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Résumé — Les performances en terme de taux d erreurs binaires des modulations turbo-codées avec entrelacement au niveau du bit
dépendent fortement de la constellation M états employée Lorsque le paramétre M est de la forme M = 2% ol p désigne un entier, nous
mettons en évidencele fait que les modulations d’ amplitude en quadrature (MAQ) a mnstellation rectangulaire sont tres attractives pour
la onception de puissantes modulations turbo-codées avec entrelacement au niveau du bit. Nous éudions également I'influence de
I’ entrelacement et du “mapping” sur les performances de ce type de systémes lorsque des modulations MAQ sont utilisées.

Abstract - The it error rate performance of bit-interleaved turbo-coded modul ation strongly depends on the M-ary signal constell ation,
which is employed in assciation with the binary turbo code. When the parameter M isiin the form M = 2%, where p is an integer, we
show that classical rectangular QAM modulations are particularly attractive for designing power efficient bit-interleaved turbo-coded
modulations. We dso investigate the influence of the interleaving and the mapping on the performance of BITCM’s based on such

modul ation schemes.

1. Introduction

Introduced in 1993, turbo codes can achieve high coding
gains close to the Shannon limit [1]. They are in esence
made up of two reaursive axd systematic convolutional
(RSC) codes, also called constituent codes, conneded in
parallel and separated by a pseudo-random interleaving. To
design bandwidth-efficient coding schemes, some
successful attempts have been undertaken to combine turbo
codes with multilevel modulations. Two different
approaches have mainly been suggested.

The firg approach consists of using aturbo code in a bit-
interleaved coded modulation scheme [2, 3]. The ding
scheme thus obtained is termed “bit-interleaved turbo-
coded modulation” (BITCM). Basicaly, BITCM isa serial
concatenation of binary turbo coding, bit-by-bit
interleaving, and high order modulation [4]. The major
characteristic of BITCM is that turbo coding and
modulation are optimized separately. Actually, the BITCM
approach is so simple and flexible (the same chip can be
used to oltain a wide range of spectral efficiencies) that it
is sometimes referred as a “pragmatic approach”.

In the second approach, the trelis-coded modulation
principles [5] are applied to turbo codes [6, 7]. Unlike
BITCM, turbo coding and modulation functions are then
considered as a singe entity, and therefore jointly
optimized. It is suggested that this sond approach is
superior interms of bit error rate (BER) performance at the
decoder output. However, it appeas that the actual
performance difference between bath approaches is quite
negligible [3, 8]. Despite their smplicity and flexibility,

BITCM'’s can thus be mnsidered as very power-efficient.
For ingtance, they have been shown to perform very close
to the apacity limit for various gedral efficiencies, over
both AWGN and Rayleigh channels (see e.g., [3, 8, 9]).
This is why they are so attractive for many band-limited
applications.

Until now, most studies concerning BITCM have been
done asuming that the modulation is a redanguar M-
QAM. However, some signal sets have been reported to be
more power-efficient than redangular constellations. It
could therefore be beneficial to employ these signal setsin
place of the redanguar ones © as to improve BER
performanceof BITCM's,

In this paper, we investigate this point, and show that,
when the number of states M of the modulation is in the
form M = 4P (p is an integer), redanguar QAM'’s are,
among al known signal sets sudied so far, the most
attractive ones for designing power-efficient BITCM's,
This justifies the excdlent error-corredion capabilities of
BITCM'’s based on such signal sets. We dso investigate
the influence of the mapping and the interleaving on
performance of BITCM's using redangular QAM’s. Both
AWGN and memoryless Rayleigh fading channels with
perfed channel state information (CSl) are asumed
throughout the paper.

2. Structure of BITCM transmitter and
recaver

The block diagram of a BITCM transmitter isdepicted in
Fig.1. This transmitter is made up of an M-state (M = 2"



modulator (MOD) combined with a rate R encoder built
from a standard rate-1/3 turbo encoder (ENC) by
puncturing some redundant bits.
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Fig. 1 —Structure of the generic BITCM transmitter.

To oltain uncorrdated samples at the turbo decoder
input, an interleaver Tt is inserted between the puncturer
and the modulator. At time k, each signal point of the M-
ary constelation is represented by a pair of red-valued
symbols { A, B¢ coded by a set {ug}, i O{1...m}, of m
bits according to Gray or quasi-Gray mapping. It is well-
known that, with such mappings, the bits u,; are not
equally proteded [2, 3].

In aset {uy}, some bitsrepresent information bits, while
the others correspond to redundant bits. Our simulations
have indicaed that the best BER performance is obtained
when the information bits are associated with the most
proteded hits in the set {uy}. In esence the suboptimal
iterative decoding agorithm (the “turbd’ algorithm) relies
heavily on the information bits. This is why this decding
algorithm gtarts being efficient mainly when the BER on
the information sequence at the decder input reaches a
cetan level. In other words, the signa-to-noise ratio
(SNR) at which the deading agorithm starts performing
well depends mainly on the reliability of the information
sequence and is lessinfluenced by that of the redundant
sequence Thus, to ensure that this SNR is as low as
possble, we offer a maximum protedion to information
bits. This will be illustrated later by some simulation
results.

Asauming coherent detedion, the BITCM recever
acquires, at time k, two samples X, and Y,. Over fading
channels with perfed CSl, this receéver knows the values
taken by the fading samples ay; and a, asociated with X
and Y, respedively. AWGN channels can be seen as
fading channdsfor which a1 = oy, = 1

The structure of a generic BITCM recever is depicted in
Fig. 2. From samples X,, Y, 0x1, and a,, the logarithm of
likelihood ratio (LL R) A(uy;) associated with each bit uy; , i
O {1...m}, is computed and used as a relevant soft-
dedsion by the turbo decoder. The LLR's A(w;) are
obtained using the ation, for i O{1...m}:

P(Uk,i =10 Xk,Yk,akyl,akyz)
P(uk,i =0 O Xk,Yk,akyl,akyz)

/\(Uk,i ): K log @

where K is a onstant, and P(ux; = jEX, Y Ok1, Ok2)
denotes the probebility that ug; = j given X, Yi, ax1, and
ayo. At time k, the m LLR's A(uy;) are correlated since
they are ohtained from the same samples Xy, Yy, 0Ok, and
ayo. It is thus necessry to use a deinterleaver e,

asociated with the interleaver 1t used at the transmitter
side, which suppresses correlation between samples A(u;)
and thus ensures an efficient turbo decoding. Actually, we
have noticed that the suppresson of this interleaving leads
only to a dight degradation of the BER a the turbo
decoder output. Finaly, the depuncturer replaces the
punctured bits with zero (neutral) values to provide the
standard turbo decoder with threesamples at each timek.

Qi1 Oy {A(uk,l)}
:

Fig. 2 —BITCM receiver structure.
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3. Constellations for designing power-
efficient BITCM's

BITCM'’s based on redangdar QAM signal sets have an
excdlent error-correding capability mainly because turbo
codes and such modulation schemes are inherently very
well matched. It can bejustified as foll ows.

It iswell known that turbo codes do not have alarge free
distance but they possessa very small average number of
neaest neighbor code-words (provided that the size of the
pseudo-random interleaving is large enough) [10]. Thisis
why turbo codes achieve ecellent BER performance at
low SNR. For example, obtaining a BER of 10° after
decoding with the rate-1/2 turbo code proposed in [1] only
requiresa SNR of 0.7 dB, i.e.aBER of 0.14 at the channel
output (BPXK modulation and AWGN channe are
asaumed). Hence in order to design a powerful BITCM at
moderate BER's, it is necessary to employ a modulation
scheme, which is optimized for operation at low SNR.

It cen be shown that this optimization mainly consists of
minimizing the average number of neaest neighbars of the
modulation, and can simply be achieved by using Gray
mapping. This shows the profound impact of the mapping
on BITCM's performance The other parameters of the
modulation, such as for example the minimum Euclidean
distance between signals, play a much lessimportant role
in BITCM. It is thus obvious that the most suitable
modulation schemes for designing BITCM's are those for
which Gray mapping is possble, i.e, in particular
redangular M-QAM modulations.

Some congtellations have been reported to perform better
than the redangular ones, for bath low and high SNR
regions, over bath AWGN and fading channds (see eg.,
[11- 13]). They could therefore be of interest for the design
of BITCM's. So far, to the best of the authors' knowledge,
the comparison between different constellations has always
been performed by evaluating their performance in terms
of symbol error rate (SER). However, the key parameter in
BITCM is the BER of the modulation scheme rather than
its SER, since the standard turbo decoder operates from
estimates of bits uy;, and not from estimates of symbads A,



and B,. As their irregular structure makes Gray mapping
impossble, the ‘best’ constellations do not possess an
optima number of neaest neighbars. This is why their
BER performance d low SNR is actually not as good as
that of the euivalent redangular constelations. This
makes them unsuitable for designing BITCM schemes.

To illustrate this, consider the example of the 16-state
constellation (1, 5, 10) depicted in Fig. 3. We have noticed
that this constell ation achieves excellent SER performance
at low SNR over bah AWGN and fading channels [11-
13]. It could therefore be beneficia to replace the dasscd
redangular 16-QAM with the (1, 5, 10) constellation in
some BITCM schemes. As Gray mapping is not applicable
to (1, 5, 10), we have to use in this case a quasi-Gray
mapping, i.e., a @rrespondence between bits u,; and pairs
{A B¢ which is as close to Gray mapping as posshble.
This quasi-Gray mapping leads to a non-optimal average
number of neaest neighbars. We indicatein Fig. 3 the best
quasi-Gray mapping tha we have found. Computer
simulation results are given in Fig. 4 for the Rayleigh
fading channd.

From Fig. 4, itisseen that the use of (1, 5, 10) in place of
16-QAM improves SER performance However, a low
SNR, the SER performance advantage of (1, 5, 10) over
16-QAM isnot sufficient to compensate for the increase in
the number of neaest neighbars due to the use of quasi-
Gray mapping. Hence owing to its smaler number of
neaest neighbors, redangular 16-QAM is actudly the
constell ation, which achieves the best BER performance at
low SNR, and therefore remains the most attractive for the
design of BITCM's. Although not displayed here because
of a lack of space the smulaion results obtained on
AWGN channels lead exactly to the same mnclusion [14].
We mention that one uld dscover some new
constell ations, which outperform the redangular ones in
terms of BER performance d low SNR. Further study
concerning this point isnecessary.
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Fig. 3 — Congdlation (1, 5, 10). In our simulations, the
ringratio (ratio of the radii of the outer and nner rings) is
equd to 2. The indicated mapping is a quasi-gray
mapping.

To illustrate this, we have depicted in Fig. 5 the BER
versus Ey/N, for several 2-bits/'s/fHz BITCM’smade up o a
rate-1/2 turbo code combined with bath 16ary signa sets
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Fig. 4 — Performance mmparison between 16:QAM and
(1, 5, 10) constell ations over the Rayleigh fading chamel.

considered previously. Simulations consider a turbo code
built from two 16-state RSC codes with polynomials (23,
31) and coding rates 3/5 and 34. The pseudo-random
interleaving separating these RSC codes has a size of
16384bits. The MAP algorithm is used for the deaoding of
each RSC code [1], and turbo decoding is performed in 8
iterations. Note that Gray and quas-Gray mappings are
such that information bits arethe most proteded bits.

As was expeded, Fig. 5 shows that the highest coding
gains are obtained when 16QAM is employed. Over bath
channels, the SNR advantage of 16-QAM over (1, 5, 10) is
approximately equal to 1.25dB, at a BER of 10°.

4. Influence of the mapping and the
interleaving 1rt’ on BER perfor-
manceof BITCM’s

It is also interesting to investigate the actual influence of
the mapping and the interleaving function 1/rt* on the
error-corredion capability of BITCM schemes based on
QAM signa sets. For this anadysis, we consider the 2-
bitssHz BITCM made up of 16-QAM and rate-1/2 code.
We have tedked that al conclusions ohtained for this
particular configuration are dso valid for any other
BITCM with different spedra efficiency. In Fig. 6 are
depicted the BER curves obtained with this scheme over
Rayleigh fading channels when:

* interleaving is used and maximum protedion is given to
information bits in the Gray mapping (‘With int., info
hits) ;

* nointerleaving is utilized and the information hits are the
most proteded ones (‘ Without int., info bts) ;

* interleaving is employed and Gray mapping is such that
maximum protedion is given to redundant bits (* With int.,
redundant hits’).

These results show that the suppresson of the
interleaving function 1/rt* leads only to a performance
degradation of 0.1 dB at aBER of 10°, which ismuch less
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Fig. 5 — BER performance of several 2-bit¥5Hz BITCM's
using 16-QAM and (1, 5, 10) constellations, over AWGN
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Fig. 6 — BER performance over the Rayleigh channdl of a
2-hitgs/Hz BITCM, with and withou interleaving function
firtt, and with the maximum protection given to either
information bits or redundant hits.

than with other kinds of BICM scherres.

As an example, in the same @nditions, the performance
of a BICM usng 8PX and an 8date rate-2/3
convolutional code is degraded by about 2 dB when the
interleaving 1rt* is removed [4]. We nclude that
correlation between LLR's A(uy;) has no major effect on
error-correcion capabili tiesof BITCM's. Thisis dueto the
pseudo-random interleaving embedded in a turbo code,
which alows both the semnd constituent deader to
always operate from uncorrdlated samples, and the
extrinsgc information to be @mposed of uncorrelated
estimates of the information bits. As the number of
decoding iterations increases, i.e., the reliability of the
extrinsgc information is improved, the first constituent
decoder relies more and more on this extrinsic information
rather than on LLR’s A(uy;). Thus, the dfect of an eventual
correlation between LLR's at the turbo decoder input tends

to disappea after a sufficient number of iterations. From
Fig. 6, we also seethat the best error-corredion capabil ity
is obtained when the information bits are the most
proteded ones. The performance degradation can be quite
significant when maximum protedion is given to the
redundant bits. For this example, the ading gain a 10° is
deaeased by 0.5dB.

5. Conclusions

When M = 2%, we have shown that redanguar QAM
modulations are particularly attractive for designing
power-efficient BITCM's, over bath AWGN and Rayleigh
fading channés.

This cen be eplained by the fact that the association of
turbo codes with such modulations is by nature a ¢ever
and powerful combination since @ding and modulation
functions are bath optimized for operation in the same
SNR region (low SNR). We have also shown that it is
crucia to offer the maximumprotedion to the information
bits and the use of an interleaving function TvTt" is actually
not redly necessary in practice

Finally, these results are interesting since they clearly
indicae that redangular QAM signal sets are the most
attractive mnstellations for designing BITCMs, which are
both power-efficient and extremdy simple to implement.
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