,44,45,46,47.48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63)

R=R S

0.8

=
~
T

0.2r .

0.1

I:I | 1 1 1 1 | | 1 1
1] 0.1 02 03 04 05 os 0¥ 08 09 1

fiﬁ

Fig. 5-7 Labelings for 3xQPSK in Table 5-6 at E, / N = 3dB in 3x3 fast Rayleigh fading channel
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5-3-1-3 Nx8-PSK

5-3-1-3-1 2x8-PSK

Table 5-7 Candidate set for 2x8-PSK

M for 2 % 8-PSK (M(0), M(1), .., M(63))
2DA8 (34.20.22.33.16.39.,36,18.44.26,24.47.30,41 42,28,21,35,32,23 38,17,19.37,27.45,46,25,40,31,
13,58,53,3.0,54,6,48,51,5,10,61,62,8,56,14,29,43 2 52,55,1,49,7,4,50,60,11,9,63,15,57,59,12)
2DB8 (48,33.2.19.4,61,22,7.8.56,58,10.60,13,15,63,1,16,18,3,20,5.,6,23,40,9,14,47,12,45.42,11,0,51,
50,35,52,37.34,55.41,25.26,59,28,53,62.27.49,32.38,17,36,21,54,39,24 57,43 31,44,29,30.46)
2DC8 (6,7.4.1,0,3.2.5,12,11,14,15,10,13.8.9,16,19.30,17.22,21,20,23,18,29,28,25,24,27,26,31,32,51,
38,39,34,53,36,55,58,47,56,57,60,59,46,45,50,33,48,49,52,35,54,37.40,41,62,63.42,61 44 43)

2DD8 (0.37.34,35.6,1,2,7.44.9,10.43.8,45,46,15,52,53,22,19,48,49,54,55,28,61,26,27,56,29,62,63,36
,33,4,5.32,39,38,3,12,41,42,11,40,13,14.47.20,17,18,23,16,21,50,51,60,25,30,59,24,57,58 31)

2DE8 (32,37.6,33.2,3,34.7.40,41,14,11,12.45,10,15,16,17,22,23,20,21,1%,19,24,25,62,31,28,29,30,2
7.36.1.0.39.4,5,38,35,8.9.46.43,44.13.42.47 48.49,54.51,52,53,50.55,56,57.58,63,60,61.26.59)

2DF8 (0,1,38,35,36,5,34,39.,40,9,14,11,12,13,10,15,16,17,22,19,20,21,18,23 24,25 26,31,28,29,30,2
7.32,33,6,3.4,37,2,7,8.41.46,43,44,45,42.47 48,49,50,55,52,53,54.51,56,57.62,59,60,61 .58,63)

2DG8 (0.3.2,1,4,5.6,7,24,27,26,11,28,13,14,15,16,19,18,17,20,53,54,55,8,25,10,9,12,29,30,31,32,35,
34,33,36,37,38,39.40,43.42 41 44,45,46.47 48,49,50,51,52,21,22,23.56,59,58.57.60.61,62.63)

2DH8 (0,3,2,1,32,37,6.7,12,9.10,11,8,13.14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29.30,31.4,3
3.34,35.36.5.38.39.40.41.42,43.44.45.46.47.48.49.50,51,52,53.54.55,56,57.58,59,60,61.62.63)

G (0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23 24 25 26,27 28,29,30,31,32 33,
ray 34,35,36,37,38,39,40,41,42.43,44.45 46,47 .48,49,50,51,52,53,54,55,56,57,58,59.60,61,62.63)

0.9

0.8

0.z

0.1

D | 1 1 1 1 | | 1 1
1] 0.1 02 03 04 05 os 0¥ 08 09 1
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Fig. 5-8 Labelings for 2x8-PSK in Table 5-7 at E, / N = 5dB in 2x2 fast Rayleigh fading channel
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5-3-1-4 Nx16-QAM

5-3-1-4-1 2x16-QAM

M tor 2 x16-QAM

Table 5-8 Candidate set for 2x16-QAM

(M(0), ML), ..., M(255))

2DAI16
2DB16
2DC16
2DD16
2DE16
2DF16
2DG16
2DHI6
2DI16

2DJ16

2DK16

Gray

(148,19, 18, 147228 197,74, 100, 86,217,251,25,156,23,28 150,48, 193,134, 1 13,196,53,119,151,124,26 27,1 30,30,221, 1 5%,31,32,209, 1 §2,08 87,37,102,215,1 87,57 8%,
155,60,214,223,79,212,49, 17,1 46,52,213,150,21,59, 170,186, 24,220, 61,63, 1 90,96,47,250, 114,72, 100,247,7,72,104,46,203,108,77,10,1 11,197, 112,3,116,5,2,1 17,58,
9,82,234.204,171,62,207, 208,33, 1 15,183,36,85,6,35.42,73,219, 106,76,45, 1 10,13,40,21 1,66,99,192, 175, 103,56,8,41,120,210,44,13,191,127,224,131,16,50,132,55.23
117,136,237 232, 138,236, 157, 78.239.0.245, 1 78,135,244, 133, 198, 166,51, 137,142,249, 141, 169, 1 6%, 143,144.229, 118, 145,160, 149.20.230,52, 153,154 89, 152.93.23
B.38,165,129,90,167,128,161,162,34,185,123,226,139,94,174,216,05,68, 181,243,195, 164,60,202,54,172,201,75,235,140,1 08,254,79,240,65,194,241 4,253,1 76,199,
200,233,248,15,252, 208 206,255,173,80,215,51,84,30,246, 71,176,105 43,742 222,180, 188,107, 180,81,70,163,122,83,11,121,12,125,126,184)

164,129, 147,2,44,65,6,98,45,8,26,171,12, 108,47, 14, 145,80,66,23,84,2 1, 1 5182, 156,61,63,10,59,30.94,29, 33,5, 106,35,69,100,39,7,9,41,169,42,37.13,107,34,206,49,

179,126,36, 144, 148,183 57.24,58 31 28, 53 11459747099 68, 101,102, 131,72, 109,111, 7423? 76,8123 4R.R8.242 18,215, 112 22,247,125 81,90,127,52, 125,092 86,

73.32,163,110.96,120,71,231,121,248,38 960,11 7 3,1,194,226,20,197,173,130,200,1 37,235,206,

141,172,138, 175, 16, 152,19, 146, 149,210,154,3, 153,17 16K, 174,130,77,143,180,15,177,162,250,51,2
12, 181,55, 196,136,217, 155, 170,157,236,1 76,1 59,0, 193, 102, 108,230,1 34,199, 164,23 |, 204,207,230,142,21 1 230,150,83,116,213,180,214,220,201, 155, 1
58,200,184,218,255 235, Ih6,]‘)5,227 196,228 160,67, 140.203 244, "38.224 104,118,353, 182 244,115,178, 241,246,254 245 240, 190,219,252 231 79, 114)

{0,17.18,147.20,129.70,39,26,1 5,1 58,25,46,1 73,28, 10,48, 1,134,55,4,21,54,5. 40,89, 27,1 1,30,13,143,3 1,32, 145,182, 5 1, 22,33, 102, 1 5 [, 104,57, 59, 1 55,60, 159, 190,29,5
£A908,83,52, 100, 150,103,588, 1 700,186,24,220,61,63,174,130,65,80, 1 15,68,245,22 0T, 124,77,78, 11164, 11390,3,112,197,2,119,58,9,82,91,12,117,62,
L I83,36,85,47,35,42,73,21 0,1 06,76,43,1 10,223,1 16,81 ,66,99,97,53,226,K7,8,41,122,21744,22 186,127,164, 131,16, 19,132, 165,35, :
,23‘},L28.I?1]4ﬁ I?&];! 198,23 248 137,142,187, 141,237,94,207,144,220 “3[ U1 IA0, 149, 148.246,172,153,154,234, 152,93 238,
7.96, 16{ L6234 LT IZ1, 166,139, 168,175.216,230,84,241 "43 155, 1B065,6,247 "36.20[ 202.235.140,109, 254 79,240,193, 194,179, 196,253, 1 1R, 199200"49251 2
03,252,205,206,255,224, 181,21 8,227,156,101,242,21 5,184,105,43,185,21 2,189, | 88, 107,192,225, 67.244.213,214,163,120,169,210,123,204,125,126.95)

{64,33,2,67,36,60,78,23,40,65,T4,90,76,45,10,207, 17,89,130,19,84,37,22, 71, B8,57,26,83,60,93, 158, 30,32, 105, 106,35,68, 39, 38,1 11, 104,41 ,42,99,12,109,102,47,232,
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Fig. 5-9 Labelings for 2x16-QAM in Table 5-8 at E, / N = 6dB in 2x2 fast Rayleigh fading channel

5-3-2 Multi-dimensional Mappingover Time Domain

N -dimensional signals are generated by.taking the N -fold Cartesian product of
one-dimensional constellation and transmitted over N consecutive time slots. An
equivalent and convenient way to describe the multi-dimensional mapper is shown in
Fig. 5-10, where Gray labeling is employed as the constituent two-dimensional
mapper as shown in Fig. 5-2 and the block % is a one-to-one mapping function of
the coded bits forming a super-symbol. Therefore, the labeling of multi-dimensional
constellation can be conveniently described by M . In this section, we will present the
case when N one-dimensional symbols of a N -dimensional signal fade

simultaneously:.
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Fig. 5-10 Equivalent and convenient model of the multi-dimensional mapper over time domain

5-3-2-1 NxBPSK

5-3-2-1-1 2xBPSK

Table 5-9 Candidate set for 2xBPSK

M for 2« BPSK | (MO),.., M3))

Anti-Gray | (1,0,2,3)
Gray 0,1,2,3)
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Fig. 5-11 Labelings for 2xBPSK in Table 5-9 at (a) at E, / N = 1dB in AWGN channel and (b)
E, / N,=3dB in block Rayleigh fading channel
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5-3-2-1-2 3xBPSK

Table 5-10 Candidate set for 3xBPSK

Mfor 3xBPSK | (M(O), M(1), ..., M(7))

3DA2 (3,4,6,1,5,2,0,7)

3DB2 (3,6,4,1,5,2,0,7)

3DC2 (1,6,4,3,5,2,0,7)

3DD2 (1,6,2,3,4,5,0,7)

3DE2 (1,0,2,3,4,5,6,7)

Gray 0,1,2,3,4,5,6,7)

D.I1 |:|.I2 |:|.I3 EI.Ia‘l EI.I5 D.IE EI.I? D.IB D.IQ

%
(a)
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Fig. 5-12 Labelings for 3xBPSK in Table 5-10:at(a) at E, / N = 1dB in AWGN channel and (b)
E, / N,=3dB in block Rayleigh*fading channel

5-3-2-1-3 4xBPSK

Table 5-11 Candidate set for 4xBPSK

M for 4 BPSK (M(0), M(L), ... M(15))
ADA2  |(4,10,11,5,9,6,7,8,3,14,13,2,12,1,0,15)
4ADB2  |(1,15,14,9,12,0,3,13,6,8,11,7,2,5,4,10)
ADC2  |(1,12,10,3,14,5,7,8,4,13,11,2,9,0,6,15)
ADD2  |(8,1,3,12,5,14,4,15,9,10,0,11,2,13,7,6)
ADE2  1(0,13,6,9,12,1,8,15,4,3,10,7,2,5,14,11)
ADF2 (3,0,2,1,4,7,5,6,11,9,13,10,12,8,14,15)
ADG2  1(3,0,2,1,4,7,5,6,8,9,11,10,12,13,14,15)
ADH2 |(3,0,2,1,4,5,7,6,8,9,11,10,12,13,14,15)
ADI2 (1,0,2,3,4,5,7,6,9,8,11,10,12,13,14,15)
4D]J2 (1,0,2,3,4,5,7,6,8,9,10,11,12,13,14,15)
ADK2  [(1,0,2,3,4,5,6,7,8,9,10,11,12,13,14,15)
Gray 0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15)
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Fig. 5-13 Labelings for 4xBPSK in Table 5-11 at (a) E, / N, = 1dB in AWGN channel and
(b) E, /N,=3dB in block Rayleigh fading channel
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5-3-2-2 NxQPSK

5-3-2-2-1 2xQPSK

M for 2 - QPSK

Table 5-12 Candidate set for 2xQPSK

(M(0), M(1L), ..., M(15))

2DA4  1(4,10,11,5,9,6,7,8,3,14,13,2,12,1,0,15)
2DB4 | (1,15,1 ,9,12 0, 3 13 0, 8 10 7,2,5,4,11)
2DC4 | (8,1,3,12,5,14 ,4,159 lOO 11,2,13,7,6)
2DD4  1(2,13,69,12,1,8,15,4,3, 107 ,14,11)
2DE4 (3,0,2,1,4,7,5,6,8,9,11,10 12 13 14,15)
2DF4  1(1,0,2,3,4,5,7,6,9,8,1 1,10,12,13,14,15)
2DG41(1,0,2,3,4,5,7,6,8,9,10,11,12,13,14,15)
2DH4  1(1,0,2,3,4,5,6,7,8,9,10,11,12,13,14,15)
Gray 0,1,2,3,4,5,6,7,8.9,10,11,12,13,14,15)

1
0.1

1 ! ! 1 ! 1 1
0.3 0.4 0.5 06 07 0.3 039 1
jf‘ﬁ
A
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Fig. 5-14 Labelings for 2xQPSK in Table 5¢12 at(a) E, / N = 1dB in AWGN channel and
(b) E,/N,=3dB in block Rayleigh fading channel

|

5-3-2-2-2 3xQPSK 1 E

Table 5-13 €andidate set for 3xQPSK

(M), ML), ..., M(63))

3DA4 (1,0,2,3,4,37,38,23.8,9,46,27.44.13,10.47.17.16,18,19.20,21,22,55.24.25,26.43,28.61,62,31,32
,33.34,7,36,5,6,39.40.41,42,11,12.45,14,15.,48,49,50,35,52,53,54,51,56,57,58,59,60,29,30,63)

3DB4 (16,1,2,7,20,5,6,3,24,9,10,11,12,29,30,15,0,17,18,23.4,21,22,19.8 25, 26,27,28,13,14,31 40,41,
50,35,52,37,54,39,48,33,42,43,44 45 46,63,56,57,34,51,36,53,38,55,32,49,58,59,60,61,62,47)

3DC4 (0,3,2,19,4,5,22,7,12,9,10,11,8,13,14,31,16,1,18,17,20,21,6.23,28 25,26,27,24,29,30,15,34,33,
32,35,36,39,38,63,40,41,42,43,44,61,62,47,50,51,48,49,52,37,54,55,56,57 58,59,60,45,46,53)

3DD4 (0,3,34,1,6,5.4,7,40,942,11,12,15,14,13,18,17,16,19,20,23,22,21,24,27,26.25,28,29,50,31,2,3
3,32,35,36,39,38,37,8.41,10,43,44,45 46,47 48 49,50,51,52,55,54,53,56,57,58,59,60,63,62.61)

3DE4 (10,1,2,3,4,7.6,5,8,11,42,9,14,13,12,15,48,17,26,19,20,21,22,23,56,25,18,27.28,29.30,31,32,3
5,34,33,38,37,36,39,0,41,40,43,44,47 46,45,16,49,50,51,52,53,54,55,24,57,58,59,60,61,62,63)

3DF4 (1,0.2,3,4,5,6,15,8,9,26,11.13,12,14.7.16,17.18.19.21,20.22.23.25,24,10.27.28.29.30.31.32.33.
34.35,36,37,54,39.41,40,42,43.45,44,46.47.49.48,50,51,52,53,38,55,56.57,58,59,61,60,62,63)

3DG4 (0,5,34,3,36,1,38,35,12,9,10,15,8,13,14,11,20,17,18,23,16,21,22,19,24,29,26,27,28.25,30,31 4
\37.2,7,32,33,6,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63)

3DH4 (1,0.2,3,4,57,6,8,9,11,10,13,12,14,15,16,17,19,18,21,20,22,23,25 24.26,27,28,29,30,31,33,32,
35,34,36,37,39,38,40,41,42,43,44.45 46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63)

3DI4 (1,0.2,3,4,5,7,6,9,8,10,11,12,13,15.14,16,17,19,18.28,29.22.23.24 25,27.26.20.21,30,31.33,32,
34,35,36,37,38,39,41,40,42,43,44,45,47.46,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63)

3DJ4 (10,2,3,4,5,7.6,89,11,10,13,12,14,15,17,16,19,18.20,21,22,23,24,25,26,27,28,29,30,31,32,33,
34,35,36,37,38,30,40,41,42 43 44 45 46,47 48 49 50,51,52,53,54,55,56,57,58,59,60,61,62,63)

3DK4 (1,0.2,3,4,5,7,6,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23.24,25,26,27,28,29,30,31,32,33,
34,35,36,37,38,39,40,41,42,43,44,45 46,47 48,49,50,51,52,53,54,55,56,57 58,59,60,61,62,63)

G a (0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22.23.24 25,26,27,28,29,30,31,32,33,
r y 34,35,36,37,38,39,40,41,42,43,44.45,46,47 48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63)
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5-3-2-3 Nx8-PSK

5-3-2-3-1 2x8-PSK

M for 2 x 8-PSK.

Table 5-14 Candidate set for 2x8-PSK

(M0), M(1), ..., M(63))

2DAS
2DBS8
2DC8
2DD8
2DES8
2DF8
2DG8
2DHS8
2DI8
2DJ8
2DK&
2DL8
2DMS&
Gray

(50,4,6,48.0,55,53,3,12,58,56,15,63.9.11,61,37,18.16,38,22,33,35.21,43.28.30,40,24,47.45 27,
5,51.49,7,54,1,2,52,59,13,14.41.8,62,60,10,19,36,39,17,32.23,20,34,29,42,57,31,46,25,26 44)

(1,21,23,35,20,0,6,19,40,9.26.47.8.41.42.31,52.3.2.18.4.17.50,37.24.45.46,11.60,13,30.43 48,
33,34,55.32,49.54.7.28,63,62.27.56.29.14,57.38,53.22,39.16.5.36,51.44.25.10.59.12.61.58.15)

(4,33,10,5,2,23,32,3,14,13,12,11,8,25,6,31,18,21,20,19,16,17.22,7.28,41,26,15,30,29,40,27.34
,37.36,35,0,1,38,39,60,43,42.61,62,63,56,9,52,59,50,53,54,55.48.49,58 45,44,51,24,57.46,47)

(2,3.0,5.4,39,38,1,12,13,14,9.42.11,8,15.20,21,22.23,18,19,16,55,58.59.24,31,28,29,62,25,32,
37,6,35,34.,33.36,7,10.43 40.45,60,47,46,41,50,51 ,48,49,52.53,54,17,56,61,30,57,26,27,44,63)

(38,33,4,35,0,39,34,21,24,59,42,11,46,9,28.47,16,51,18,3,54,1,20,55,58,25,12,27,8,63,62,29.3
2,49.2.5.6,7.36,.37.40,41.10,43,44.45,14,15,50,17,48,19,52,53.22,23,56.57.26.13,30,31,60,61)

(4,3,10,52,1,32,7,12,13,26,11,8,9,6,31.20,21,18,19,22,17,16,23,28,25.,14,15,24,29,30,27.34.3
7.36,35,0,39,38.33,44.43 42,45 46,41 40,47.52,51,50,53,48.55,54.49,58.61,60,59,62,63.,56,57)

(4,5,34,35,32,33,2,7,44,9,14,15,12,13,10,11,18,17,16,19,20,21,22,23,24,25,30,31,26,29,28,27,
36.1.6.39.0.37.38,3.8,45,42.43.40,41.46.47,52.53.50.51,54.49.48,55.60.61,58,59.56.57.62.63)

(32,33,6,7,36,1,2,3,12,13,14,11,8,9,10,15,16,23,22,17,20,21,18,19,28,25,30,31,24,29,26,27 4,
5,38,35,0,37,34,39,40,41,46.47 44 45 42 43,54 .53 48,49, 52,55 50.,51,56,61,62,57,58,59,60,63)

(32,1,6,35,36,37,38,3,8,9,14,11,12,13,10,15,48,49,54,51,52,53,50,55,24,25,30,27,28,29.26,3 1,
0,33,34,7,4,5,2,39,40,41,42,43,44,45,46,47,16,17,22,19,20,21,18,23,56,57,62,59,60,61,58,63)

(4,1,2,35,0,5,6,7,12,25,10,11,28,13.14,15.16,17,18,3,20,21,22.23 .24 9,26,27.8.29.30,31,36,33,
34,51,32,37.38,39,56.41,58,43.40,61,62,63,48,49,50,19,52,53,54,55.44,57.42,59,60,45.46.47)

(4,12,35,0,5,6,7,12,25,10,11,28,13,14,15,16,17,22,19,20.21,18,23,24.9.26,27,8,29,30,31,36.,3
3,34,3,32,37,38,39,40,41,42,43,44,45,46,47,48,49,54,51,52,53,50,55,56,57,62,59,60,61,58,63)

(0,3,2,1,4,5,6,7,24,27,26,11,12,13,14,15,16,19,18,17,20,21,22,23,8,25,10,9,28,29,30,31,32,33,
34,35,36,37.38,39.40,41,42.43.44.45 46,47 48,49,50,51,52,53,54,55,56,57,58,59,60,601,62,63)

(4,1,2,35,0,5.6,7,8,9,10,11,12,13,14,15.16,17,18,19,20,21,22,23,24,25,26,27,28,29,30.31,32.3
3,34,3,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63)

(0,1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19.20,21,22,23,24,25.26,27,28,29,30,31,32,33,
34,35,36,37.38.39.40,41,42.43.44.45.46,47 48,49,50,51,52,53,54,55,56,57.58,59,60,61,62.63)
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5-3-2-4 Nx16-QAM

5-3-2-4-1 2x16-

M for 2 <16-QAM

QAM

Table 5-15 Candidate set for 2x16-QAM

(M0, ML), .., M(255))

2DA16
2DB16
2DC16
2DD16
2DEI6
2DF16
2DG16
2DHI6
2DI16
2DJ16
2DK16
2DL16
2DM16

Gray

{127.2,151,0.6,4.21,130,75,16,8,10.41,31,14, 145,12,61,18,60,22, 146 85,56,27 26,209,95,20,24,30, | 76,48,5,34,191,63,47,245,40,59,42,24 1,1 19, 189,73,43 45,50

TR 3875213238, 144,37 9 58 44,1 26,46, 237,121,66,103,23,70,111,105,11,227, 10 L101; 5,91,19.82 84 86, 116,20,210,99,252 43 00,120,94,78 1
’3?98 125,7.229.253, 194,162 32,77, 74,96, 205, 110,117,226, 1 09,89,1 14, 240,54, 102, 1 L2, 104.122,106,80,1 18,36,221,62,129,16%,1,135,165,133.134,175,161,197, It)
L6330, 173, 149,142, 5781 147, 155, 150,16, 17,150, 155,180 49,2 1B 28, 143, 158,212,187, 177, 130,137,69,172, 157,39, 33, 168, "UI.JS 181.55,170,68,124 IRS 25,179
L60.51,174,196 232, 182,186,152, 190, 188,148, 183,231 65,195,235, 71 228,239,199 203, 225,64,202,97 207.206, 167.193.219.233 211,124.214,215,92,248,83,154.22
0.223,244,88 222, 192.25 1,249,243, 100, 141,198.76.2 16,1 66,234,204.238 236,200, 38, 108,115,242 217,255.224,140,247,230.1 84,136,250 208,254,246, 56)

{572,146 ,127,4,5,6,1 1,1 2,8, 10,56,15, 14,6119, 16,35, 18,20,22, 150,21,41,27,26,53, 31, 28,24,30,1 30,48,05,34,229, 39,47, 149 410,59,43,13,63,253,73,62,45,50,1 78,33

23526938 423025 58 44,54 46,29, 3, 123 64,67 68,87, 70,103, 105,75, 74, 107,951 11,72, 79,9183, 210,80 86,585 82811 20,93 90,92.00 110,21 396,66,98,121,7.2
37,117.70,162,109,77.241, 245.76.75, 128 226, 112,013, 114,116,119, 102,37,104,132, 106,89, 16.36.221 118,129, 169_1 135, 165,133 134,175,161 136,171,167, 140,18
B167, 142, 160,145, 14749, 159, 16417, 151,135,164, 152.215,60,1 43, 58,136,187, 7,131,1 37,132,173, 181,55, 166, 183,201,174, 183, 176,170, 141, 128, 1 65,51, 175,180
1489, 144,186,1 53,190,172,15 1,99,199,203,239,71 6,202,252, 207, 138,204, 193.219.233.211,244.215.214,21 2248209, 154,22
0.223,124,88222,194.251,97.243, 100, 196,195,101 249,225,234,200 238,236,205 206,224, 115,242,192, 191,238, 197,247,230,232,217,250,108,254,246,208)

(162.2.046.0.7.4.5.6,11,12.8.10.56,15,14.20.19, 16,6518 20,22 150,21 5727 26,9 3 1. 28 2430130 48,4934 36,5547, 53 40 50,43, | 163 1896 1.62.32 50,1 TR 33,235
2.37,384241 8.44,54,46,4: 5.64,67,68,87,70,103,121,91,74,107,95,125 J79.34,83,210,80,86,1 16,8 75,120,88,90,92,94,110,93,96,115,98,97,1 19,10
105,89, 122,253,76,78,111,226,1 12,113,114, 17,1 1,102,101, 114, 127,109,77,126,1 29, 1511, 165,133,134,175,161,136,1 71,163,140,188,1
140, 164,17,151,155,184,1 52,2 18,60, 159, 158,156, 160,177,131,137,132, 143, 181,39, 30, 168,201, 1 70,1 73,1 76,1 74,141,128, 185,51,1 79,245,19
LI, 148,160, 144, 186,153, 190,172, ]5? 183,227,66,195,99, 166,229, 231,199,203 2. "1"- 2[0.*0’ Sl,ll]‘ 8,204,193, ljl 81,210.244.215, “I4’]2,l~l& “IU I54;IJ‘)2
23 124.213,222,194 224 230,242 237, l‘?t‘v 198,235,233 "40234 200,238.236,205 206,249 241,242 208 255 218, ID‘FJ-!? 192 232217,250,108.254,246.220)

34,0,7,4,5,6,11,12.8,10,56,15,14,29,19,16,65,18,20,22,146,21 40,27,26,9,31,28,24,30,1 30,48 49,
A2AL25,56.44,54,46,45.3,225 64,67 68, 87.70,103,121,91,74,107,95,125,221,79.84,209,21 0,806, 16,85,82,75,120,58,90,02,04,78,93,96,115,98,97,1 19,10
0,69,71,72,105,89,1 22,253,761 10,111.226, 112,113,014, LU 118,102,101, 104,123, 106,73, 127,109,771 26.129.152,1,135,165,1 33,142,156, 161,136,1 39,163,140, 18%,
167, 1431 52,145,147, 17,157, 164.1 50,151,137, 184, 1 55,2 18.60,149,1 58,21 3,160, 77, 131,35, 132,181, 166,39.216,168, 170,171, 173,176.174,175, 128, 185.51.179.245.1
48,182,183,169, 144,186, 187, 180,1 72,159,190.227,66,195,99,141,229,231,199,203,240,217,202,252,207,1 38,204,193, 83,81,21 1.244,215,21 4,212 248,21 9,154,208,2
23,124.220,222,194,224, 220,243,237, 196, 198,239,233, 200,234,235,238,236,205,206,249 241,242,251 246,228, 197,247,192,232,201, 250,108,254, 1}

34,36,55,47,33,57,50,43, 13,63, 189.61,62,32,50,178,33,23,5

(17.45,2,70,32.4.1098,47,24.25 00,8, 26,78, 15,1 Z80.0,3 166,161, 18.71,29,117,6,191,14,13,62,63,33, 16,106,35,20,37,19.7,44, 101, 38,55,60,41,42,39,21,49,34, 73 485
L46.50,56,57.58,. 5140 .53,54,59.65, 109 86,67, 1 16,96,3,79.74,73,72,75.92 76.94,1 |, 100.5 | 82,1 11 64,6995 83 83,02 |8 115.124,53.10.91,36 57,98 107,224 52 87,59,
B 25, 110,115.85,112,114,127,108.113,118,123,120,121,126,223,128,181.150,194.84,147,13 1, 130,136,137, 138,139, 140,169,206, 1
9,152,189,158,27, 184,185,30,159.164, 145,162, 1 75, 160,149,170,163,172.173,234,166, 168 205,174,171, 144,165, 186,177,212, 161 .

5,157,190, 187,228, 193,195,203, 132,68, 199, 146,200,229,202, 231, 248,141,142,143,192,245,214,210.244,21 1,242,135.252.217,26,219.2
20, "4‘)22?.24? Eb ’372!}1 227,196,197.226, ’3‘)2!&.20[ 230,235,204,233,232,207,14%,209,241,255,240.213,215,243,216.253 250,183,254 221,246,251 )

{3.5,7,0,20,1,674.9.60,10,8,30,12,13,14,21,16,50,23, \? 22,6,19,26,11.; 29.A 28,36,58,15
51,54,61,104,122,31,62,.27, 1,186, 80,66,1 16,90, 20,88,95,03,01 94,02,32,117,39,247, 36,5/
R4.4541,10647,77,125,127 T 'I'I’ 114, Ilﬁ 'H'! I[KJ 2'!'\ N'J SO0 111,123, 108,57,126,255,177,129,130,131,1532,181,134,135,1 36,145, 1 38,1 39,188, 184,1
3,144, 176,146, 147,172,148, 150,151, 168, 15L154 135, LS&.IRO 158,159,128, 160,163, 1R3,165,133,35,166.189,1 70,171,140,074,167,141,179,185,99.1
l"S 226, 153, 169, 186,191, L?} 157,190,175, 192, °4l.21| 193,252, 199 198.,230.209,200. 202 203 204,248 ?MJD? 0,240,194.215 208244 83 214216
236,220,222,223,161,197.243,102,196,224, 162,246,249,201,234,235,253,205,1 10,238,213,225,227,242,228.212,115,229,233,21 7.230,251,254.237,239,2

(8,34,3833,96,1%2,119,105,73,63,107,44,40,42,46.97, 101 ,55,98,52.49,

65.2,67.1,74,5.6,8,56,10,11,12,15,14,13,19,16,1 7, 18, 20,22,39,21.25,27,26,9,31, 28,29,30,51 48.49.34,36,55,38, 37 40,24 42,43,63,45,61 62,32,50,35,33,27,52.53.54
LST.AL59,58.44,125 46,47.3,0,64.66,68,60,71, 103,121, 91,74, 107.95,92, 76,7%.84,20%, 83, 80,86, 1 | 6,81,82.201, 120,123 90,9394, 78,77.96,98 99,97, 102, 100, 19,7088
L105.72,122.237 253, 1101 LL LIS, 112, 113,114,117, 1IE87,101,104,89,106,73.249, 109,127,126, 29,137, 130,147, 165,148.134,135,184.1 36,138,139, 140,60, 142,143,
128,145, 131,146, 156, 180,1 50,151, 153,152,154, 155,188, 145,158,159, 161,144,162, 163, 132,133,166, 167, 169, 168, 1 70,1711 73,18 1,174,175, 185,176,178, 179, 164,189
(182,183,232, 177, 186,187,157, 172,190,191,192.208, 195,194.212,229,199, 1 9%,200,203,202,75,252,141,206.207,193,244,214,21 1,85,197,215,223 248,219,218, 210,2
04,124,223,305,775,224,226,227,1 96,243,230,231,233, 716,734,735, 730,236, 738, 739, 160, 241,242,243 213,228,246,247,21 7,240,250, 251,108, 221,754,255

(2.1,67.0.74.56856.10,11,12.15,14,15.19.16,17,18.20.22,39.21 25.27,269,31.28,29,30.5 | 48.49,34.36.55.38,17,57,24.42 43.44 45,63.62.12 50,35.33.23,52 53,54,
40.41.59,58.61.60.46.47 3,66,64.65.68.69.71, 103,201 .72,74.75.93,92 T8 79.84,200,83,80.86.1 L6 §1.82,120.217.73,50.76,94.95 77 96,.98,97,99. 102.100.1 19.70,104.1
05,123,122,237,.253, 110,11 L 1LS. 12,103,114, 117, 118,87, 101,121 88,106, 107,249, 109,127,126, 128,129,1 30,131, 165,148, 134, 37,136, 138,139,140,220,142,14
3,145, 152,146,147,156,144,150,1 51,153,184, 154,155, R, 149,158,159, 161, 180,162,163, 33,166,167,.232,168,1T0,171,173,181,174,1 75, 1 & 5,178,179, 164,1
80 IRZ, 183, 169,177,186, 187,157,172,190,191, 192,208, 195,194,212,229, 1 9%, 199,200,912 3,252,141,206,207,193,244 214, 311,85,197, 215, 210,89, 205 218,219,
204, L24 222_223 225 ,224.226,227,196 248, 130 231,233, 2[6“34235 LOS 236238235160 241 242,243 213 228 246,247 248 240,250.251,125.221 254.255)

(16,1,2,19,0.21 54,340,235 26,43.28,13,14,63,4,17,18,7,20,5,6,23. 24,41, 10.27,12,29,30,47,33.49,50,34,53,36,36,55,56,9, 55,594,611 62,15.48,32,98.35,37,52,22.38,

85742, 11,60,4546,3 1,64,81,82.71,101,65.70,83,88.73,200,90,77,92,76,79,80,80,66,87,68,03,86,199,72,85,74,107,84,100, 111 95,97,96,99,51, 108, 1171 18,102,104,
105,122,75,126,100,78,127, 112,11 3,114,115,124.69, 103,1 19,1 20,121,123, 106, 116,125.94,1 10,132,149, 146,131, 148,133, 198,1 51,216,139,138,21 9,140,157, 150,143

L30,120,134, 147, 128, 145,144, 135,136,153, 155,137,156, 141,142,223, 160, 161162, 163, 164, 165,166,167, 168, 169, 250,187, 172173, 1741 75,176, 177.1 78,179, 180,181
LIB2,183, 184, 185,251,186, 163,189,190, 191,210,193, 194,21 1,196,221 214.67,200,217,215,203,220.204,206,1 59,192 209,208, 195,212, 197,158, 21 5,152, 201,154,012
05,213,222,207,224,225,226,217,228,239,230,231,232,233,171,234,236,237,238,239,240,24 1,242,243,244,045,246,247, 248,249,170, 235,252 153,254,255}

(31200754689 10,012,015, 14,13,19,17.16,18,20, 22,5521 252426 27, 31,28 29.30,32,33.35,34 36,52 38 39,57 41 42,4301 45,460,602 48 49.51,50.23 37,5453 4
11,56,59,58,44.60.63 476760646568, 69,7186 200,72, 74759392 78 T9.R28 183 R084 116, 1198788 207,91,90.76,77,95,94.96,97,99.98, 102, 100,103, 70,104,105
L106,107, 108,236, 1 10,L11L, 115,112,114, LE3,11B.B5,117,100,249,120,122,123,253,109, 127,126, 128,129, 130,131 148,133,134,135,136.137.1 38,139,140 220,142, 143,
144,145,146, 147,156,157, 150,1 51,152,153, 154,155, 180,149, 158,159,161, 177,162,163, 132, 165,166,167, 184, 169, 1 70,171, 173,189,174, 1 75,176,160, 1 78,179, 164,181
LTH2,IK3, 185, 168, 186,187, 168, 172,190,191,192,193, 194,195,197, 196, 198, 199,201, 73,202,203, 204,141,206,207,209,208,210,211,244,213,2 14,21 5,89,21 6,218,219,
05,024,222 333 335 334 136,237 226 345 330,231 233,253 334 335 135 753 338 350, 240,241,242 243 212,228,246, 247, 248,121 250,251,237 221,254, 255)

(05667146389 10111215, 14,15,16,21 86, 19 20,17,18,23,24.25,26,27,28,29,30,31,36,33 54,3556 32 38 19 40, 41 42 43 44 45 46,47 52 49,50,55 48,53 34 51,
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Fig. 5-17 Labelings for 2x8-PSK in Table 5-15 at (a) E, / N,=3.5dB in AWGN channel and
(b) E, /N,=6dB in block Rayleigh fading channel
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5-4 Simulation Results

To verify the advantage of multi-dimensional mapping, the convolutional code
with generator matrix (1+D?,1+ D+ D?)is particularly chosen as the outer code in
this section. From section 4-4 with our proposed labelings, the simulation results
employing this code usually have about the same waterfall threshold with the code
with generator matrix (1+D’+D’+D’+D® 1+ D+D”+ D’ +D°) but exhibit early
BER floor around 10~ . We will show that with a proper multi-dimensional labeling,
this BER floor can be improved. Then, the good performance with the memory-6

convolutional code can also be expected.

5-4-1 Multi-dimensional Mappingover Spatial Domain

In a MIMO system, we compare the BER performance with a multi-dimensional
mapper and with a conventional one-dimensional mapper. For NxBPSK and BPSK
modulation, we simulate the performance in Fig. 5-18(b), Fig. 5-19(b) and Fig. 5-20(b)
for 2x2, 3x3 and 4 x4 systems, respectively. There is only one labeling for BPSK and
the most matched labelings for 2x BPSK, 3xBPSK, 4xBPSK are Anti-Gray, 3DA2,
4DB2, respectively. In each figure, the multi-dimensional labeling can provide lower
BER floor than the conventional one because the demapper and the decoder curve can
intersect at farther point in the respective EXIT-chart in Fig. 5-18(a), Fig. 5-19(a) and
Fig. 5-20(a). Note that the performance gain can be achieved without increasing
receiver complexity. In addition, we can observe from Fig. 5-18(a), Fig. 5-19(a) and
Fig. 5-20(a) that with higher dimensional mapper, the labeling with better EXIT-chart
characteristics can be chosen and therefore it can make tunnel open at lower threshold
and achieve better BER floor, which can be verified by the performance plots. Similar

observations can be also obtained from Fig. 5-21 and Fig. 5-22 for NxQPSK, from
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Fig. 5-23 for Nx8-PSK and from Fig. 5-24 for Nx 16-QAM to conform the

advantages of our multi-dimensional labelings.
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Fig. 5-18 (a) EXIT-chart at E, / N = 2dB and (b) performance plots of the BICM-ID system with (5, 7)

convolutional code in 2x2 fast Rayleigh fading channel
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Fig. 5-19 (a) EXIT-chart at E, / N = 2dB and (b) performance plots of the BICM-ID system with (5, 7)

convolutional code in 3x3 fast Rayleigh fading channel
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Fig. 5-20 (a) EXIT-chart at E, / N = 2dB and (b) performance plots of the BICM-ID system with (5, 7)

convolutional code in 4x4 fast Rayleigh fading channel
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Fig. 5-21 (a) EXIT-chart at E, / N = 3dB and (b) performance plots of the BICM-ID system with (5, 7)

convolutional code in 2x2 fast Rayleigh fading channel
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Fig. 5-22 (a) EXIT-chart at E, / N =3dB and (b) performance plots of the BICM-ID system with (5, 7)

convolutional code in 3x3 fast Rayleigh fading channel
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Fig. 5-23 (a) EXIT-chart at E, / N = 5dB and (b) performance plots of the BICM-ID system with (5, 7)

convolutional code in 2x2 fast Rayleigh fading channel
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Fig. 5-24 (a) EXIT-chart at E, / N = 6dB and (b) performance plots of the BICM-ID system with (5, 7)

convolutional code in 2x2 fast Rayleigh fading channel
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5-4-2 Multi-dimensional Mapping over Time Domain

In a SISO system, we compare the performance with a multi-dimensional mapper
and with a conventional multi-dimensional mapper in AWGN and block Rayleigh
fading channels. For Nx BPSK and BPSK modulation, we simulate the performance
in Fig. 5-25(b) and Fig. 5-26(b). In AWGN channels, Fig. 5-25(b), there is only one
labeling for BPSK and the most matched labelings for 2x BPSK, 3 x BPSK, 4 x BPSK
are Anti-Gray, 3DA2, 4DB2, respectively. With higher dimensional labeling, the BER
floor can be made lower and SNR gain can be obtained at BER 107°. It can also be
observed from Fig. 5-25(a) that higher dimensional labeling has better EXIT-chart
characteristics. Similar observations can be also obtained from Fig. 5-27 and Fig. 5-28
for NxQPSK , Fig. 5-29 and Fig.:5-30 for Nx8-PSK and Fig. 5-31 and Fig. 5-32 for
Nx 16-QAM. Especially, it can-be.seen from Fig. 5-29 and Fig. 5-31 that the BER
floor of the most matched labelings:for-8-PSK; and 16-QAM in AWGN channel as
already observed in Fig. 4-5 and Fig. 4-8 canbe made lower with multi-dimensional
labelings. These simulation results conform the advantages of our multi-dimensional

labelings.
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Fig. 5-25 (a) EXIT-chart at E, / N = 1dB and (b) performance plots of the BICM-ID system with (5, 7)

convolutional code in 1x1 AWGN channel
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Fig. 5-26 (a) EXIT-chart at E, / N =3dB and (b) performance plots of the BICM-ID system with (5, 7)

convolutional code in 1x1 block Rayleigh fading channel
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Fig. 5-27 (a) EXIT-chart at E, / N = 1dB and (b) performance plots of the BICM-ID system with (5, 7)

convolutional code in 1x1 AWGN channel
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Fig. 5-28 (a) EXIT-chart at E, / N =3dB and (b) performance plots of the BICM-ID system with (5, 7)

convolutional code in 1x1 block Rayleigh fading channel
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Fig. 5-29 (a) EXIT-chart at E, / N =2.6dB and (b) performance plots of the BICM-ID system with

(5, 7) convolutional code in 1x1 AWGN channel
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Fig. 5-30 (a) EXIT-chart at E, / N = 5dB and (b) performance plots of the BICM-ID system with

(5, 7) convolutional code in 1x1 block Rayleigh fading channel
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Fig. 5-31 (a) EXIT-chart at E, / N = 3.5dB and (b) performance plots of the BICM-ID system with
(5, 7) convolutional code in 1x1 AWGN channel
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Fig. 5-32 (a) EXIT-chart at E, / N = 6dB and (b) performance plots of the BICM-ID system with
(5, 7) convolutional code in 1x1 block Rayleigh fading channel
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Chapter 6

Conclusions

A new design of labeling for BICM-ID is presented in this thesis by the EXIT-
chart based analysis. We propose a systematic design method for regular
one-dimensional complex constellation which can obtain a set of labelings with good
EXIT-chart characteristics. Given an outer code, the optimal labeling which makes the
demapper and decoder transfer curve intersect at a point as far as possible while still
makes the tunnel open can be chosen to obtain acceptable BER performance. We also
extend the design method to multi-dimension modulation schemes to take advantage
of flexibility provided by multi-dimension space:.Verified by the simulation results,

our design can provide remarkable. SNR gain ever.the conventional ones.

96



Reference

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

G. Ungerboeck, “Channel coding with multilevel/phase signals,” IEEE Trans.
Inform. Theory, vol. 28, pp. 55-67, Jan. 1982.

Divsalar D and Simon M K., “The design of trellis coded MPSK for fading
channel: Performance criteria,” IEEE Trans. Commun., vol. 36, Issue: 9,
pp-1004-1012, Sep. 1988

E. Zehavi, “Eight-PSK trellis codes for a Rayleigh channel,” IEEE Trans.
Commun., vol. 40, pp. 873-884, May 1992.

G. Caire, G. Taricco, and E. Biglieri, “Bit-interleaved coded modulation,” IEEE
Trans. Inform. Theory, vol. 44, pp. 927-945, May 1998.

X. Li and J. A. Ritcey, “Trellis coded modulation with bit interleaving and
iterative decoding,” IEEE J. Select. Areas Commun., vol. 17, pp.715-724,1999.
A. Chindapol and J. A. Ritcey, “Design, analysis, and performance evaluation
for BICM-ID with square QAMzconstellations in Rayleigh fading channels,”
IEEE J. Select. Areas Commun., vol..19, pp. 944-957, May 2001.

X. Li, A. Chindapol, and J.A. Riteey,! “Bit-interleaved coded modulation with
iterative decoding and 8PSK signaling,” 1EEE-Trans. Commun., vol.50, no.8,
pp-1250-1257, Aug. 2002.

S. ten Brink, “Convergence of iterative decoding,” Electron. Lett., vol. 35, pp.
806-808, May 1999.

S. ten Brink, “Designing iterative decoding schemes with the extrinsic
information transfer chart”, AEU Int. J. Electron Commun., vol. 54, no. 6, pp.
389-398, Dec. 2000.

[10] A. Sezgin and E. A. Jorswieck, “Impact of the mapping strategy on the

performance of APP decoded space-time block codes,” IEEE Trans. Signal
Process., vol. 53, pp. 4685-4690, Dec. 2005.

[11] F. Schreckenbach, N. Gortz, J. Hagenauer, and G. Bauch, “Optimization of

symbol mappings for bit-interleaved coded modulation with iterative decoding,”
IEEE Commun. Lett., vol 7, no 12, pp. 593-595, Dec. 2003

[12] Y. Huang, J.A. Ritcey, “Optimal constellation labeling for iteratively decoded

bit-interleaved space-time coded modulation,” IEEE Trans. Inform. Theory , vol.
51, no. 5, pp. 1865-1871, May 2005.

[13] Qi Xin, Zhao Ming, Zhou Shidong, Wang Jing, “Multi-dimensional MPSK for

iterative demapping over AWGN and Rayleigh fading channels”, VTC
2005-Spring. 2005 IEEE 61st, pp. 581-586, May 2005.

97


http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=10360�
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=10360�

[14] Qi X, Zhao M, Zhou S, Wang J , “Multidimensional modulation used in
BICM-ID,” ELECTRONICS LETTERS, vol. 41, no. 3, pp. 140-142, FEB 3 2005

[15] F. Simoens, H. Wymeersch, H. Bruneel, M. Moeneclaey, “Multi-dimension
Mapping for Bit-Interleaved Coded Modulation with BPSK/QPSK signaling,”
IEEE Commun. Lett., Vol. 9, No. 5, pp. 453-455, May 2005

[16] N.H. Tran and H.H. Nguyen, “Design and performance of BICM-ID systems
with hypercube constellations,” IEEE Trans. Wireless Commun., vol.5, no.5,
pp-1169—-1179, May 2006.

[17] F. Simoens, H. Wymeersch and M. Moeneclaey, “Spatial Mapping for MIMO
systems,” in IEEE Information Theory Workshop proceedings, Oct. 2004.

[18] N. Gresset, J.J. Boutros and L. Brunel, “Multi-Dimensional Mappings for
Iteratively Decoded BICM on Multiple Antenna Channels,” IEEE Trans. Inform.
Theory, vol. 51, no. 9, pp. 3337-3346, Sept. 2005.

[19] L. R. Bahl, J. Cocke, F. Jelinek, and J. Raviv, “Optimal decoding of linear codes
for minimizing symbol error rate,” IEEE Trans. Inform. Theory, vol. 20,
pp.284-287, Mar. 1974.

[20] S. ten Brink, “Convergence Behawvior'of Iterative Decoded Parallel Concatenated
Codes,” IEEE Trans. Comm.;wvol. 49,.n0..10, pp. 1727-1737, Oct. 2001.

[21] A. Boronka, J. Speidel, “A-low complexity MIMO system based on BLAST and
iterative anti-gray-demapping,” IEEE International Symposium on Personal,
Indoor and Mobile Radio Cammunications (PIMRC), Sept. 2003.

[22] C. Berrou, A. Glavieux “and P. Thitimajshima, “Near Shannon limit
error-correcting coding and decoding: turbo-codes (1),” Proc. IEEE ICC, Geneva,
Switzerland, pp. 1064-1070, May 1993.

[23] C. Berrou and A. Glavieux, “Near optimum error correcting coding and
decoding : turbo-codes,” IEEE Trans. Commun., vol. 44, no. 10, pp. 1261-1271,
1996.

[24] J. Tan and G. L. Stuber, “Analysis and design of symbol mappers for iteratively
decoded BICM,” IEEE Trans. Wireless Commu, vol 4, pp.662-672, Mar. 2005

[25] N.S Muhammad., J.Speidel, “Joint optimization of signal constellation and bit
labeling for bit-interleaved coded modulation with iterative decoding,” IEEE
Commun. Lett., vol. 9, no. 9, pp. 775~777, Sept. 2005.

[26] S.S. Pietrobon, R.H. Deng, A. Lafanechere, G. Ungerboeck and D.J. Costello,
“Trellis-Coded Multidimensional Phase Modulation,” IEEE Trans. Inform.
Theory, vol. 36, no. 1, pp. 63~89, Jan. 1990.

[27] Y. Huang, J.A. Ritcey, “Tight BER Bounds for Iteratively Decoded
Bit-Interleaved Space-Time Coded Modulation,” IEEE Commun. Lett., vol. &, no.
3, pp. 153~155, Mar. 2004.

98



	摘要
	Abstract
	誌謝
	Contents
	List of Tables
	List of Figures
	Abbreviations
	Chapter 1 Introduction
	1-1  Thesis Contributions
	1-2  Thesis Organization

	Chapter 2 System Model
	2-1  Transmitter
	2-2  Channel model
	2-3  Receiver
	2-3-1  Demapper
	2-3-2  Decoder


	Chapter 3 Exit-Chart Based Analysis
	3-1  Transfer Characteristics of Demapper
	3-2  Transfer Characteristics of Decoder
	3-3  Design Guideline Based on EXIT-chart

	Chapter 4 One-dimensional Labeling Design
	4-1  Design criteria
	4-1-1  Without A Priori Information
	4-1-2  Ideal A Priori Information
	4-1-2-1  AWGN Channels
	4-1-2-2  Rayleigh Fading Channels


	4-2  Design Method
	4-3  Proposed Labelings
	4-3-1  8-PSK
	4-3-2  16-QAM
	4-3-3  64-QAM

	4-4  Simulation Results

	Chapter 5 Multi-dimensional Labeling Design
	5-1  Design Criteria
	5-1-1  Multi-dimensional Mapping over Spatial Domain
	5-1-1-1  Without A Priori Information
	5-1-1-2  Ideal A Priori Information 

	5-1-2  Multi-dimensional Mapping over Time Domain
	5-1-2-1  Without A Priori Information
	5-1-2-2  Ideal A Priori Information
	5-1-2-2-1  AWGN Channels
	5-1-2-2-2  Rayleigh Fading Channels [16]



	5-2  Design Method
	5-3  Proposed Labelings
	5-3-1  Multi-dimensional Mapping over Spatial Domain
	5-3-1-1  NBPSK
	5-3-1-1-1  2BPSK
	5-3-1-1-2  3BPSK
	5-3-1-1-3  4BPSK

	5-3-1-2  NQPSK
	5-3-1-2-1  2QPSK
	5-3-1-2-2  3QPSK

	5-3-1-3  N8-PSK
	5-3-1-3-1  28-PSK

	5-3-1-4  N16-QAM
	5-3-1-4-1  216-QAM


	5-3-2  Multi-dimensional Mapping over Time Domain
	5-3-2-1  NBPSK
	5-3-2-1-1  2BPSK
	5-3-2-1-2  3BPSK
	5-3-2-1-3  4BPSK

	5-3-2-2  NQPSK
	5-3-2-2-1  2QPSK
	5-3-2-2-2  3QPSK

	5-3-2-3  N8-PSK
	5-3-2-3-1  28-PSK

	5-3-2-4  N16-QAM
	5-3-2-4-1  216-QAM



	5-4  Simulation Results
	5-4-1  Multi-dimensional Mapping over Spatial Domain
	5-4-2  Multi-dimensional Mapping over Time Domain


	Chapter 6 Conclusions
	Reference

