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Towards Fully Optimized BICM Transceivers
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Abstract—Bit-interleaved  coded modulation  (BICM)

attractive coded modulation scheme even when fading is not

transceivers often use equally spaced constellations and apresent.

random interleaver. In this paper, we propose a new BICM
design, which considers hierarchical (nonequally spaced)
constellations, a bit-level multiplexer, and multiple interleavers.
It is shown that this new scheme increases the degrees of fomn
that can be exploited in order to improve its performance.
Analytical bounds on the bit error rate (BER) of the system in
terms of the constellation parameters and the multiplexingules
are developed for the additive white Gaussian Noise (AWGN)

and Nakagamisn fading channels. These bounds are then used

to design the BICM transceiver. Numerical results show that
compared to conventional BICM designs, and for a target BER
of 1079, gains up to 3 dB in the AWGN channel are obtained.
For fading channels, the gains depend on the fading paramete
and reach 2 dB for a target BER of 10”7 and m = 5.

Index Terms—Bit-interleaved coded modulation, bit error rate,
interleaver design, multiple interleavers, L-values, noequally
spaced constellations, pulse amplitude modulation, quadture
amplitude modulation, trellis coded modulation.

|. INTRODUCTION

BICM appears as a simple out-of-the box coded modulation
scheme, however, its full potential is achieved when théydes
is optimized. In particular, it has been shown in [4], [5]ttha
the interleaver and the code can be jointly designed to é@xplo
the so-called unequal error protection (UEP) caused by the
binary labeling of the equally spaced (ES) constellatidfcre
generally speaking, if the channel offers UEP to the codes] bi
gains in terms of bit error rate (BER) can be obtained, cf. [4,
Sec. I] and references therein. UEP can also be intentjonall
introduced when designing the transceiver. For exampld? UE
can be imposed by allowing unequal power allocation for dif-
ferent bits, by deleting bits using certain patterns (puricg),
by changing the binary labeling of the constellation, or by
using nonequally spaced (NES) constellations or noneguall
probable symbols, known ageometricaland probabilistic
shaping, respectively.

Shaping techniques for BICM have received some attention
in the literature (e.g., geometrical in [6]-[8] and probstic

Bit-interleaved coded modulation (BICM) [1]-[3] is used" [9], [10, Sec. llI-F]). All these works, however, are bese

in most of the existing wireless communication standard@f capacity maximization arguments, and therefore, thesgai
e.g., HSPA, IEEE 802.11a/g/n, DVB, etc. In BICM, théan be obtained if capacity-approaching codes are used. The
channel encoder and the modulator are separated by a BRProach we adopt in this paper is different, i.e., we opt
level interleaver which allows the designer to choose thecof0r the joint optimization of the BICM building blocks: the
rate and the constellation independently. BICM maximiz&£de, the modulator, and the interleaver. This approadr off
the code diversity, and therefore, outperforms trellis ezbd 9&ins compared to previous designs because in practicescod
modulation (TCM) in fading channels. Compared to TCM2'€ sensitive to UEP, which is an inherent feature of BICM.
BICM is suboptimal for the additive white Gaussian noisBecause of the UEP, the performance of BICM system will
(AWGN) channel because it decreases the minimum Euclided@Pend, in general, on how the modulator inputs are “matched

distance. Nevertheless, its simplicity and flexibility redkan
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to the encoder’s outputs. In this paper, we use a well dedigne
interleaver to connect the modulator and the encoder, as
an alternative to the random interleaver postulated by [2]
which eliminates any code-modulator match. This matching
technique can be used, in general, for any code that is
UEP-sensitive, however, the analysis and the resultinggdes
depend on the type of code used. In this paper we consider
convolutional codes for which the analysis is tractable and
also because these codes are simple and popular (e.g., BICM
with convolutional codes is used in wireless standards such
as HSPA [11], IEEE 802.11a/g [12], and IEEE 802.11n [13]).
When convolutionally-encoded BICM is considered, capacit
arguments like the ones in [6]-[10] are less relevant, and,th

in this paper we base our analysis on a different approach tha
aims at the minimization of the BER for a given signal to
noise ratio (SNR).

In this paper, we propose not only to exploit the existing
UEP but also taontrol it via geometrical shaping. We use the
so-called hierarchical constellations [14] which havesieed a
great deal of attention in many applications where indepahd
data streams with different qualities must be sent at the
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same time, e.g., in multi-resolution image transmissiasl],[1 to notably improve performance of the system in terms of
[16], and simultaneous voice and multi-class data trarsionis BER. Using a generalization of the so-called consistentehod
[17]. Hierarchical quadrature amplitude modulation (HQAM(CoMod) introduced in [23], we develop closed-form expres-
constellations are also used in QUALCOMM'’s MediaFLGsions for the probability density function (PDF) of the Lhves

[18] and have been standardized for the latest digital vidéar HQAM-BICM, which are shown to be Gaussian mixtures
broadcasting-terrestrial (DVB-T2) [19], [20]. In MediaBl,. that depend on the constellation parameters. These PDFs are
the source encoder generates two information bit streaomsed to develop union bounds (UB) on the BER of the system
known as base and enhancement layers. These two indegen-fading and nonfading channels, which in turn are then
dent streams are processed/coded independently and maded to optimize the transceiver’s design. Presented ncaher
lated onto the same HQAM symbol. The base layer bits aggamples show that the proposed system offers gains over
mapped to the more reliable bits of the constellation and tpeevious BICM configurations (ES-QAM and S-interleavers
enhancement layer bits are mapped to the less reliable hitd2] or ES-QAM and M-interleavers [4]). For the particular
the constellation. By doing this, the receivers with refllf cases analyzed in this paper, the gains can be up d®

good channel quality can decode both layers correctly afat a BER target ofl0—°¢ in the AWGN channel, and for the
the receivers with relatively weak channel quality can dieco Nakagamim fading channel, the gains can reach 2 dB for a
only the base layer. In this paper, we use HQAM constellatiotarget of10~7 andm = 5.

in a different context than the one described above, i.e., we

use them to transmit only one data stream with improved Il. PROPOSEDBICM TRANSCEIVER

error performance. In particular, we consider that a single .

bit stream, generated by the source encoder, is encoded b;ll'hroughout this paper, we use boldface !etterts -

the channel encoder. Then different coded bits are mappec{cibt’ el ;0 denc%teTrow vectors and capital boldface
the different bit positions of the HQAM constellation with aSters ¢ = [€1,--,¢y]” 10 denote a matrix of/ rows,
particular assignment pattern. This allows to protectedéht where () denotes transposition. We_ denote probability by
coded bits differently against the channel impairmentstaed Pr(-) and the PDF of a random variabl€ by px(z). A

: i : i N
coded BER of the single information bit stream is improveac.s a(ljjssmtn dd';w’““"”? W'ttrr: rréean \(aluepgrlld V.?r:'iﬂcea
In order to exploit the UEP offered by the constellation, thg denoted by. (1, 0%), the Gaussian wi € same

, : : s 1 (A—p)?
interleaver must be properly designed. The most commorgrameters by)(A; i, o) = = exp(—=3%-), and the
interleaver considered in the literature is the singlerlater Q-function by Q(z) £ \/% 2 exp _u; du. The combi-

(S-interleaver) of [2], which eliminates the UEP caused Byations ofi nonegative integers such that their sum is
the binary labeling. UEP in BICM was in fact consideredenoted byw;(1), whereW;(1) 2 {[wy, ..., w;] € (Z*)' :

an “undesired feature” in [2, Sec. ll]. Recently, the the sq; 1 = 1), = 1}.
called multiple interleavers (M-interleavers) [4] wereosm The HQAM-BICM system model under consideration is

to improve the performance of the system by exploiting thé,own in Fig. 1. In what follows, we describe functionalitie
UEP caused by the modulator. In fact, the use of BICM Witht yarious blocks of such transmission scheme.

M-interleavers (BICM-M) corresponds to the original BICM
configuration proposed by Zehavi in [1], as well as the oagjin

BICM with iterative decoding (BICM-ID) scheme proposed by Encoder, Multiplexing, and Interleaving

Li and Ritcey in [21]. M-interleavers have also been shown to The k. vectors of information bitsi; = [i;1,..., %, n~.]
outperform S-interleavers when BICM-ID is considered [5].with [ = 1,... k. are encoded by a rat®® = k./n

The BICM-M system in [4], [5] uses a random bit-levelconvolutional encoder (ENC) yielding the vectors of coded
multiplexing (R-MUX) that connects the encoder and the Maits ¢, = [cp1,...,¢pn.] With p = 1,...,n. These are
interleavers, i.e., the M-interleavers assign the codésl toi then fed to a deterministic multiplexing (D-MUX) unit which
a particular bit position in the modulator in a pseudo-randobijectively mapsC = [c{, ..., c}]" ontoO = [o] ..., 0, ]"

fashion (with predetermined probabilities). By doing thise with o, = [ox1,...,0kn,] @ndk = 1,...,¢. Without loss
dependency of adjacent coded bits is ignored. In this papef, generality, we assumé&/sq = N.n. The vector of bits
we propose an multiplexing/interleaving inspired by thdlwe after the D-MUX are fed ta; parallel interleaversr,.. The g
known puncturing strategy based on the periodic elimimationterleavers are assumed to be independent and give rapdoml
of the bits according to a prescribed pattern that matchesrmuted sequences of the bits, i.ay, = mi{ox}. Each
the temporal structure of the code, cf. [22]. We show thaf the interleavers is connected to thth bit positions in
such a deterministic multiplexing (D-MUX) of the coded bitghe hierarchicallM -ary pulse amplitude modulation (HPAM)
(followed by random interleaving) notably outperforms fe constellation, wherg = log, M.
MUX used in [4]. In general, the D-MUX can be defined as a one-to-
The contributions of this paper can be summarized ase mapping between the blocks afV. and ¢N; bits,
follows. We propose and study a BICM scheme for fadinge., {0, 1}V «— {0, 1}2:. We define it via am x N. matrix
and nonfading channels which considers the use of HQAK, whose(p, t')th entry is a pait(k,t) wherek € {1,...,q}
constellations (HQAM-BICM), a periodic (and determinigti andt¢ € {1,..., Ns}. The entry(k,¢) indicates that the bit
bit-level multiplexer, and M-interleavers. It is demormgad c, . is assigned to théth D-MUX’s output at time instant,
that the degrees of freedom of such a scheme can be exploited oy + = ¢, .
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Equiv. Code BICM Channel
N e e p— ;
ll_i_> > o EOIE= m Hierarch. Hierarch.£>7r1_1 :l1= O _— >
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Fig. 1. Model of HQAM-BICM transmission: a channel encodelidwed by the multiplexer (D-MUX), the interleaversry(, ..., ), the hierarchical
M-PAM mapper, the channel, and the processing blocks at treves’s side.

The previous definition of the D-MUX is entirely generalConsequently, the performance of the system ughgor K,
but difficult to deal with, and thus, in this paper we onlill be the same. The matri¥; is obtained by cyclically
consider D-MUX configurations that operate periodicallgiov rotating the columns of the matriko, which will produce
blocks of nJ bits. We then represer as a concatenation K with columns shifted to the left or right. For long coded

of N./J matricesK ,, each of dimensions x J, i.e., K = sequences, i.eJ < N, the original matrix and its shifted
[Ko,..., Ky, s-1], where the variabld is called the period version will yield the same performance.
of the D-MUX. The entries of, are pairs(k,t + 7n.J/q) It is worth mentioning that while in general we are able

with & € {1,...,¢} andt € {1,...,nJ/q}. Without loss to discard matrices that result from trivial operationsg th

of generality, we assume thatVc mod J) = 0 and that only way to determine which of the available (and non-

(nJ mod ¢q) = 0. To clarify these definitions, consider therivial) matrices K, is the optimal one for a given code and

following example. modulation, is via the BER-criterion we develop in Sec. IV-A
Example 1:Assumek, = 1 andn = 2 (R = 1/2), J =

3, andg = 3 (8-ary constellation). One possible D-MUX is

defined by B. HPAM Constellations

K. = [ (L, 1+27) (2,2+27) (2,1+27) } (1) In this paper, we consider HQAM constellations labeled

(L,2+27) (3,2+27) (3,1+427) | by the binary reflected Gray code (BRGC) [24] presented in

which results in [14]. In HQAM constellations, each symbol is a superposi-
P (1,1) (2,2) (2,1)](1,3) 24 (2.3)]... tion of independently modulateq real/imaginary parts,omhi

112 3.2 3.1 (1L4) (3,4 (3.3) allows us to focus on the equivalent HPAM constellation,

) . cf. Fig. 1. At any time instant, the coded and interleaved
The mapping betwee@’ andO is then bits [u1 4, . . ., u,] are mapped to an HPAM symbol (t) €
(11 Ccla c1s . X = {xé,...,xﬁwfl}.using a binary memoryless mapping
= ' ’ ' M : {0,1}7 — X. Since the mapper is memoryless, from
C21 C22 C23 . .
now on we drop the time index

C14 C15 Cl16
C24 C25 C26

& C & C . .
L1 2,1 54 ©2.4 We analyze HPAM constellations as the one shown in

= 0=1oas aslas cs |- @ Fg oo = g), which are defined by the distancés with

€23 ©2[C@6 5] k = 1,...,q. In this figure, theM constellation points are
Since a matrix K, is simply a permutation of the setshown with black circles, where the white squares/triamgle
{1,...,q} x{1,...,nJ/q}, (nJ)! different matricesk . can are “virtual” symbols that help to understand the construc-
be generated. However, this number can be reduced sifiog of the HPAM constellation as explained below. We use
trivial operationsthat do not affect the performance of the; =1, ..., ¢ to denote the bit position of the binary labeling,
system can be applied t& .. For example, for the matrix in wherek = 1 represents the left most bit position. The bit value
(1) with 7 = 0, consider the following two matrices: of k = 1 selects one of the two squares in Fig. 2. Similarly,
(1,2) (2,2) (2,1) for a given value of the first bit, the bit value for the next

! ) 9 9 . .

K, = [ 1L,1) (3,1) (3,2) } position ¢ = 2) selects one of the two triangles that surround

the previously selected square. Finally, given the bit @alfor

K| = [ (2,1) (L1) (2,2) } . k =1 andk = 2, the bit value of bit positiork = 3 selects
(3.1 (L2) (3,2) one of the two black symbols that surround the previously

The matrix K'{, is obtained by permuting the elementsf selected triangle. This selected symbol (black circle)rially

such that the first elements in the entried6§ are not altered. transmitted by the modulator.

Because M-interleavers are used after the D-MUX (cf. Fig. 1) We denote the base-2 representation of the integerj <

the temporal structure of the sequenessis randomized, M — 1 by the vectorb(j) = [b;(j )5 - bq( )], whereb, (5)

and thus, the second elements of the entries are not (whistthe most significant bit of andb (, ) the least significant.

determines to which time the bit, , is assigned) relevant. This allows us to express the elememﬁse X of the HPAM
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Fig. 2. HPAM (M = 8) constellation labeled with the BRGC. 0l

& o02sf

3 0.2F
constellation as

0.15-
q

I bi(5)—1 L
al = Z(_l) #(—1q, . () 01
k=1 0.05
We also define the normalized constellation parameters as o
2-PAN 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
d i i o i
2 Qk+1 § § RN Y t 3t ¢ H s
k= dl’ (4) 1 0 1 }7101| }7101| }7101|
with £ =1,...,¢—1. Using (3), and for equiprobable symbolrig. 3. cConstellation parameters for an HPAM constellatigth M = 8.

transmission, the average symbol energy is givenkhy= The shadowed region shows the valueg®f, a2 ) that give a BRGC-labeled
qg—1 2\ 12 (. . . . constellation and the 13 filled squared some particular telasons (not at

(1 + Zk:l O‘k)dl with oy is given by_ (4) ThrothOUt this scale). Any point outside this region corresponds to a nBGB constellation.

paper, we consider that the constellation is normalizedcat@h

unit energy, which translates into the relation= (a2 + a2+

et 0‘3—1 + 1)71_/2- ] o ) At the receiver’s side, the real part of the received sigsal i
If the constellation pomts move freely, it is pos§|ble_ thety ormalized by the channel gain(y! = R{y/h}) and passed

cross each other (by having for example < 0 in Fig. 2),  to the demapper, which computes logarithmic likelihooibsat

and therefore, the binary labeling is not the BRGC anymorg..yalues) for each bit in the transmitted symbol. Tkt L-

Since in this paper we restrict the analysis to the BRGC aext{j5|,e given the transmitted symho) and the channel gaih

constraints on the values of, must be added, namely, (or equivalently;y) can be written as [1]-[4]
-1 -1
o > qX: o, qz:oék <1, anday_; >0, %) Zk(y1|xj,'y) £ 1ogw @
j=k+1 k=1 Pr(uk = 1|y177)
wherek = 1,...,¢ — 1. The inequalities in (5) are found by ~ | min {(y' —a)’} — min {(y' —a)?}|,
solving (z;1 — x;) > 0 with j =0,..., M —2. a€X%1 a€Xk0 g
Example 2 (Constellation parameters fof = 8): For ®)

M = 8, the constellation optimization space is formed byhere Xyp is the set of symbols labeled with theh bit
two variablesq = dy/dy anday = dz/dy, cf. (4). From (5) equal tob, and where we have used the so-called max-log
we have the following constraing; > as, a; + a2 <1, and approximation [1], [2], [28].
az > 0, which result in a pair of constellation parameters The vectors of L-values calculated by the demapper are
(a1, az) shown in Fig. 3. In this figure, the evolution ofthen deinterleaved, generating the sequehce= =, ' (Ix)
the constellation for different values @f1, az) are shown; with k = 1,...,q, cf. Fig. 1. These L-values are reorganized
the shadowed region represents the valuegaaf az) that by the demultiplexer unit (DEMUX), defined d¥,, = i,
give a BRGC-labeled constellation. Particularly impottafvhich simply inverts the process done by the D-MUX at
cases are the equally spaced 2-PAM, 4-PAM, and 8-PAMe transmitter. Finally, these L-values are passed to ke t
constellations. channel decoder which produces an estimate of the tramsitt
The result of the transmission of a complex symbkok=  pits. In this paper, we consider convolutional codes andfta so
el 4 g2@ is given byy = hx + z, whereh = h' + 3h? input Viterbi decoder.
is the complex channel gain, andis a complex Gaussian
noise with zero mean and varian®g /2 in each dimension.
The amplitude of the channel gajih| follows a Nakagamin
distribution [25], and thus, the instantaneous SNR, defamd In order to predict the coded BER performance of the
o % follows a Gamma distribution, i.e., [26, eq. (2.21)]system, finding the PDF of the L-values passed to the chan-
[27, eq. (3)] nel decoder is crucial. In what follows, we develop closed-
m—1 m form expressions for the PDF of L-values for HQAM-BICM
pr(7;7) = 2 (@) exp( m7)7 (6) transmission as a function of the constellation parameters
G(m) \ 7 These expressions will later be used to compute bounds on
where G(m) is the Gamma functiony = Er[y] is the the BER of the systems, and then, used to optimize the design
average SNR, and' is the random variable that representsf the system. From now on, all the analysis is made for the
the instantaneous SNR. The AWGN channel is obtained wheonstituent HPAM constellation (cf. Fig. 1), and thus, with
|h| = 1. a slight abuse of notation, we useandy to denote the real

I1l. EQUIVALENT CHANNEL MODEL
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TABLE | i . . .
VALUES OF 1, ; FORHPAM WITH M = 8 IN (10). Table |, lt is possible to infer that for a givel, there are
M, & 2 Q,C different variances, which are determined by the
x; [ 12,5 13,5 first M}, values ofj. This idea was previously used in [23].

20 Al 42 Ad2 The performance evaluation in Sec. IV is based on the
transmission of the all-zero sequence, and thus, here we onl

x +4(d1 — d3)? +4(de — d3)?  —4d3 : -
! (= ds) (42 = ds) ; need to consider positive values @f ; (from (10), px,; > 0

T2 +4(dy — d2)? —4(dz — d3)?  —Ad? e : )
if by ; = 0). From the evolution ofu; ; in Table I, we can
T3 +4(dy — d2 — d3)2 —4d% +4d:25 T . 2
9 > 5 write a generic closed-form expression fof ; (for any M)
e —dd —da = ds) —4dy ad; in terms of constellation distance ' foll
) ) 5 parameters as follows
x5 —4(dy — d) —4(dg —d3)?  —4d3 )
xe —4(d1 — d3)2 +4(d2 — d3)2 —4d§
w7 —4d? +4d3 +4d2 Pg = 4| de = Z b - ()i ) (11)

=k+1
wherej = 0,1,..., My — 1, k = 1,2,...,q, and b(j) =

[b4(5),...,b1(j)] is the binary representation of the integer
glar:];f trhees tf;ﬁ,ﬁfue,desyws(ﬂk?n?ﬁzesﬂeﬂrgggp? the r«ma'vwherebl( ) is the least significant bit.
9 P Y P P Using the approximation for the PDF of the L-values given
The use of the max-log approximation in (8) transforms thﬁ

i lation bet h q land theli (9), it is possible to build an equivalent model for tRECM
nonlinear relation between the received signal and thellesa channelshown in Fig. 1 [23], [27], [34]. This model considers
into a piecewise linear relation. Examples of this pieceewi

linear relation can be found in literature, see for exampi [ My _V|rtua_l chanilelseach of them Qetermmed wrj |n_(11).
Fig. 3], [29, Fig. 2, Fig. 4], [30, Fig. 3], or [31, Table I] A given bito, , = 0 can be transmitted through thith virtual
This piece-wise linear relation has been used to develchannelwnhaprobablhty given bgj. ; = Then, the PDF

8Pthe L-values at the output of thigh mterﬁeaverL,C can be
expressions for the PDF of the L-values in (8) using artytrar bxpressed as a Gaussian mixture with density given by

signal sets in [32] (based on an algorithmic approach) eclos

form expressions for ES-QAM constellations labeled wité th My—1

BRGC for the AWGN channel in [23], and for fading channels PLeNiy) = D Gk h g5 2v4,5)

in [33]. Recently, closed-form approximations for the POF o J=0

the L-values for arbitrary signal sets and binary labeling i 2k M/28—1

fading channels have been developed in [27]. Z V(N Yk, j, 27V ok, )- (12)
For a given transmitted symbat; and SNR~, ¥ ~ j=0

N(z;,1/(2v)). Using a generalization of the so-called con-

sistent model (CoMod) introduced in [23], the PDF of the IV. PERFORMANCEANALYSIS

L-values in (8) can be approximated by In this section, we develop union bounds (UBs) on the BER

= . f the HQAM-BICM system proposed in Sec. Il using the PDF
Li(a;y) ~ yoD 9 ° .

#(@537) ~ Nk, 755); ©) of the L-values developed in Sec. lIl.
where

pry = (—1)27%3 (3 5 — x5)?, (10 A. Union Bound
Uz% = 2(&g,; — xj)Q = 2| 1, We define aemerging sequenaes a path in the trellis of the

. . code (ENC) that leaves the zero state and remerge with it afte
bj = (b1, ,bg,;] is the binary label of the symbal;, and  certain number of trellis stages. The ENC and the D-MUX are
iy, is the closest symbol ta; with the opposite bit value grouped into an “equivalent code” (as shown in Fig. 1) and
at bit positionk. The model in (10) fulfills the consistencycharacterized by an equivalent weight distribution speutr
condition bk - = 2| ;]), and thus, the Gaussian distributionEWDS) B (w) with w = [wy,...,w,] € (Z1)%.* We use
in (9) is compl_etely determined by, ;. ~ the notationf3x (w) to emphasize that the EWDS depends

The results in (9)-(10) can be considered as a particulss the D-MUX configuration determined bi(. This EWDS
case of the results in [27, “Case 1", Fig. 2, Tab. 1]). In whajunts the Hamming weights of all the input sequences that
follows, we will develop generic expressions fox ; in (10) generate remerging sequences with weighat the D-MUX'’s
in terms of the distances defining the HPAM constellation. output.

In Table I, we present the values of ; in (10) as a function  Using the previous definitions, we can express the (trun-
of the constellation distances, for M = 8. These values cated) UB on the BER as
are obtained by direct inspection of Fig. 2. From this table
we can see that the symmetry of the constellation is reflected
) BER < UB ~ — )PEP
in the mean values. For example, for= 1, p13 = —p1 4, - mewe%: B (w (w;7),
Hi2 = —p15, 1,1 = —H16, andug o = —py 7. If we analyze (13)
the variances, cf. (10), we note that for= 1 there are 4
different variances, fOIk_: : 2 two different Var'ance_sv and 170 alleviate the notation, from now on we will refer to the matk - as
for k = 3 only one. This idea can be generalized, i.e., frork.
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where PEP(w;7) is the pairwise error probability which which by using (2) yield
represents the probability that the decoder selects a codew -

with weight w instead of the transmitted all-zero codeword. ol _ 1 (1) 8
The PEP can be expressed in terms of the decision variable I 110 B
D(w) as [
...0011...
2 _
PEP(w;7) = Pr{D(w) > 0}, (14) o®=1..0100...|,
| ...1100...
where [...00010...
o®=1]..10010...].
.10010...

If we consider only this event at minimum Hamming distance

(with input weight one), the final EWDS given by (16) is
and whereL\” are independent samples of the random vaI‘P-b(E";"”?d by computing the Hamming weights of the rows of
ables representing the L-values whose PDF is given by (18], With j =1,2,3, i.e.,

In the following subsections, we will show how to compute {

w1 Wgq ..
Dw) =L+ +3" LD, (15) -
=1 =1

if w=[21,2]

Bk (w) and PEP(w; %) required to evaluate the UB in (13). B (w) = Cfw=[.29"

The spectrumBx (w) can be numerically calculated using
B. Equivalent Weight Distribution Spectrum a breadth-first search algorithm [35]. Clearly, the speutru
must be truncated so that only diverging sequences with tota

The vectorw corresponds to the Hamming weights ofjamming weightu; + . .. +w, < @ are considered, cf. (13).
the rows of the matribO generated by remerging sequences

represented by the matrix. The correspondence betwe€h ]
and O is determined by the matri& (which defines the D- C. Computation oPEP(w;7)
MUX) as well as by the time at which the remerging sequenceA common approach for computing the PEP in (14) is
starts to diverge. However, due to the periodic structur&of through the use of the Laplace transform of the PDF of the
only J time instants must be considered. Based on this, tHecision variable (see for example [27] and the references
EWDS can be expressed as therein). However, due to its simplicity and accuracy, the
saddlepoint approximation (SPA) [36] has recently ategdct
J ) considerable interest. In this subsection, we use a géreral
251@ (w), (16)  tion of the PEP computation based on the SPA used in [27],
j=1 [33], [36], and we apply it to BICM systems based on M-
] interleavers and HQAM constellations.
where 3 (w) represents the EWDS when the decoder startsLet @, (s;7) be the two-sided Laplace transform of the
to diverge at timet + j with arbitrary t. We note that the PDF of the L-valueL, in (12), and let®} (s;¥) and
similarities between the EWDS in (16) and the computation qa"L’k(sﬁ) be its first and second derivative with respect to
the WDS of punctured convolutional codes [22]. The follogvin s, respectively. Let also denote the so-called saddlepgirst b
example clarifies the main principle behind (16), while mor@heres is the solution ofd} (5;7) = 0.
details can be found in [22, Sec. II-B]. Theorem 1:The PEP in (14) can be approximated using the
Example 3 (EWDS of the codg, 7)s): Consider the con- SPA as
straint lengthX = 3 convolutional code with polynomial 12
generators(5,7)s, with w™® = 5 and the D-MUX in 1 [zq:w qu/k(éﬂ)}
kT
(87

~| =

Br(w) =

Example 1. For _this code, there_is one di_verger_wt sequencé)EP(wﬂ) ~ 327
generated by an input sequence with Hamming weight one and

q
output weightw™°. The J = 3 possible input sequences are ) B (5 ) 17
iV = 1...,0,1,0,0,0,0,..], ¥ = [...,0,0,1,0,0,0,.. ], kli[l[ L (857 (7
+(3) _ . . ) =
andé;” =1...,0,0,0,1,0,0,...], which result in the follow Proof: The proof is given in Appendix A. -

Ing matricest’ The PEP in Theorem 1 allows us to compute UBs on the

BER for the proposed HQAM-BICM for the AWGN and

cW=|"" } g) } 8 8 BN Nakagamim fading channels, as stated in the following two
- o theorems.

c®_|---01010... Theorem 2:The UB for HQAM-BICM for the AWGN
L 01110... J 7 channel { = %) using the SPA is given by (18) (shown at

c®_|---00101... the bottom of the page)
| -..00111... )7 Proof: The proof is given in Appendix B. [ |
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Theorem 3:The UB for HQAM-BICM for the Nakagami- nels). Therefore, to obtain the optimal design, one needs to

m fading channel using the SPA is given by (19) (shown #@intly optimize K anday, ..., «q—; for each value ofy and
the bottom of the page) m (in fading channels), i.e., the optimal design is obtaingd b
Proof: The proof is given in Appendix C. m selecting the constellation (viay,...,o,—1) and the MUX

The expressions in Theorems 2 and 3 explicitly shofvia K) that minimize the UB for a givenmn and 7. The
the mean valuesu, ; (which depend on the constellationvalues that minimize the UB for a givef are defined as
parameters) and the EWDS of the code, and thus, they candiéy), ..., a; ,(7) and K*(7), i.e.,
used to optimize the performance of the system. Moreover, we
recognize that the PEP computation in (14) for both AWGN [} (%), ..., a;_1(7), K*(7)] =

and Nakagamin fading channels can be done directly using argmin  {UB(a1, ..., aq-1,K)}, (18)
the PDF of the L-values in (12) (cf. [4] for the AWGN o1,e0g-1, K
phannel). Nevertheless, we used the SPA because it reSWFr%re UB is a function of the constellation parameter
in ready-to-use formulas, cf. (18) and (19). a,_, and the MUXK

. Qg .

. . . 1, ..
We conclude this section by noting that the BICM models Because of the nature of the UB, the bound is tight only

in [4] and [2] can be regarded as a particular cases of tﬂ?r BER below certain value (typically0—2 or 10-4), and

mod_el we in_troduced in thi_s paper. The model in [4] can b[ﬁus, the optimization will be valid only for BER below this
obtained using our model if — N. and the first elements

f th o5l I ¢ K& which h . limit. The optimization of the UB presented in the following
Of the entcrjle(?( b"t) or &£, whic | represelznt the ass'gne;nerizbsections was carried out numerically via an exhaustive
of the co € s to a_partlcu ar |r_1t.e_‘reaver, aré randomap,ych over the valid range of constellation parameteh wit
selected with predetermined probabilities. The BICM with S

) . : . a step size of 0.01. We note that the objective function (UB)
mte_rleavers (BICM-S) conflgu_ratlon of [2_] can _be obtaingd bis potentially non-convex and the optimization space is-one
letting J — N. and by selecting a matri¥ with elements

or two-dimensional. Because of this, an exhaustive seach is

rqndomly pgrmuted. B_y doing thls’. we assure that the COdgldfeasible and robust alternative compared to other (more
bits are uniformly assigned over time and also over the l%mplex) optimization approaches

positions.

V. NUMERICAL RESULTS A. Spectral efficiency 1 bit/dimension

In this section, we present numerical examples that il- For this particular casen(= ¢ = 2) there is only one
lustrate the gains that can be obtained by using an optbnstellation parameter, i.ex;. From Fig. 3 (withas = 0),
mized HQAM-BICM system. In particular, we analyze twove observe three cases of particular interest= 0 gives a
practically relevant spectral efficiencies: 1 bit/dimemsand 2-PAM constellationp; = 1/2 gives a 4-PAM constellation,
1.5 bit/dimension. We use a rafé = 1/2 optimum distance anda; = 1 gives a three-point constellation. We consider a
spectrum convolutional code with constraint length= 3 D-MUX with period .J = 2 which result in only four different
and generator polynomigh, 7)s. The decoding is based onmatrices:
the soft-input Viterbi algorithm without memory truncatio
and the block length used for simulation A& = 24000. In KW = { (L1 (1,2) ] VK@ = { (1,1) (2,1) ] ,
the following subsections, we use the names 2-PAM, 4-PAM,
and 8-PAM to refer to the ES-PAM constellations.

The UB depends on the average SNR, the constellatigg3) — { (2,1) (1,1) ] and K® = [ (2,1) (2,2) ]
parameter, the D-MUX configuration, amd (in fading chan- (1,2) (2,2) (1,1) (1,2)
5 o — —1/2
1« T G oD (— e 7/4)
UB(ozl,...,ozq,l,K)zk— Z Z Or (W) |jr'wak J ](\J/[k_l JHk,g j
¢ w=wfree weW, (w) k=1 Zj:O 51@7.7 exp (_Mk7j7/4)
My—1 Wh
11D, Goexp(—meir/4)| - (18)
k=1 | j=0
(m+1)7 ~1/2
N My —1 4m
j— dico Skittkg T
UB(alv "O‘q—laK)R’/k_ Z ﬁK(W) W_Zwk ! OM i J(4 Jﬂ”"w)m
C e — . 4dm
w=wfree weW, (w) k=1 ijo Ekg (W)

Wi

q M, —1 am m
I > & (W w%j) . (19)

k=1 | j=0



8 IEEE TRANSACTIONS ONCOMMUNICATIONS, to appear, 2011,

For this specific example, the D-MUX configurations give!
by K, and K are identical to the two possible R-MUX 1
configurations [4], i.e., when all the coded bits from on
encoder’s output are assigned to one modulator’s input.

In order to justify the requirement of joint optimization ;5L
of the D-MUX configuration and the signal constellation, w
first study the behavior of the UBs given by Theorem 2 ar "¢
Theorem 3, respectively as a function of the constellation 510,6
parametery;. The UB is shown in Fig. 4 for the four different =
D-MUX configurations and different values at This figure 107 L
shows that for a given constellation parameter, different [
MUX configurations give different BER performances. Ir *°
particular, for all the 3 cases in Fig. 4, when = 1/2 (4- »
PAM) is considered, the lowest UB performance is obtaine
K=KWY (but this changes if another value @fis chosen). ™}
This is equivalent to the R-MUX when all the bits froffi)s 6
are assigned t& = 1 and the coded bits frortb)g to k = 2,
which was shown in [4] (only for the AWGN case). FronFig. 6. UBs (lines) forn = ¢ = 2 (1 bit/dimension), for Nakagami:

this figure, it is also clear that the 4-PAM constellation i&ding channels and the AWGN channel given by Theorem 2 arehEm 3,
respectively. Numerical simulations are also includedrkas). The proposed

subqptimal, ie., by_selecting another valuecaf, gains aré OAM-BICM system uses the optimak™(3) = K and o’ (7) shown
obtained. More particularly, for the AWGN case, by changinig Fig. 5 (left). The BICM-S system of [2] with a 4-PAM condalon and

the value ofv; fromay = 1/2 to ; = 0.12, the UB decreases the BICM system with R-MUX and a 4-PAM constellation of [4Jeashown
from UB ~ 0.8 -107% to UB ~ 0.7- 10~ 7. The gains for the for comparison.
Nakagamimn fading channel are smaller but still visible.

We performed a numerical optimization ov&r anda; for
m=1, m =5, m= 20, and for the AWGN channel for the obtained gains are approximately 1 dB for the AWGN channel
values of¥ that give a BER of interestBER < 10~3). For and 0.4 dB form = 5. These gains decrease when the fading
both the AWGN channel and Nakagami-fading channels, in the channel increases, and for = 1 (Rayleigh fading
The results obtained showed that in such a case, the optimeinannel), they are marginal.
D-MUX is always given byK*(y) = K. The values of
a*{@) obtained in the optimization are shown in Fig. 5 (Ieft)B_ Spectral efficiency 1.5 bit/dimension
This results show that when the fading is severe, the optimal

constellation is close to a 4-PAM constellation, and in fact_We consider 8-ary constellatlon_s & 3), which toge_ther
does not depend much on the valuejofOn the other hand, with the_ rate_R — 1_/2 code @ =2)gvesa spectra_l eff_|C|en(_:y
for the AWGN channel, the dependency on the average SN {51.5 blts/_dlmen5|on. In this case, the constellation is defined
notable and a 4-PAM constellation is far from the optimum. | y the pa."r(ofl’o‘Q)' .From .F'g' 3, we see that the 8-PAM
Fig. 5 (right), we show the behavior of the UB as a function ocﬁnstellanon IS obta!ned with = .1/4 an_d o1 = 1/2 and

«q for a given average SNR = 9 dB and different channel that 4-ary constellations are obtained with = 0 (4-PAM

conditions. This figure shows how the valug(7) evolves with a; = 1/2). We Con?idef D-MUX configurations With
from ai(7) ~ 0.5 (for m = 2) to ai(3) ~ 0.16 for the the shortest possible period, i.g.,= 3, for which there will

AWGN case. be a total of thirty different D-MUX configurations. The UBs

We conclude this subsection by presenting the BER perf resented in this subsection are evaluatedifes 30 for both

: : ding and the AWGN channel.
mance obtained by using the proposed HQAM-BICM systenf,
Y g prop Q y For the AWGN channel, and an average SNRdB] €

where the constellation and the D-MUX are optimized fo . . 3 .

each SNR. The results are presented in Fig. 6, where \%‘90’11’_""15} (which give a U,B belo!vlo ), we obtalnpd
also show the results obtained by the conventional BICM- e optimal I*D_I\/IU)i (ionflgl_JratmnK (7) and constellatlor_1
system of [2], and the one studied in [4] (R-MUX), both oP2rametersdi(7), a5 (7)) using Theorem 2 and an exhaustive

them using a 4-PAM constellation. The results in this figur%eamh' The optimal matrix for aif [dB] € {10,11,...,15}

confirm the tightness of the UBs developed in this paper (ff2S found to be

BER < 10~?)%. They also confirm that a joint optimization K*(7) = (L,1) (2,1) (3,1) (19)
of the D-MUX and the constellation outperforms the previous = (3,2) (2,2) (1,2)

designs. More particularly, for a BER target o6~7, the and the optimal constellation parameters are

\ —— BICM-S (ES-QAM) 2]
2 --- R-MUX (ES-QAM) [4]  f
- - Optimal HQAM-BICM
o Sim. BICM-S (ES-QAM)
o Sim. R-MUX (ES-QAM)
A Sim. Optimal HQAM-BICM

14 16 18

2All the results presented in this subsection were obtainsidgu =
1?5(fi)£)the AWGN channel andy = 30 for Nakagamim fading channels, (o (%), a5(7)) = [(0.46, 0) (0.45,0) (0.44, 0)
cf. .

3We note a slight mismatch between the simulations and thedsotor (0'43’ O) (0'43’ O) (0'43’ O)] (20)
m = 1 (for the three configurations shown in Fig. 6). We conjecttlris . L . .
is caused by the approximation used to model the PDF of thalles, The results in (20) indicate that the optlmal constellaia

cf. Sec. lll. A similar mismatch is observed in Fig. 8, cf. SEeB. 4-ary constellationds = 0) with «; ~ 0.45, which translates
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AWGN Channel

Nakagamin Fading Channel

Fig. 4. UB versus the constellation parameterfor the AWGN channel (left) and for Nakagami-fading channels (right) for different D-MUX configurations
and different values of;. The UBs are given by Theorem 2 and Theorem 3, respectively.

0 i i i i i j
6 8 10 12 14 16 18

7 [dB]

Fig. 5. The optimal constellation parametef (7) versus average SNR for mm = 1, m = 5, m = 20, and for the AWGN channel (left) and the UB
versusay for 3y =9 dB andm = 2, m = 7, m = 20 and the AWGN channel (right). The UBs are given by Theorem @ Emeorem 3, respectively.

into a system where the third output of the D-MUX (cf. (19)jollowing. In a coded modulation system, and for high SNR

is completely eliminated.

values, there is a trade-off between the minimum Euclidian

Another way of interpreting the results in (19)—(20) is thadistance of the constellation and the minimum Hamming
for this code, the minimum BER is obtained when the originalistance of the code. By puncturing this code, its minimum

rate 1/2 code is punctured (giving a rafe = 3/4) and
transmitted with a 4-ary constellation (witly ~ 0.45), and
a puncturing pattern given by

1 10
L @1)
where following the notation of [22], the columns &f have
a meaning of time and @ denotes a puncture.

|

Hamming distancew™° = 5 will decrease. On the other
hand, by reducing the constellation size (from 8-ary toyar

the minimum Euclidian distance increases. For this pdeticu
code, the improvement due to an increased minimum Euclidian
distance is larger than the degradation due to a decrease
minimum Hamming distance, and thus, the optimal solution
is given by (19)—(20). It is important to mention that, that i
general, a reduction of the constellation size (by complete

An intuitive explanation of the previous results is the
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PAM constellation. Consequently, the resulting assigrtnoén
the bits to the removed modulator’s input (i.e., punctuyiisg
random, which is not the approach that should be used when
doing puncturing [22].

Since the puncturing seems to appear as the solution in
the case we study, we analyze also a BICM-S system with
a 4-PAM constellation and a puncturing pattern that yields a

& rate R = 3/4. This configuration is simply another way of
= obtaining an spectral efficiency of 1.5 bit/dimension uding
3 same encoder and decoder. While this may seem a “natural”
3’}. solution for the BICM design, we note that in general, it
——BICM-S (ES-QAM) [2] PN N - . . )
ol T= = R-MUX (ES.OAM) [4] OO v, |  cannotbe assumgd a priori that the puncturing gorn_bmed ywth
- - = R-MUX with HQAM e s low-order modulation is the best way to transmit with a high
B o W % . spectral efficiency. We performed an exhaustive search over
10°H -~ Optimal HQAM-BICM IR .4  puncturing patterns (with a puncturing period of three)bits
10 11 12 - ey 1 15 15 and found that for the SNR of interest, the optimal puncuirin
5

pattern is the one given b¥ in (21). The results are shown
Fig. 7. UB (lines) forn = 2 andq = 3 (1.5 bitidimension) for the iN Fig. 7. In this case, and for a target BER %, the
AWGN channel given by Theorem 2. The simulation results a@ve with proposed system still offers gains of about 0.4 dB, which

markers. The proposed HQAM-BICM system uses the optimizadmeters ; _
in (19)—(20). The BICM-S system of [2] with an 8-PAM consagibn and the results umquely from the fact that we use HQAM and D

BICM system with R-MUX and an 8-PAM constellation of [4] arleosvn for MUX.

comparison. The RhMUz( Systemdt;f [4]dwith ;‘;ptimi/zed conﬁéﬂn and the To complete the analysis of the AWGN channel, in Fig. 7 we

BICM-S system with a (punctured) code wifR = 3/4 as well as a BICM ; ; ;

system with the optimal D-MUX and a 4-PAM (ES) are also shown. also InCI.Ude the results obtained by a BICM system Wlth.the
D-MUX in (19) and an equally spaced 4-PAM constellation
(generated from an 8-PAM constellation with = 1/2 and

) ao = 0). The rationale behind presenting these results is to try

puncturing some output o_f the encoder)_does not necessay, Yquantify the gains offered by the D-MUX compared to a

lead to the optimal solution. The solution depends on g o imization of the D-MUX and the HQAM constellation

spectral efficiency targeted, the SNR under consideratiod, (“Optimal HQAM-BICM” in Fig. 7). The results in Fig. 7

the constraint length of the code. show that approximately one third of the gap between “Best

In Fig. 7, we present the results obtained using the propo ctured BICM-S (ES-QAM)” and “Optimal HQAM-BICM”
system based on the optimum parameters in (19)—(20) and fmes from the use of the D-MUX and two thirds from the
compare them against five different BICM designs. The firﬁtse of the optimized HQAM constellation

one is the BICM-S system of [2] with an 8-PAM constellation 4w we turn our attention to Nakagami-fading channels.

and the second one the BICM system with R-MUX and an &;,.e the UB in Theorem 3 dependsEh (a1, as), m, andy
PAM constellation of [4]. The other three will be explainedin general, the optimization must be done jointly over adis

below. When comparing the proposed system and the BICMsg,5 meters. However, we have observed that for a given value
system of [2], gains of about 3 dB are observed for a BEF; |, "the optimal constellation and D-MUX do not change

—6 . .
target of 107°. The gains compared to the system in [4] argjgnificantly for the SNR range of interest. Motivated bysthi

about 2.75 dB. . observation, we have found the optimal constellation for an
The performance difference between the proposed SyStﬁ%rage SNR that gives a BER of approximately 7, and

and the BICM system with R-MUX and an 8-PAM constellag;e haye used these values for all the range of average SNR.
tion of [4] are quite large (2.75 dB). However, the COMpamisorya ophtained values are

is unfair since our system allows HPAM constellations while (2,1) (3,1) (3,2)

the results for the system in [4] are given for an 8-PAM K, (7)) =K, _,(7) = [(2’2) (1’1) (1’2)] . (22)
constellation. In order to make a fair comparison, we have ’ ’ ’

optimized the constellation for the system with R-MUX of,[4] K (7) = {(17 1) (2,1) (3, 1)] (23)
i.e., we selected the optimum constellation for each aerag "= (3,2) (2,2) (1,2)]°

SNR. The obtained results are shown in Fig. 7, where wgnd

see that the performance improves, however, the gap to the N s

entirely optimized design we proposed stays at 1.7 dB for a (a7 (), 05 (7)) lm=1 = (0-48,0.20) (24)
BER of 10~6. We should not be surprised by this results as (a1 (7), a3 (7))[m=2 = (0.47,0.17) (25)
the HPAM constellation after optimization degenerates 4 a (a5 (), @5 (7)) |m=5 = (0.42,0.01). (26)

4The optimum R-MUX for this code is such that 2/3 of the coded firm We note that by selecting one set of parameters for the range
the second encoder’s output are senkte- 1, 1/3 of the bits from the first of average SNR and a givem is relevant from a practical
and the second ’encoders outpus are serit 0 2, and 2/3 of the bits from point of view. This is simply because in practice it would be
the first encoder’s output tb = 3. e ep .

5We obtainedat(7) = 0.49, and 3(7) = 0.0 for all 5 [dB] e Mmore difficult to change the constellation parameters aed th

{10,11,...,16}. MUX for each value ofy.
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‘ ‘ ‘ In this paper, we analyzed a new BICM configuration based
——BICM-S (ES-OAM) [2] pap y g9
. - - - R-MUX (ES-QAM) [4] on convolutional codes. The gains offered by a similar BICM
% - giﬁg'_r“g‘l'c';\'ﬂ‘?g"("ég'_%'}ﬂ,vl) i system using capacity approaching codes (turbo or lowitjens
. o Sim. R-MUX (ES-QAM) parity-check) are still unknown. The analysis for such aesys
. Sim. Optimal HOAM-BICM: 5 indeed interesting but left for further investigation.
10° L 2 o
N APPENDIXA
el , PROOF OFTHEOREM 1
m
The Laplace transform of the PDF of the decision variable
07 D(w) in (15) is
q
10° | — _ .
Cpa(s:7) = [ [ (s, (27)
™ k=1
10 &
and its cumulant transformp ., (s;7) is
10 ! -
R R () (5:77) = 108[ pus) (5:7)]
q
Fig. 8. UB (lines) forn = 2 andq = 3 (1.5 bit/dimension) for Nakagami: = Z wy log [Pr, (s;7)] - (28)
fading channels given by Theorem 3 for = 1,2, 5. Numerical simulations —1

are also included (markers). The simulations for the pregdsQAM-BICM . . .
system uses the values in (22)—(26). The BICM-S system ofwj#h an The PEP can be approximated using the saddlepoint ap-
8-PAM constellation and the BICM system with R-MUX and an AW proximation [36] as

constellation of [4] are shown for comparison.

1

exp(K p(w)(S; ,

S\/W P(KD(w)( 7))

In Fig. 8 we. present the simulated BER obta_mgd b\X/hereé is the saddlepoint that can be found by solving
HQAM-BICM using (22)—(26) and the UB with opt|m|zeqn/ (37) = 0. &, (5:7) is the second derivative of the
parameters for each SNR. We compare t_he results obta_ur& wn)mlant generati(ﬁvg; function evaluated at the saddlégoin
by the proposed system against two previous BICM de&ggﬁd can be expressed as
(as in Fig. 6): the BICM-S system of [2] with an 8-PAM
constellation and the BICM system with an R-MUX in [4]. " ) - 7, (8:7)
From this figure we observe that in fading channels, the () (5 ):Zwk {@Lk(éﬂ)]'
proposed HQAM-BICM again outperforms previous BICM . ) =t
designs. When compared to BICM-S, the proposed system”Sing (28) and (30) in (29) completes the proof.
offers gains up to 2 dB forn = 5 and a BER target of0~".
The gains compared to the configuration in [4] are less than
when compared to BICM-S, but still quite large. This figure
also shows that the achievable gains increase when thegfadinThe two-sided Laplace transform pf,, (X;~) in (12), can

PEP(w;7¥) ~

(29)

(30)

APPENDIXB
PROOF OFTHEOREM 2

is less severen( increases). be written as

o My —1

Pr,(s557) = e N G (N kY, 2l |y) dA
VI. CONCLUSIONS K\ - 3NN Hle, 5 7Y s J
_ =
In this paper we proposed and studied a new BICM (31)

transmission framework that uses HQAM constellations in My—1
conjunction with a deterministic bit-level multiplexer cén — Z &g exp (7 (s® — 9)) (32)
M-interleavers. It was shown that a number of degrees of =0 ’ ”

freedom can be exploited, which in turn gives performanc
improvements of a few decibels compared to previous BIC (A 11, 21) < exp(y(s? — s)). The saddlepoint can be found
designs. The gains were shown to depend on the fad|5|§; s7ol\;ing Koo (39) = 0 (équivalently o (s:7) = 0)
parameter, the BER target, and the spectral efficiency, mand [ . D(w)\™>> 1) LA™ '

: e which from (32) givess = 1/2.
general, they increase when the fading is less severe. From (32), the second derivative @, (s;7) with respect
There are a number of degrees of freedom that can pe ' Lel®

exploited in BICM transmission which may improve its peffor 0's at the saddlepoints(= 1/2) is

Vhere to pass from (31) to (32) we used the transform pair

mance even further. In particular, in this paper we only istdd . M1
HQAM constellations labeled by the BRGC. The performance ®z,(1/2:7) = > 28 kv exp (—pkv/4) . (33)
of BICM with other binary labelings and fully asymmetric 7=0

constellation is still unknown. Moreover, the period of the Substituting (32) and (33) in (17), the PEP over the AWGN
MUX gives another degree of freedom not fully exploited ichannel is given by (34) (shown at the bottom of the page).
this paper (only short periods were considered). Using (34) in (13) completes the proof.
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[12]

Due to the linearity property of the Laplace transform, wis3]
have

<I>Lk(8;7)=/ pr(v;7)Pr, (s37) dy. (35) [14]
0

Using (6) and (32) in (35), we obtain [15]

m

Mk* "
Z 51@,3 (m—ﬁ,uk.,j(SQ —S)) . (36) [16]

From (36), the saddlepoint i$ 1/2, and the second
derivative of @y, (s;7) with respect tos at the saddlepoint (17]
can be written as

)(m+1)

My—1
=> 2€k,ﬁuk,j<
(37)

J=0
Substituting (36) and (37) in (17), the PEP over Nakagami-[*°]
fading is given by (38) (shown at the bottom of the page).
Using (38) in (13) completes the proof.

O, (s5:7) =

4m
dm + Fpu,

7,.(1/2;7)

(18]

[20]
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