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Abstract. In bandwidth limited communication systems, the ror correction (FEC) code is highly required to protect the
high data rate transmission with performance close to camultilevel signaling schemes. The combination of high level
pacity limits is achieved by applying multilevel modulation modulation schemes with FEC coding schemes is denoted as
schemes in association with powerful forward error correc-a coded modulation system.
tion (FEC) coding, i.e. coded modulation systems. The most The field of coded modulation was first introduced
important practical approaches to coded modulation systemby (Massey 1974 who proposed to jointly design cod-
are multilevel coding with multistage decoding (MLC/MSD) ing and modulation. Ungerboeck presented a practical ap-
and bit interleaved coded modulation with iterative demap-proach for coded modulation known as trellis coded mod-
ping and decoding (BICM-ID). ulation (TCM) Ungerboeck and Csajk&976 Ungerboeck
Multilevel modulation formats such a&-QAM, which 1982. In this system, Ungerboeck proposed the set partition-
can be used as a part of coded modulation systems, have thieg strategy for mapping scheme in order to maximize the
capability of multilevel protection. Based on this fact, we in- minimum intra-subset Euclidean distance. The key point of
vestigate the methods to improve the performance of BICM-this system is to deal with the free Euclidean distance mea-
ID using multiple interleavers with different binary channel sure instead of the Hamming distance as in classical coding
coding schemes such as convolutional codes, turbo codeschemes. Therefore, the modulation and the channel coding
and low-density parity-check (LDPC) codes. Moreover, anbased on convolutional code are combined in a single en-
MLC system with parallel decoding on levels (PDL) at the tity which enables to transmit only constrained sequences
receiver is considered. In our contribution, we propose to de-of symbols that maximize the minimum free Euclidean dis-
sign the individual coding schemes using the extrinsic infor-tance.
mation transfer (EXIT) charts for individual bit levels inthe  Another approach of constructing coded modulation sys-
constellation. Our simulation results show that the BICM-ID tem is multilevel coding (MLC) proposed byntai and Hi-
systems, taking into account different bit-level protections,rakawa 1977). A more comprehensive study of this system
can provide an improvement of 0.65dB, 1.2dB and 1.5 dBwith information-theoretic analysis including MLC capacity,
for 256-QAM with turbo, LDPC and convolutional codes, error bounds and rate design rules was reportedachs-
respectively. On the other hand, MLC systems with PDL de-mann et al. 1999. The basic idea behind MLC scheme is
signed using EXIT charts for individual bit levels can slightly to protect each bit level of the signal constellation by an
improve the performance and eliminate the error floor com-individual binary code. The common key point of this sys-
pared to the systems with MSD. tem is to employ the Ungerboeck mapping by set partition-
ing and multistage decoding (MSD) at the receiver. Although
both TCM and MLC have the same principle, which is op-
timizing the system in the Euclidean space, the MLC ap-
proach provides more flexibility regarding to implementation
issues since mapping schemes and channel coding schemes

The increasing demand to achieve higher data rates in dlglére decoupled from each other. Moreover, different com-

tal Commun|cat|9n systems with I|m|teq spectrum resourcesponem codes such as convolutional codes, turbo codes and
leads to employing multilevel modulation formats. In order

to approach the channel capacity, an appropriate forward er-

1 Introduction
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low-density parity-check (LDPC) codes can be used in MLC t
systems. O aovtate [~ T wapper [

A bit interleaved coded modulation with iterative demap- n()
ping and decoding (BICM-ID) was proposed kgr{ Brink i ~
et al, 1998 ten Brink 1999 as an attractive technique to outer | La T L' AL [ soft
achieve both high spectral efficiency and high performance. decoder demapper|'r (t)
Unlike MLC systems, BICM-ID systems use only one chan-
nel encoder separated from modulation by an interleaver
which achieve a reasonable complexity.

The task of mapping in high order modulation schemes
such asM-QAM is to assign a number of bits to one sym- Fig. 1. Block diagram for conventional BICM-ID systems.
bol of the constellation points. The most important charac-

teristic of these schemes is the constellation capacity. How- h The originated | bols ted b
ever, each bit position has a distinct capacity, i.e. a different’C'€ME. 1N€ onginated compiex Ssymbpiare corrupted by

amount of protection. In this paper, we investigate the meth10!S€ through the AWGN channel, so the received symbols

ods to improve the performance of BICM-ID using the idea arér = _X—l—gytvr?ereg IS a compc:ex c_lrcularzgymme;r;q Gaus-
of protection matching with different binary channel coding stan nX;StiWI Zero meag ‘En vgmam‘,ﬁ/ n ?acb |meﬁn—
schemes such as convolutional codes, turbo codes and LDPEH- At the FECEIVET, and based on channel observations
codes. Moreover, an MLC system employing Gray mappingar?d a-pzlrlorl information of unmapped bitg” (at first iter- o
for modulation and parallel decoding on levels (PDL) at the ?t'o?kLal.h: Od)' thtg S()Lflt_—ge;napperhca]!cttrj]lates ;hedak;_;iosterlon
receiver is considered. We proposed to design the proper in-oq"bellb00 ratio (B . ?( otr elafggo @ coded bits per
dividual coding schemes with code rates using the extrinsicy "'P0! Y usingten Brink et al, 9
information transfer (EXIT) charts for individual bit levels in Ly(XkIE) =LY (x)

the constellation.

—
Iz

[r—

12 m

The remainder of this paper is organgd as follows. Thg 3 exp— Nf‘ + 3 M;l(z)L,Q"(xj)]
basic BICM-ID systems and the new design based on multi- vext J=1,j#k
level protection is briefly introduced in Se@. The concept +In 2 " > (D)
of MLC/MSD systems with an idea of code design is pre- Y exp-——+ X uitoLY(x)]
sented in SecB. The proposed code design based on EXIT yexy j=L.j#k

charts for MLC/PDL systems is explained in SettSimu-
lation results and discussions are provided in Sedtinally,
conclusions are drawn in Seét.

Whereu;l(z) gives thej-th bit of the symboly while Xkl,X,?
are the sets of symbols having thketh bit set to 1 and
0, respectively. Then, the extrinsic information of the soft-
demapperL)’ = L) — L} is deinterleaved to become the
2 BICM-ID systems a-priori inputZ? to the outer soft-in/soft-out decoder, which
gives the a-posteriori valuel? based on the BCJR algorithm
The BICM-ID system is a serial concatenation of channel(Hagenauerl997). The extrinsic information of the outer de-
encoding, bit-interleaving and multilevel modulations at the coderL? = L — L2 is passed through the interleaver and
transmitter, while the turbo principle is adapted to iterative fed back as a-priori informatioh to the soft-demapper for
soft-demapping together with channel decoding at the rethe next iteration.
ceiver ten Brink et al, 1998. The performance mainly de- Although the BICM-ID systems can provide a desirable
pends on matching between mapping and coding scheme&ER performance by combining different channel coding
Therefore, a Gray mapping scheme should be combined witland mapping schemes, further improvements can be achieved
a strong channel code such as a serial or parallel concatenatéy considering multilevel protection of high order modula-
convolutional code (turbo code) and an LDPC code. On thetion schemes. The task of mapping in high order modula-
other hand, a mapping different from Gray mapping shouldtion schemes such ag-QAM is to assign a number of bits
be combined with a weak channel code. This system achievet® one symbol of the constellation points. The most impor-
more flexibility and simplicity from an implementation point tant characteristic of these schemes is the constellation ca-
of view than the other coded modulation systems. pacity. However, each bit level has a distinct capacity as de-
The basic structure of the BICM-ID system is depicted picted in Fig.2, i.e. different amount of protection. On the
in Fig. 1. At the transmitter, the sequengeof k data bits  other hand, recursive systematic convolutional (RSC) codes
is firstly encoded into a codeword of n bits. The gener-  or turbo codes, as a part of BICM-ID systems, provide infor-
ated codeword is randomly interleaved by a bit-wise in- mation and parity bits. Therefore, the performance can be
terleaver. After interleavingn consecutive bits are mapped improved by assigning the information bits always to bits
onto one complex symbol @ff = 2™ according to a mapping in constellation points with high bit-level capacity. By using
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Fig. 3. Block diagram of BICM-ID transmitter with protection

Fig. 2. EXIT curves of the individual bits in Gray 256-QAM map- matching

ping for AWGN channel aEb/No=7.5 dB. The first and fifth bits
(x1 and x5) have identical EXIT functions and similarly{ and

xg), (x3 andx7), and (4 andxg). T —
ultilevel Encoder

u—m»| Encoder C" |—>| Hmlh’
irregular LDPC codes as a part of BICM-ID system, other 5
considerations should be taken into account for protection OU—' g . . g Y
1 1 = 2 2 2
matching. The LDPC code e&sem?ltlaszre défl:ed by degree % g .
H i 1 — Lyl vl +

distributions(A(x), p(x)) = (igl)»,x ,igl,o,x ) of the Olu, X,
variable nodes (VN) and check nodes (CN) witHresp.o;) — — r
being the fraction of edges connected to dedgreariable T — B
(resp. check) nodes. The LDPC code can be considered as a Soft-Demapper
serial concatenation of outer repetition codes at the variable Lg"““]_';m“““““:
node, edge interleaver and inner parity check codes at the _‘_| Decoder C" |‘—|n71LL“em a " i
check node. Therefore, the degree of a variable node is equal : ) § L i
to the number of repetitions. It is well known that more repe- |_| et B 1
titions, i.e. larger variable node degree, lead to more reliable 8 LS| L, | 2‘ . | e
decoded bit. Based on this explanation, the performance of O« 2 ‘_| Decoder C2 |‘_|H71L L, i e
BICM-ID systems with LDPC codes can be improved by as- s 2! i *'“:r“*:
signing the more reliable LDPC code bits always to the more = Lo :@ w1 - |
protected bits in the constellatiohi@nd Ryan 2005. ‘_| Dec;der p |4—|1T1L LY ) *'-” |

Figure3 shows the block digram of BICM-ID transmitter || ) | :

with multiple interleavers and matching unit. This unit as-
signs the coded and interleaved bits to different bit positionsgig. 4. Multilevel coding scheme with multistage decoder.
in the M-QAM symbol.

3 Multilevel coding and multistage decoding codes are used. Then, one bit from each coded and inter-
leaved level is grouped to the sequemce {x1, x2, ..., Xn },
The structure of an MLC/MSD system is depicted in Fg.  x; € {0, 1}, which is mapped to one of th& = 2" signal
In the MLC transmitter, a sequence loinformation bits is  points of the setA. Set partitioning strategy as proposed
partitioned inton sub-blocks of lengtt’. Each partitioning by Ungerboeck is applied to maximize the minimum intra-
leveli has its own encodef’ with code rateR’ = k' /n’ and  subset Euclidean distance, see Figfor the case of 8-
is independently encoded and interleaved by a different in-ASK (Ungerboeck1982.
terleaverT]; where we assume the same block lengtt all The signal seA in the first step of set partitioning at level
levels. The overall rate of the MLC system results from thei =1 is divided into the subse#&(x; = 0) andA(x1 = 1).
sum of the rates of the component codes. Every channel codFhen, all subseté\(x1...x;) at partitioning leveli are it-
ing concept is applicable. In this contribution binary LDPC eratively divided into two further subsefs(x;...x;0) and
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Fig. 5. Ungerboeck set partitioning for 8-ASK.

A(x1...x;1) at partitioning leveli + 1. The iteration stops Multilevel Encoder
when each subset at levelcontains only one signal point. —u_.| Encoder O |_’| I lx_’_

At MSD receiver, the soft-demapper firstly calculates the 5 3 Y L
reliability information of the bits at level 1 with no a-priori ule g|y
information about the bits at the other level§’ =0, i = O % g U
2,...,m. The code<" at the lowest level =1 can be de- §
coded using soft information that was passed from the soft-
demapper. At the next stage, the soft-demapper uses soft in- — —
formation that was passed from decoder as a-prior in- Parallel Independent Decoder =
formation for the bits at level 1 to calculate the reliability LT %Iy =
information of the bits at level 2 that will be passed to the _‘—| Decoder C" |‘—|n;1 |£ﬁ—
decoderC2. This procedure is carried out until the last code : g g
is decoded. The MSD structure is suboptimum because the . sz_ ________ N g r
decoders of lower levels are not provided with any informa- OU‘_ g L. : Loo2 | 8
tion of the decoders of higher levels and error propagation s I1; == §
may arise. Therefore, in some cases it is useful to iterate the =1 RS
decoding process with output information of higher levels, Lot — L
i.e. iterative MSD. || *

It was proved that MLC together with MSD can achieve
the channel capacity at high spectral efficiency if the indi-
vidual coding schemes with proper code rates are selecte
appropriately. The concept of designing the codes depends
on the mutual information of the chann&(Y; R) between
the transmitted signal points€ A and the received sym- of the Eq. @) are the capacitie§' of the equivalent channels,
bolsr (Wachsmann et al1999. Using uppercase letters for where the capacity of levélcomputes to
the corresponding random variables, the mutual information ' '
of the channel inpuy is calculated with the bijective map- C' =1(X'; R|x%, X2 ..., x'" 1
ping according ta (X1, X2,..., X™); R) = I (Y; R) which =I1(X',..., X" RIX, ..., x™h
is equal to the discrete channel capadity By using the —I(x™ X RIXY X2 XD, 3)
chain rule of mutual information

Fig. 6. Multilevel coding scheme with parallel decoder of the indi-
dual levels.

When MLC is decoded with MSD, the total channel capacity

. Ry — 1 y2 ) :
[ R) = I((X7, X%,..., X"): R) C can only be obtained if the code rak at each level is
=I(X5 R+ (X5 RIXD+... equal to the capacity of the equivalent chanket C'. This
+1(X™; RIXY, X2, ... x" Y, (2)  rate design method is called capacity rule.

we can separate the transmission of the address vectors

x[k] over the physical channel into parallel transmissions4 Multilevel coding and parallel decoding on levels

of individual componentsy;[k] over equivalent channels,

whereas the knowledge about the less significant component&n alternative decoding strategy for multilevel coding
x1[k], x1[k], ..., x;[k] is a premise at the receiver. These schemes is parallel decoding on the individual levels
equivalent channels are directly correspond to the individ-(PLD) (Schramm1997). In contrast to the MSD approach,
ual levels in MLC as well as to the requirement of error-free all decoders are operating in parallel without using the deci-
decoding of the lower levels in the MSD. So, the componentssions of other decoders as depicted in Bigrhe capacityC’
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The PDL capacity highly depends on the particular mapping.
Gray mapping scheme can achieve a good performance foig
MLC/PDL systems. Therefore, we propose to use a strong&
FEC codes such as capacity-approaching LDPC codes. Th¢g 10°
individual code rates are designed using the EXIT charts for =
individual bit levels. 10 L

The soft-demapper EXIT curve can be estimated for a spe-
cific channel SNR by Monte-Carlo simulation where the a-
priori LLR values can be assumed to be Gaussian distributed.
This function can be expressed as

l m
== Z]}M(Ig”(x), Ep/Ny), (5)  Fig. 9. BER of BICM-ID with a rate-1/2 LDPC code for AWGN
m; channel after 10 super iterations.

where TM is the EXIT function of the soft-demapper and
(I (x;)) = TM (1Y (x), Ep/N,)} is the EXIT function forthe 5 sjmulation results
different bits,i =1,2,...,m

Based on the average EXIT function and bit-level EXIT |n the following simulations we compare the performance
functions, the individual code rates are designed as followof new BICM-ID design based on multilevel protection of
ing. We construct the average EXIT function of mapping at high order modulation schemes versus basic design for dif-

a certain SNR, where the area under curve is ferent FEC coding schemes. Moreover, we introduce the per-
c formance of MLC/MSD applying Ungerboeck mapping and
A=—. (6) MLC/PDL applying Gray mapping.
m Figure 7 shows the BER performance of the BICM-ID

Then, the area under each bit-level EXIT curvetis= ¢7, ~ Systems after 5 iterations applying Grag-QAM mapping

i =1,2,....m. Therefore, the code rate at each levakis= schemes and a rate-1/2 RSC code with generator polynomi-

Ci. als in octal formG = [23,35]. The block size of informa-
tion bits is set tak = 29 996 bits. As can be seen in Fig.
the new design with multiple interleavers considering pro-
tection matching can provide an improvement up to 1.5dB

www.adv-radio-sci.net/11/87/2013/ Adv. Radio Sci., 11, 893, 2013



92 T. Arafa et al.: Improving the performance of BICM-ID and MLC systems with different FEC codes

45 1

Shannon-Limit 0.9

0.8
0.7

0.6 r' R=R® |
05 ]

0.4} 1

0.3f 1

Capacity [bit/symbol]
Iz "a—priori information"”

0.2f 1

0.1f 1

0 L L L L L L L L L
0O 01 02 03 04 05 06 07 08 09 1

IEE) "Extrinsic information”

Es/No [dB]

Fig. 10. CapacityC(A) and Capacities,“l, C2, C3 and C4 of the Fig. 12.EXIT chart of designed LDPC codes.
equivalent channels for Ungerboeck 16-QAM Mapping.

10 T T T T T T T
—8— MLC with MSD
—€— MLC with PDL |}
256-QAM
=C
RS Q
IS I
= 1
£ <]
£ =
o 05 I:I_'J
2 om
£ 041
>
u |
Suw 03 IE(x)
02 [ M = M
+IE(X1) IE(x3)
01 [ M = M
—8— 2 (x,)=12(x,) ‘ ‘ ‘
8 9 10 11 12 13 14 15

O L L L L L L L L L
0 01 02 03 04 05 06 07 08 09 1 Eb/No, dB

Ir "a—priori information"

Fig. 13. BER of MLC/MSD and MLC/PDL with LDPC compo-
Fig. 11.Average EXIT function of Gray 16-QAM mapping and the nent codes. Different signal constellations including 16-QAM, 64-
bit-level EXIT curves for AWGN channel &,/N, = 9.3dB. The ~ QAM and 256-QAM are used at spectral efficiencies of 3, 5 and 7
first and third bits have identical EXIT functions and similarly the bit/sec/Hz, respectively.
second and fourth.

schemes is 10. In Fig8.and9, simulation results show again

for 256-QAM compared with the original system. We can that the new design of BICM-ID systems using protection
also observe that the achievable improvement increases witmatching for turbo code and LDPC code, respectively, can
growing constellation size. improve the performance for different constellation sizes.

Two BICM-ID systems are also considered. In the first On the other hand, we apply MLC systems that use
one, the combination of Gray mapping scheme and a rateeapacity-approaching LDPC codes with proper code rates
1/2 turbo code, which is obtained by puncturing a rate-1/3in combination with different constellation sized =
turbo code built from two parallel concatenated 16-state RSCL6, 64, 256 to get different spectral efficiencies=3,5,7
codes with polynomials [23,37], is applied. The size of the bit/sec/Hz. The codeword length for LDPC codes is set to
pseudo-random interleaver that separates both RSC cod&d000 bits. At the receiver, we use MSD approach for Unger-
is 30000. The other system uses a rate-1/2 (30 000,60 00®)oeck mapping or PDL approach for Gray mapping.
capacity-approaching LDPC code and Gray mapping. The The code rates for MLC/MSD systems can be designed
number of internal iterations is set to 10 iterations and theaccording to capacity rules that was explained in S&ct.
number of super iterations between mapping and codingConsidering the example of 16-QAM in Fif0 with a total
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