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Summary

For the narrow band Wireless Code Division Multiple Access (WCDMA) system, there are some channel coding
schemes proposed and applied like Turbo code and convolutional codes. But for the 4G Code Division Multiple
Access (CDMA) wideband systems, we have to use new channel coding schemes with high bandwidth efficiency.
In this case, multilevel coding (MLC) scheme is easy to map to Multiple Quardrature Amplitude Modulation
(MQAM) modulation strategy to be used for 4G, and MLC+MQAM will be a potential channel coding scheme for
the error correcting of next generation of mobile systems.

A novel criterion, that is ‘capacity rule’ plus ‘mapping rule’, for the design of the optimum MLC scheme for
radio systems over Rayleigh fading channels is proposed in this paper. Based on this theory, a few of key issues
related to design an optimum MLC system are investigated. These include a novel optimum design criterion
proposed, different mapping strategies, different decoding methods of MLC/MSD and MLC/Parallel Decoding on
Levels (PDL) and their performance comparison over Additive White Gaussian Noise (AWGN) and Rayleigh
fading channels respectively. Copyright © 2003 John Wiley & Sons, Ltd.
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1. Introduction level codes (MLC) system. The traditional set-parti-
tioning strategy is Ungerboeck partitioning (UP)

For the narrow band WCDMA system, there are some which is known from trellis-coded modulation

channel coding schemes proposed and applied, like
Turbo code and convolutional codes. But for the 4G
CDMA wideband systems, we have to use new chan-
nel coding schemes with high bandwidth efficiency. In
this case, MLC scheme is one of the best solutions that
will be easy to map to MQAM modulation strategy to
be used in 4G wireless radio systems.
Set-partitioning strategy, called design criterion,
is the key technique in designing an optimum multi-

(TCM) proposed by Ungerboeck [1,2]. It is well
known that UP strategy, which enlarges the intra
subset’s minimum Euclidean distance with each step
of set partitioning, constitutes the best criterion for
AWGN channels [3]. But for mobile fading channels,
this criterion for code optimisation is completely
different [4]. Thus, it is of great significance to study
another suitable design criterion with some special
considerations on different set-partitioning strategies
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applied to mobile fading channels and find out
the optimum design criterion for mobile fading
channels.

A sub-optimal decoding technique called multi-
stage decoding (MSD) was introduced in Reference
[5] for the decoding of MLC. This decoding procedure
is carried out stage by stage and is accomplished by
decoding the component codes one at a time. The
reliability of MLC system can be improved greatly by
using MSD method, which is to decode each compo-
nent code individually, starting from the lowest level
and using decisions of previous decoding stages.
Because of the advantages of MSD many publications
have concentrated on it [6—12].

Another decoding method for MLC proposed by P.
Schramm in 1997 is parallel decoding on levels (PDL)
or independent decoding on levels (IDL) [13]. The
complexity and time delay of this decoding method is
lower than MSD, and it has robustness to different
channels [14].

Based on the capacity calculation results we pro-
posed and showed before in references [15-17]
(Table II), we are able to design an optimum MLC
scheme for AWGN and Rayleigh fading channels
respectively. In this paper, we first propose a new
‘Non-Euclidean distance’ for designing an optimum
MLC coded modulation scheme. It is called ‘capacity
rule +BP (block partitioning)’. And then we compare
the different performances of two decoding methods
for MLC—MLC/MSD and MLC/PDL in AWGN and
Rayleigh fading channels respectively.

The significance of using 8ASK instead of 8PSK is
that we are able to extend our results for MLC with
8ASK to MLC with MQAM, for example, 64QAM
because 64QAM can be constructed by two compo-
nents of I and Q branches theoretically. And in the
next generation of mobile radio systems with high
transmission rate (let us say 4G), we really need some
challenge channel coding schemes, with not only
power efficiency but also bandwidth efficiency like
joint MLC (6 levels) with 64QAM, in which we can
get higher bandwidth efficiency up to 6 bits/second!

Copyright © 2003 John Wiley & Sons, Ltd.
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2. Multilevel Coding Scheme and Capacity
Rule

The structure of an MLC system is shown in Figure 1.
Through a binary set-partitioning of the signal set
A={a,|me{0,1,2,...,271}} amappingm « C
of binary labels C=(c’,c!,...,c"Y), e
{0, 1}, i€ {0,1,...,1 — 1}, to signal points a,, is
defined. The subsets of signal points at level i are
denoted by the path in the set-partitioning tree from
the root to the subsets, i.e.

Ap..i = {ay|m— (co,c1

xefo 1}, jeli+1,....,1—-1}}

i it -1
NS AR S B

(1)

For conciseness, we restrict our considerations to
MLC schemes with binary component codes as shown
in Figure 1. A sequence <q>’{ of source data symbols is
demultiplexed in [ sequences (¢')\ (i €{0,1,...,
I—1}, >, K; =K), which are fed into individual
binary encoders. Then, the encoders produce code
sequences (") of uniform length n. The resulting
binary labels cl,,:(cﬂo7...,cf[1 , u=1,...,n, are
mapped to signal constellation a,,,. Therefore, the
code rate R of the MLC scheme is:

2)

kS Yok
R=—= ZO:R, ==
For component codes ¢ at level i, block codes,
concatenated codes or even no code can be chosen. In
this paper, we select BCH codes as component codes
and take three levels for our computer simulations, i.e.
[=3.

2.1. Capacity Rule

Since the mapping M is bijective and hence without
loss in the sense of information theory, the mutual
information I(Y;A) between the transmitted signal
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point a € A and the received signal y € Y equals the
mutual information 7(Y;X° X' ... X'~!) between
the address vector X € {0, 1}’ and the received signal
point:

1(Y;A) = 1(v; X%, X", x"Y), (3)

where, we denoted the random variables correspond-
ing to the transmitted and received signal point, the
binary address vector and its components by capital
letters.

Then, applying the chain rule to the mutual infor-
mation it yields [11]:

1(v; X0 x' . XY = 1(v; X%) + 1(v; X' | X°)
4o Iy X XX xR, (4)

This equation can be interpreted in the following
way: the transmission of vectors with binary digits
X',i=0,1,...,1— 1, over the physical channel can
be virtually separated into the parallel transmission of
the digits x’ over ¢ equivalent channels. The equivalent
channel i consists of the equivalent mapper i, provided
that the digits X°,..., X! and the noise channel are
known. The binary symbol x’ is multiply represented
in the signal set of the equivalent mapper i for
i<l-—2.

From the chain rule, the mutual information of the
equivalent channel i can be calculated by Equation (5):

I(y;x', . X /x0 0 X
=I1(Y;X"/X°,..., X"
+I(y;x XXX, (5)

However, the capacity C' for given a priori probabil-
ities of signal points yields:

C=1v;x'/x° ... x™
=I(y;x,... x"1x0, . xTh
—I(y;x XX XD, (6)

where the mutual information I(Y;X',... X'~1/x°,
..., X7 is calculated by averaging 'with respect to
all possible combinations of x°, ... x'~!:

I(y;x', ... x"7x°, ... xh

=Eo ey UYX, XX X))

()
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Thus the capacities of the equivalent channel i can be
obtained [19,20]:

Ci = EXOA’__Wxi—l {C(A()CO7 . ,xi_l))}

,,,,,

Based on the concept of the equivalent channels
and its capacities, we can easily draw our ‘capacity
rule’ or ‘rate rule’. Given a binary digital modulation
scheme, choose the rate R! at the individual coding
level i of an MLC scheme to equal the capacity C' of
the corresponding equivalent channel i:

R=C" i=0,1,...,1—1. (9)

The basis of the capacity rule is to characterize the
transmission properties of the equivalent channels by
its capacities. Operating at the capacity limit of MLC
scheme, the capacity rule provides the maximum
individual rates to be transmitted with arbitrarily
low error probability. Thus, the design of MLC
scheme with an optimum trade-off between power
and bandwidth efficiency has to be based on the
capacity rule.

3. Different Mapping Strategies

There are three kinds of mapping (set-partitioning)
strategies for the given signal constellation. Tradi-
tional UP is aimed at maximizing the intra-subset
minimum Euclidean distance. As an inverse strategy,
we call block partitioning (BP). This scheme mini-
mizes the intra-subset minimum Euclidean distance.
Last strategy is a kind of combination of UP and BP
strategy called mixed partitioning (MP).

Because BP [19] (Figure 2) goes absolutely in
inverse direction compared with UP (and UP has
been proved not to be a good and efficient set-
partitioning strategy to Rayleigh fading channels), it
will be worthily considered as an efficient set-parti-
tioning strategy and a better criterion in designing an
optimal MLC system for Rayleigh fading channels.
This assumption has been proved by our calculations
of capacities for different set-partitioning strategies in
both Rayleigh and AWGN channels [15-17].

MP results from a combination. In this paper, it is
defined in this way: BP-UP-UP which means the first

Wirel. Commun. Mob. Comput. 2003; 3:617-628
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Fig. 2. BP of 8ASK signal set.

Table I. Different rates of MLC/MSD schemes with 8ASK modula-
tion based on capacity rule (R = 2.5 bits/symbol).

UP BP MP
AWGN Co=Rp=05 Cy=R(p=0.95 Co=Rp=0.875
channel C,=R;=1 C,=R,;=0.85 C,=R;=0.625
C,=R,=1 C,=R,=0.7 C,=R,=1

Table II. Different rates of MLC/MSD schemes with 8 ASK mod-
ulation based on capacity rule (R =2 bits/symbol).

UP BP MP

Rayleigh Cy=R(,=0.3125 Cy=R(,=0.8125 C,=R(=0.8475
channel C,=R;=0.75 C;=R;=0.6875 C;=R;=0.35

partitioning step is done by the rule of BP and
followed by UP and UP again.

From the results of capacities for MLC/MSD
scheme with three mapping strategies and 8ASK
modulation, the rate design values of MLC/MSD
over different channels are obtained. Table I lists the
rate design values over AWGN channels when R is
2.5 bits/symbol, while Table II lists the results over
Rayleigh channels when R is 2 bits/symbol. Based on
our discussions above and the capacity rule described
in Equation (9), the two tables are very important and
useful in the designing of optimum MLC systems.

4. Different Decoding Methods
for Multilevel Coding

For both AWGN and Rayleigh fading channels, opti-
mal decoding of multilevel codes can be performed by
a maximum-likelihood (ML) decoder that finds the
best input sequence that maximizes the probability of
receiving the observed sequence. But this decoder has
to work at a very huge complexity when the number of

Copyright © 2003 John Wiley & Sons, Ltd.

states becomes quite large. In this case, the ratio
between performance and decoding complexity is
poor even for very simple codes in each level. Thus,
good sub-optimal decoding techniques are needed to
obtain the good trade-off between performance and
complexity.

4.1. Multistage Decoding for MLC
(MLC/MSD)

The right side of the chain rule (4) suggests the rule
for a low-complex-staged decoding procedure that is
well known as multistage decoding (MSD) proposed
by Imai in his original work [5]. The component
codes C' are successively decoded by the correspond-
ing decoders D;, see Figure 3. At stage i, decoder D;
processes depend on not only the block y = (y[1],.. .,
y[N]), ylu] € Y, of received signal points, but also on
decisions ¥/, j=0,...,i — 1, of previous decoding
stages j. The use of previous decoding decisions
accomplishes the selection of the current subsets of
the equivalent mapper i for the different time instants
w=1,...,N.

Actually, the staged decoding according to the
chain rule in Equation (4) would require the trans-
mitted symbol ¥’ instead of the estimate /. But if we
assume error-free decisions X/ = X’ of decoder Dj,
MSD can be interpreted as an implementation of the
chain rule. Clearly, in practice, erroneous decisions
occur and errors propagate from lower levels to higher
ones. But it is shown later that error propagation in
MSD does not significantly influence the performance
of the system.

Obviously, multistage decoding is not identical to
ML decoding, although each level can and should be
ML decoded. Therefore, the performance will be
degraded compared to the super-decoder. However,
the decoding complexity is significantly reduced be-
cause now the complexity is the sum of decoding
complexity of each level instead of the product. Of
course, additional delay is imposed on the decoding
process because the single decoders cannot work in
parallel.

Decoder

Dy 4

Decoder Dy

H| Decoder Dy

Fig. 3. Multistage decoder (MSD).
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Fig. 4. Parallel decoding of levels (PDL).

4.2. Parallel Decoding for MLC (MLC/PDL)

The use of estimates on lower levels may be unsui-
table in practice, e.g. due to memory requirements. In
this case, the codes on each level could be decoded
independently, i.e. without feedback of estimates.
Therefore, an alternative decoding strategy for MLC
transmission is parallel decoding of the individual
levels (PDL) [13]. Thereby, in contrast to the MSD
approach, decoder D; makes no use of decisions of
other levels i # j. All decoders D;, i = 0,1,...,1— 1,
are working in parallel. The PDL approach is sketched
in Figure 4. For MLC/PDL, the transmission of each
address symbol x',i=0,1,...,]—1, over the
equivalent channel i is based on the entire signal
constellation, since there is no preselection of signal
points at higher levels due to decoding decisions of
other levels. Of course, information is lost by not
using estimates from lower levels. Thus, the sum of
the capacities Cyyy, of all levels is less than (or equal
to) the total capacity of the signal set, i.e.

Csum = Z Ci < Csel. (]0)

To be more accurate, the concept of the equivalent
channel and its characterising pdf have to be adopted
appropriately for an MLC/PDL scheme. While in the
case of MLC/MSD, the signal set of the equivalent
mapper i is time variant for i >0 depending on the
binary digits ¥/ of lower levels j, j =0, ...,i — 1, the
equivalent mapper i for the MLC/PDL scheme is time
invariant foralli = 0, ...,/ — 1. Since the decoding at
one level is done independently of other levels, the
equivalent mappers for MLC/PDL comprise the entire
signal set A in every case. In the signal set of
equivalent mapper i, the binary symbol &' is multiply
represented by all signal points with address digit
X =b b €{0,1}.

An advantage of the PDL decoding approach is
certainly that error propagation from lower to higher
levels can be avoided since the levels are decoded
independently. Additionally, PDL is favorable in

Copyright © 2003 John Wiley & Sons, Ltd.

terms of decoding delay since the individual decoders
are working in parallel instead of serial in the staged
decoding approach MSD. If transmission over time-
variant channels is considered, where both the static
AWGN and the Rayleigh fading channel are present,
MLC/PDL turned out to provide the best robustness to
both channel situations among other competing coded
modulation schemes.

5. Numerical Results and Discussions

5.1. Non-Euclidean Metric of MLC Scheme
for AWGN Channels

According to the results in Table I, the performance of
MLC/MSD scheme in 8ASK signal constellation over
AWGN channels is investigated in which BCH codes
with code length of 127 are used as component codes.
Simulations results are shown in Figures 5—7. There
are three MLC/MSD schemes in Figures 5-7, i.e.
CODE1, CODE2 and CODES3. For CODE?2, the rates
of binary component codes on three levels are desi-
gned according to ‘capacity rule’ shown in Table I,
while ‘capacity rule’ is not obeyed for CODE1 and
CODES3. For comparison on performance, the total
rates of three schemes are all chosen as R =2.5 bits/
symbol. From the simulation results, we can see:

(a) The performance of MLC/MSD scheme accord-
ing to ‘capacity rule’ is optimal at same band-
width efficiency. As Figures 5—7 show, CODE2
scheme is superior to CODEl and CODE3
schemes.

(b) The schemes that do not obey ‘capacity rule’ have
different affection to performance at the same
total rates. As CODE1 scheme in Figure 5 shows,
the rate R, of the first level is greater than the

1.00E+00 ——CODEI

100E~01 —s— CODE2

100E-02 ——CODE3
& 100E-03

100E—04 AN

1.00E—05 \'\- \¢

100E—06 ! ! ! T Eb/No(dB)

0 2 4 6 8 10 12 14 16

CODE 1-C0: (127,127); Cl: (127,57,11); C2: (127,127)
CODE2-C0: (127,57,11); Cl: (127,127); C2: (127,127)
CODE 3-C0: (127,127); C1: (127,127); C2: (127,57,11)

Fig.5. Performance comparison of different rates (AWGN
channel, UP, MLC/MSD£©).
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100E+00 ——CODEI
1.00E-01 —=—CODE?2
1.00E-02 —&— CODE3
£ 100E-03
1.00E-04
1.00E-05
1.00E-06 TR— ' : '
Eb/No(dB)

0 2 4 6 8 10 12 14 16

CODE 1-C0: (127,120,1); C1: (127,85,6); C2: (127,106,3)
CODE 2-C0: (127,120,1); C1: (127,1063); C2: (127,85.6)
CODE 3-C0: (127,106 3); Cl: (127,85,6); C2: (127,120,1)

Fig. 6. Performance comparison of different rates (AWGN
channel, BP, MLC/MSD£®).

1.00E+00 —e—CODE 1
1.00E-01 %ﬁ —=—CODE 2
1.00E-02 —4—CODE3

AN

o 1.00E:03 T
1.00E-04
1.00E-05 \.—
1.00E-06 —

Eb/No(dB)

02 4 6 8 1012 416

CODE 1-C0(127,78,7),C1:(127,106,3);C2:(127,127)
CODE?2--C0:(127,106,3);,C1:(127,78,7,C2:(127,127)
CODE3-C0:(127,106,3);,C1:(127,127);,C2:(127,78,7)

Fig.7. Performance comparison of different rates (AWGN
channel, MP, MLC/MSD£©).

capacity, R; of the second level is lower than the
capacity, therefore, the performance of CODEI is
inferior to CODE2 scheme. In CODE1 scheme of
Figure 6, the rate R, equals the capacity, R, is
lower and R, is greater than capacity, therefore,
the performance of CODEI scheme is nearly the
same as that of CODE?2 scheme. Thus, the rate of
the first level Ry must be designed according to
the capacity of equivalent channel comparing
with other levels. If R, is greater than the capacity,
the performance will degrade more greatly.

5.2. Non-Euclidean Metric of MLC Scheme
for Mobile Fading Channels

In Rayleigh fading channels, the performance of
three-level MLC/MSD scheme with BCH codes
(n=127) as component codes is investigated. Results
are shown in Figures 8—10 in which there are three
MLC/MSD schemes. CODE1 scheme is based on
‘capacity rule’ results shown in Table II, CODE2
and CODES3 schemes are not. The total rates of three

Copyright © 2003 John Wiley & Sons, Ltd.

1.00E+00 —— Uncoded
4ASK

1.00E-01 | . (5K
1.00E-02

£ 100803 CODE2
1.00E-04 —8—CODE 3
1.00E-05
1.00E_06 1 1 1 1 1 1 1 1 1 1 1 Eb/No

04 812162024283236404448

CODE 1:C0(127,36,15);C1(127,99,4);C2(127,120,1)
CODE2:C0(127,120,1);C1(127,99,4),C2(127,36,15)
CODE 3:C0(127,99,4);C1(127,36,15),C2(127,120,1)

Fig. 8. Performance comparison of different rates (Ray-
leigh channel, UP, MLC/MSD).

100E+00 ]

—— Uncoded
100E-01 { 4ASK

—a—CODE1
100E-02

—4+—CODE2

2 100E-03 \ \\

—
100E-04 * \ \ CODE3
100E-05

\. . i
I.OOE_ 06 1 1 1 1 I3 1 1 I3 1 1 1 Eb/NO

0 4 81216202428 3236404 48

CODE1:C0(127,994); C1(127,92,5); C(127,64,10)
CODE2:C0(127.64,10); CI(127,92,5); CX(127.994)
CODE3:C0(127,92,5); CL(127,64,10:CX127,994)

Fig. 9. Performance comparison of different rates (Ray-
leigh channel, BP, MLC/MSD).

1ODE+DD
—— Lincoded
1.00E-01 { 4ASK
—e—CODEI
1.00E-02 e CODE2
£ 1.00E-03 \ —=— CODE3
1.00E-04 \ \
1.00E-05 s
(p0Eos Lt ¢ s v v 00w w0 o TPENG

0 4 8 12 16 20 24 28 32 36 40 44 48

CODEI1: CO (127,106,3): C1 (127,43,14); C2 (127,106,3)
CODE2: CO (127,43,14); C1 (127,106,3); C2 (127,106,3)
CODE3: CO (127,106,3): C1 (127,106,3): C2 (127,43,14)

Fig. 10. Performance comparison of different rates (Ray-
leigh channel, MP, MLC/MSD).
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schemes are R =2bit/symbol. For comparison, the
performance of uncoded 4ASK modulation scheme is
also given. From the results, we can see:

(a) ‘Capacity rule’ can be proved with any set-parti-
tioning strategy as well as the results in AWGN
channels. When code rates of component codes
in MLC scheme are designed according to ‘capa-
city rule’, the system performance is optimal. As
Figures 8-10 show, CODEI schemes are always
superior to CODE2 and CODE3 schemes.

(b) With any mapping strategy, if code rates of
component codes are not designed based on
‘capacity rule’, rates of different levels can be
chosen arbitrarily at given bandwidth efficiency
and there is no obvious rule to obtain optimal
system performance.

5.3. System Performance Designed According
to Capacity Rule

According to ‘capacity rule’ and the rate design values
required according to calculated results in Table I and
Table II, the performance of three-level MLC/MSD
schemes with three different set-partitioning strategies
and two different decoding methods is investigated. In
each scheme, BCH codes with code length 127 or 255
are chosen as component codes and 8 ASK modulation
is used.

5.3.1. Performance comparison of UP, BP and MP
schemes in AWGN channels

Figure 11 shows the performance comparison of these
three set-partitioning strategies in AWGN channels.
The code rates of component codes in MLC scheme
are designed based on ‘capacity rule’ calculated and

—+— Uncode

1.00E+00 - AAS
1.00E-01 { s UP
1.00E-02

& 1.00E-03 . ——BP
1.OOE-04 5
1.00E-05 P
1LOOE-06 ittt

Eb/No

0 2 4 6 8 10 12 14

UP:C((255,45,43):C1(255,207,6), C2 (255,255)
BP:C0(255,215,5);C1(255,171,11);C2(255,123,19)
MP:C0(255,215,5);,C1(255,63,30); C2 (255,231,3)

Fig. 11. Performance comparison of MLC/MSD with UP,
BP and MP (AWGN channels).

Copyright © 2003 John Wiley & Sons, Ltd.

shown in Table I. And, the total rate of three schemes
is chosen as R =2bits/symbol in order to compare
power efficiency at same bandwidth efficiency. The
performance of uncoded 4ASK scheme is also given
for comparison. From the simulation results, we ob-
serve the following:

(a) In AWGN channels, the performance of MLC
system with UP is optimal as compared to BP
and MP according to individual ‘capacity rule’ at
the same bandwidth efficiency. The performance
of MP is a little superior to BP.

(b) The performance of three set-partitioning strate-
gies is nearly the same at lower signal-to-noise
ratio (SNR) when E}, /Ny is lower than 9 dB; with
the increase of SNR (E,/Ny > 9dB), the perfor-
mance difference of these three schemes will be
larger. As Figure 11 shows, the performance of
UP scheme is better than BP and MP schemes by
2-3dB coding gain when P, = 10~*. When SNR
is between 9 dB and 13 dB, the performance of BP
scheme is superior to MP scheme and MP scheme
is superior to BP scheme at higher SNR
(Ep/Ny > 13dB).

(c) Because ASK modulation is amplitude modula-
tion, the performance of uncoded 4ASK scheme is
not bad in AWGN channels because of the less
interference. As Figure 11 shows, only UP
scheme with 8ASK signal constellation has cod-
ing gain as compared to uncoded 4ASK scheme.
BP and MP schemes would not have coding gain
until very high SNR. Therefore, it has little sig-
nificance to employ BP and MP schemes in MLC
system with 8ASK signal constellation over
AWGN channels. Thus, the importance of the
selection of set-partitioning strategies in MLC
system can be proved.

5.3.2.  Performance comparison of UP, BP and
MP schemes in Rayleigh fading channels

Figure 12 shows the performance comparison of
MLC/MSD schemes with three set-partitioning stra-
tegies in Rayleigh fading channels, in which 8ASK
signal constellation is used and BCH codes are chosen
as component codes. Table II is used to design the
optimal MLC systems with three different mapping
strategies.

(a) From the analysis in Section 3, we know that UP
is the best set-partitioning strategy for AWGN
channels but not for Rayleigh fading channels.

Wirel. Commun. Mob. Comput. 2003; 3:617-628
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Fig. 12. Performance comparison of MLC/MSD with UP, Fig. 13. Performance comparison of different rate design
BP and MP (Rayleigh channels). (Rayleigh channels, UP, MLC/MSD).
Because BP goes in absolute inverse direction as I.OOF._H]O Ei%?(dm
compared to UP, it might be a good method for 1.00E-01 —=— CODE]
Rayleigh fading channels. Here, this assumpti.on |_nnr:..m CODE2
is proved. As Figure 12 shows, MLC system with £ LOOE-03 '\“‘
BP is optimal in Rayleigh channels, while UP is L.OOE-04 \ '\‘
inferior to BP and MP schemes. 1.OOE-05 N he Wt
lJJUE_m | 1 A 1 A1 i 1 A 1 L Ll

(b) The system performance designed according to
‘capacity rule’ is improved greatly with high
coding gains. When the code length is 255, the
MLC scheme with BP strategy and 8ASK mod-
ulation has coding gain of 23.5 dB compared with
uncoded 4ASK system.

Eb/No
04 8 121620242832364044 48

CODE1: C{255,207,6).C1(255,171,11;C2(255,131,18)
CODE2: C1¥255,215,5),C1(255.171,11):C2(255,123.19)

Fig. 14. Performance comparison of different rate design
(Rayleigh channels, BP, MLC/MSD).

5.3.3. The Robustness of BP strategy in AWGN 1.00E+00 ¢ 1 Uncoded
and Rayleigh fading channels LOOE-O1 4ASK
. . . 1 O0E-02 —=—(QODEL

Comparing the results we got in Table I in Reference L OOE-03
[15] with three different set-partitioning strategies, & B ey, |——CODE2
.. . . 1L.OOE-D4 : g
it is easy to find that BP is a kind of robust set- A o

e . . LOOE-O5
partitioning strategy from the point of view of ‘capa- - R Y

city rule’ in all of the three. The reason is that you can
choose almost the same design rates for three different
levels when the channel characteristics are completely
changeable from AWGN to Rayleigh fading or vice
versa. This discovery should be very important for
the design of an optimum MLC scheme that is suitable
either for AWGN channel or for Rayleigh fading
channel.

Figures 13—15 show the performance comparison
of MLC/MSD schemes with three different set-parti-
tioning strategies in Rayleigh fading channels. In each
scheme, BCH codes with code length of 255 are
chosen as component codes and different design rates
are used. There are two kind of rates in Figures 13—15.
The code rates in CODEl scheme are designed
according to ‘capacity rule’ for Rayleigh fading
channels, while the code rates in CODE2 scheme

Copyright © 2003 John Wiley & Sons, Ltd.

Eh/N:

0 4 8 121620242832 364044 48 ©
CODELC255,215,5)C1(255,87,26),C2(255,207.,6)
CODE2:Q0(255,215,5):C1(255,63,30):C2(255,.231,3)

Fig. 15. Performance comparison of different rate design
(Rayleigh channel, MP, MLC/MSD).

are distributed as the design values for AWGN
channels.

Comparing Figures 13—15, we can see that only for
BP strategy in Figure 14, the MLC/MSD scheme (in
which the code rates on three levels are designed
according to rate design values for AWGN channels)
can be also applied to Rayleigh fading channels. That
is to say, in Rayleigh fading channels, the perfor-
mance degradation can be neglected in MLC/MSD
scheme only for BP strategy employing the design
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LODE+00 +Eﬁ'§jﬁ
1.00E-01 $ —=— CODEL
1.OOE-02
. L00E-03 | \||—&—copE2
= 1.00E-04
1LDOE-05
100E-06 Lm0 v 0 0 0 0

Eb/No
0 2 4 6 8 10 12 14

CODE I:CD{255,45,43),C1{255,207,6); C2(255,255)
CODEZ2:C0{255,79,27),C1(255,191,8); C2(255,239,2)

Fig. 16. Performance comparison of different rate design
(AWGN channel, UP, MLC/MSD).

1.00E+00 —— Uncoded
4ASK

1.ODE-O1 4 —a—CODEI
1.00E-02

£ 1.O0E-03 “‘\\\ —a— CODE2
1.O0E-04 \
1.00E-05 \t
LO0E06 Eb/No

0 2 4 6 & 10 12 14
CODEL:C0{255,215,5%C1(255,171,11)%C2(255,123,19)
CODE2:C({255,207.6);,C1(255,171,11);C2(255,131,18)

Fig. 17. Performance comaprison of different rate design
(AWGN channel, BP, MLC/MSD).

LOOE+00 —— Uncoded

4ASK
LO0E-01 "ﬁ*\m—? —=—CODEI
1.00E-02

£ 100503 e —a— CODE2

&

1.0E-04 “\.‘\K
1L.OOE-05 A
1.00E-06 T T T T T T T T T W ‘l

Eh/No
0 2 4 6 8§ 10 12 14

CODEI:CO(255,215,5);C1(255,63,30);C2(255,231,3)
CODE2:C((255,215,5):C1(255,87,26);C2(255,207.6)

Fig. 18. Performance comparison of different rate design
(AWGN channel, MP, MLC/MSD).

rates for AWGN channels. As Figures 13 and 15 show,
the performance of MLC/MSD scheme with UP or
MP scheme, employing the design rates for AWGN
channels, will degrade greatly in Rayleigh fading
channels.

The results in Figures 16—18 show the performance
comparison of MLC/MSD schemes with different
design rates in AWGN channels. The code rates of
CODEI scheme are all designed according to ‘capa-
city rule’ for AWGN channels, while the code rates of
CODE2 scheme are all distributed as the designed
values for Rayleigh fading channels.

Copyright © 2003 John Wiley & Sons, Ltd.

Comparing the results, the same conclusion can be
drawn: BP strategy is a kind of robust set-partitioning
strategy in all the three when the channel character-
istics change from AWGN to Rayleigh fading or vice
versa. Figure 17 shows that the performance of
CODE2 scheme is nearly the same as that of
CODE! scheme.

5.3.4. Comparison of MLC/MSD and MLC/PDL
for AWGN channels

Simulation results of MLC schemes using two differ-
ent decoding methods with UP, BP or MP strategy
over AWGN channels are shown in Figures 19-21,
respectively. In each scheme code, rates of component
codes are designed according to ‘capacity rule’ shown
in Table I. For performance comparison, the total rates
of scheme are all chosen as: R =2.5bits/symbol.
From the results, we observe the following:

(a) As shown in Figures 19-21, MSD is superior to
PDL for MLC scheme with any set-partitioning
strategy over AWGN channels.

(b) For UP and MP strategies, the performance of
MLC /PDL and MLC/MSD is nearly the same at
lower SNR when E}, /N is lower than 11 dB; With
the increase of SNR (Ej, /Ny > 11 dB), the perfor-
mance difference will be larger. As shown in

LLOOE+00 +—FDL
1.O0E-01]
1.00E-02

= 1.00E-03
1.00E-04
1.00E-05
1L.OOE-D6

—=—MSD

0 2 4 6 8 10 12 14 Eb/MNoWdB)

CO(127,57,11): C1(127,127); C2(127,127)

Fig. 19. Comparison of MLC/MSD and MLC/PDL with
UP over AWGN channel.

1LOE+M)
1 .O0E-01 %—O—MSD
1.00E-02 —=—PDL
£ 1LO00E-03 A"y
1.00E-04 \K
1.00E-05
1.0E-(06 4 1 . 4 L 4 L .
02 4 6 8B 10 12 14 16
CO{127,120,1); C1(127,106,3); C2(127.85.6)

Eb/No(dB)

Fig. 20. Comparison of MLC/MSD and MLC/PDL with
BP over AWGN channel.
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1.00E+00
1.00E-01
1.00E-02
1.00E-03
1.00E-04
1.00E-05
1.O0E-06 e

02 46 81012141618
CO(127,106,3), C1(127,78,7); C2(127,127.0)

PDL

m.T —=— MSD
S

H\\
-

Pb

Eb/Mo (dB)

Fig. 21. Comparison of MLC/MSD and MLC/PDL with

8ASK, MP, over AWGN channel.

Figures 19 and 21, the power efficiency of MLC/
MSD scheme is higher than MLC/PDL with 3-
4 dB coding gain for UP strategy, while with 2—
3dB coding gain for MP strategy when
P, = 1073,

(c) As Figure 20 shows, the performance of MLC/
PDL and MLC/MSD schemes with BP strategy is
nearly the same at any SNR.

5.3.5. Comparison of MLC/MSD and MLC/PDL
for Rayleigh fading channels

Another set of simulations was performed to provide
a comparison of MLC/MSD and MLC/PDL for
Rayleigh fading channels. For any set-partitioning
strategy, code rates of component codes are designed
based on ‘capacity rule’ listed in Table II. Numerical
results are depicted in Figures 22-24. BCH codes with
code lengths of 255 are chosen as component codes.
The total rates of all schemes are all R = 2 bit/symbol.
For comparison, the performance of uncoded 4ASK
modulation scheme is also given. From the simulation
results, we observe the following:

(a) For any set-partitioning strategy, MSD is superior
to PDL for MLC scheme over Rayleigh fading
channels. Therefore, the MLC/MSD scheme is

1.00E+00 e
1.00E-01 e
1.00E-02 —a—MSD

£ LOOE-03
1.00E-04 —+—PDL
1.00E-05
] -(H]E_nﬁ 1 1 L 'l L L L L L 1 L

Eb/N
D 4 8 12162024283236404448 2

C0(255,79,27):C1(255,191,8);C2(255,239,2)

Fig. 22. Comparison of MLC/MSD and MLC/PDL with
UP over Rayleigh channel.
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Fig.

Fig.

(b)

(©)

LOOE+00
1L.OOE-O1 4
1.O0OE-02
1.00E-03
1.ODE-D4
LOOE-D5
1.00E-06

0 4 8 121620 24 28 32 36 40 44 48
C0(255,207,61C1(255,171,11%C2(255,131,18)

23. Comparison of MLC/MSD and MLC/PDL with
BP over Rayleigh channel.

LOOE+00 - T
1.00E-01 :%:-r s
e v
1.00E-04 \‘\““\

1 00E-05 .\;\. e ;
LOOE-06 Lo o o v v o 4 4 '\?‘EWD

0 4 8 1216202428 32 3640 44 48
CO(255,215,5):C1(255,87,26):C2(255.207,6)

24. Comparison of MLC/MSD and MLC/PDL with
MP over Rayleigh channel.

proved to be an asymptotically optimum approach
to coded modulation for both AWGN and
Rayleigh fading channels. The condition for this
optimality is that the rates of the component codes
are chosen to be equal to the capacities of the
equivalent channels.

As shown in Figures 22 and 24, for UP and MP
strategies, the power efficiency of MLC/MSD and
MLC/PDL is nearly the same at lower SNR when
E,/Ny is between 4 dB and 16 dB. At high SNR,
the performance difference will be larger. When
P, = 1073, MLC/MSD scheme is superior to
MLC/PDL with 2-4dB coding gain for MP
strategy, as shown in Figure 24.

Figure 23 shows that PDL and MSD lead to
approximately the same performance for MLC
scheme. Therefore, PDL, the simple and prag-
matic decoding method, can be used instead of
MSD, the complex and iterative decoding method
with long time delay, for MLC system over
Rayleigh fading channels when BP strategy is
employed. This conclusion has great importance
and significance for multilevel coding schemes
with more levels, e.g. MLC/MSD scheme with
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64QAM, because the complexity and time delay (e)
of MSD will be decreased greatly.

6. Conclusions

A novel criterion that is ‘capacity rule’ plus ‘mapping
rule’ for the design of the optimum MLC scheme over
Rayleigh fading channels is proposed in this paper.
Based on this theory, a few issues related to designing
an optimum MLC system are investigated, which
include a novel optimal design criterion proposed,
different mapping strategies, different decoding meth-
ods of MLC/MSD and MLC/PDL and their perfor-
mance comparison. From simulation results and
discussions, we can draw some conclusions:

®)

(a) In AWGN channels, when code rates of compo-
nent codes in MLC system are designed based on (2)
‘capacity rule’ and UP strategy is used, the system
performance will be optimum. Therefore,
‘capacity rule’ plus ‘UP’ is the ‘non-Euclidean
metric’ for designing an optimum MLC system in
AWGN channel, which is identical with the
Euclidean criterion of good codes for coded
modulation schemes proposed by Ungerboeck
for TCM.

(b) In Rayleigh fading channels, as long as BP

The performance of MLC scheme with different
decoding methods is related to set-partitioning
strategies. For UP and MP strategies, MSD
method is strongly recommended to be used
because the performance of MLC/MSD scheme
is much better than that of MLC/PDL. For BP
strategy, PDL is suggested to be used as a simple
decoding method because the performance of
MLC scheme with two decoding methods is
nearly the same.

The selection of set-partitioning strategies has
great importance and significance to MLC
schemes. In AWGN channels, when code rates
of component codes in MLC/MSD system are
designed based on ‘capacity rule’, and UP strategy
is used, the system performance will be optimum.
While in Rayleigh fading channels, BP is the best
set-partitioning strategy as compared to UP and
MP strategies.

From the point of view of ‘capacity rule’, BP set-
partitioning strategy is of good robustness in both
kinds, i.e AWGN and Rayleigh fading channels to
realize and design an optimum MLC system.
Therefore, ‘capacity rule’ plus ‘BP’ can be a
kind of new and important ‘non-Euclidean criter-
ion’ for the optimal anti-interference MLC
scheme suitable for mobile radio fading channels.
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