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Transactions Papers

Multilevel Coded Modulation for Unequal Error
Protection and Multistage Decoding—Part I:
Symmetric Constellations

Robert H. Morelos-Zaragoz&enior Member, IEEEMarc P. C. FossorieMember, IEEEShu Lin Fellow, IEEE
and Hideki Imaj Fellow, IEEE

Abstract—in this paper, theoretical upper bounds and computer digital transmission systems must be designed to provide a
simulation results on the error performance of multilevel block gradual degradation of the received signal. It is proposed to
coded modulations for unequal error protection (UEP) and multi- combine coding and modulation in such a way that the required

stage decoding are presented. The paper is divided into two parts. L . . .
In part I, symmetric constellations are considered, while in the se- graceful degradation is achieved by error control coding. In this

quel, asymmetric constellations are analyzed. It is shown that non- Paper, we restrict ourselves to transmission over an additive
standard signal set partitionings and multistage decoding provide white Gaussian noise (AWGN) channel.

excellent UEP capabilities beyond those achievable with conven-  Supsets of signal sequences, of increasing minimum squared
tional coded modulation. The coding scheme is designed in such agyclidean distances (MSED’s), are associated with information
way that the most important information bits have a lower error . . L ’ L .
rate than other information bits. The large effective error coef- b!t§ of increasing |mport§nce level (e.g., decreasing lmgge defi-
ficients, normally associated with standard mapping by set par- hition). Code sequences in correspondence to the leastimportant
titioning, are reduced by considering nonstandard partitionings part (e.g., the HDTV component) are clustered icitmuds[1].

of the underlying signal set. The bits-to-signal mappings induced Each coded signal sequence in correspondence to a most im-
by these partitionings allow the use of soft-decision decodings of portant message part (e.g., the basic definition TV component)
binary block codes. Moreover, parallel operation of some of the . - ’ . . . .
staged decoders is possible, to achieve high data rate transmis-'S assoc_lated with a Clou_d' The mapplng of information t,"tfs to
sion, so that there is no error propagation between these decoders. Coded signal sequences is made in such a way that the minimum
Hybrid partitionings are also considered that trade off increased distance between coded signal sequences in different clouds
intraset distances in the last partition levels with larger effective s |arger than the minimum distance between coded signal se-

error coefficient_s_in the middle partitic_m levels. The error perfor- quences within a cloud. This is amequal error protection
mance of specific examples of multilevel codes over 8-PSK and .
(UEP) coding scheme [2].

64-QAM signal sets are simulated and compared with theoretical o e ) )
upper bounds on the error performance. Nonstandard partitionings of signal sets for constructing

coded modulations with UEP were first proposed in [3] and
[4]. Also, nonstandard partitionings were considered to de-
sign good multilevel codes, based on rate and capacity ar-
guments, in [5]. Coded modulation approaches for tiwe

|. INTRODUCTION restrial broadcastingof HDTV signals have been reported

HERE are many practical applications, such as satellif¢ [3]: [4], and [6]. All of them, however, deal with asym-
broadcasting of digital high definition TV (HDTV) or Metric rectangular (M-QAM type) signal sets. A trellis coded

digital speech transmission, where high bandwidth-efficiefiodulation (TCM) scheme for UEP using asymmetric 8-PSK
signal sets and nonstandard partitionings for satellite broad-
casting is reported in [7]. The nonstandard and hybrid par-
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sequences as well as allowing the use of soft decision decoding
procedures designed for binary linear block codes with binary 3
transmission over an AWGN channel. This approach will be v =(em1, em2, -+ Carn)
referred to adlock partitioning , be M codewords inCy, Cs,- -+, Cyy, respectively. Form the
A partitioning approach is introduced that constitutes a gefb’llowing sequence:

eralization of the block and Ungerboeck [9] partitioning rules.

This kind of partitioning is suitable for coded modulation with: . z, « ...« z,,
a better average error performance with less levels of error pro-

tection. We call this &ybrid partitioningapproach, because the

higher partition levels are nonstandard, while at lower levelggch component s, @, + - - - * €y is regarded as the label of

partitioning is performed using Ungerboeck's rules [9], i.e., 1§ signal in the2? -ary modulation signal sef. Then
maximize the squared Euclidean distance (SED) between signal

points within a subset. We will show that a good tradeoff is 0b-  s(¢; *Co = --- * Cps)
tained between increasing the error coefficients in the middle
partition levels and improving the error performance of the sub-
sequent decoding stages.

The rest of the paper is organized as follows: In Section {k 4 sequence of signal pointsé The following collection of
we present multilevel coded modulation and a design prmcug?gnm sequences ovér
to achieve UEP. Theoretical analysis and computer simulations
of block partitionings of 8-PSK and 64-QAM modulations for A2 {s(G1*Coax---xcy)GeC, 1<i< M}
UEP are presented in Section Ill. A hybrid partitioning approach
is introduced, and theoretical and simulation results for 8-PS&rms ani{-level modulation code over the signal sebr an
and 64-QAM modulations are presented in Section 1V. Finally/ -level coded2?’ -ary modulation.

= (C11621 - - CM1, C12€22 -+ - CM2, "+ 5 ClnCon * * - CMn)-

= (s(c11co1 - - emn), s(cracan -+ ep2), -+ -

s(CinCan -+ Crn))

Section V presents conclusions of this work. The rate, or spectral efficiency, of this coded modulation
system in bits/symbol iR = (k1 + ks + -+ -+ kn)/n. It s
1I. M ULTILEVEL CODED MODULATION well known that the MSED of this system, denoteddiy(A),
A. Definitions 's given by [8]
Imai and Hirakawa [8] proposed a technique for constructing d3(A) > min {d;67}.

coded modulation schemes using binary block codes. For an

M-level coded modulation, the codewordsdf binary block

codes are used to index code sequences of signal points iR aAsymptotic UEP Design Principle

2M-ary modulation signal constellation. The resulting signal |n order to achieve UEP, the following design guideline for
sequences form a block modulation code (BCM) over the E@7-level coded2" -ary modulation is proposed [10].

clidean space. A fundamental issue in the design of a multilevelFor 1 < 4 < M, the binary code§; are selected in such a
coded modulation is the Iabeling of the Signal set over which tb\%y that the fo||owing inequa"ties are satisfied:

component codes operate. Such labeling determindg 8D

of the modulation code and, more generally, the distance struc- d16% > dob2 > o > dpy63,. Q)
ture of the set of coded sequences, as discussed below. )

In what follows, Ungerboeck’s well-known standard map- For 1 < ¢ < M, let ¢(m;) be the codeword ofC;
ping-by-set partitioning [9] is briefly overviewed. &Y -ary N correspondence to &;-bit message vectorn;, and _Iet
modulation signal sefS is partitioned into M levels. For 5 = 5(7) ands’ = 5(m') denote code@™'-ary modulation
1 <i< M, at theith partition level, the signal set is dividedSigna@l sequences i\ corresponding to message vectors

into two subsetsS; (0) and S;(1), such that thentraset SED 7 = (M1, Mg, ---, M) and ' = (M, My, - - -, yy),
52, is maximized. Alabel bitd; € {0, 1} is associated with the réSPectively. Th&uclidean separationf1] and [12] between
subset choice; (b;) at theith partition level. This partitioning c0ded sequences at thth partition level, fori = 1,---, M,

process results in kbeling of the signal points. Each signal@re defined as
point in the set has a uniqu& -bit label b5, - - - by and is
denoted bys(by, bs, -- -, bys). With this standard partitioning
of 2™ -ary modulation signal constellation, the intraset SED'$ follows from (1) thats; = di62, 83 = do62,--+, spy =

i H 2 2 . .
are in nondecreasing ordéf < 63 < --- < 63,. dp63,. For transmission over an AWGN channel, the set of

Forl < i < M, letC; denote ar(n, ki, d;) binary linear inequalities (1) results in message vectors with decreasing error
block code of length:, dimensionk;, and minimum Hamming protection levels.

distancedi. AlSO, |etA§,§) denote the number of codewords in The above principle iS usefu' in Specifying the asymptotic

5 2 min {d(3, '): m; # m;, m; =m; j < i}.

C; of weightw. Let error performance of a coded modulation with UEP. However,
B as also shown in [5], design criteria based on intraset MSED's
a =(c11, €12, Cin) are inappropriate for multistage decoding of multilevel coded

T2 =(ca1, Ca2,- -, Con) modulations, at low to medium signal-to-noise ratios (SNR’s),
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Fig. 1. Simulation results of a coded 8-PSK modulation with Ungerboeck

mapping. ™| Decoder 3
l—
. . I—» c
because of the large number of NN sequences in the first de- ‘s
coding stages. As an example, Fig. 1 shows simulation results on (c)

2. An 8-PSK constellation with block partitioning: (a) labeling, (b)

the performance of a three-level coded 8-PSK modulation w(iﬁ]
/@%oordinate projections, and (c) decoder structure.

the (64,18,22), (64,57,4), and (64,63,2) extended BCH co
(ex-BCH codes) as component codgs ¢« = 1, 2, 3, respec-
tively. In this figure as in the rest of the paper, the signal constel-

) ) . ) ' . TABLE |
lation considered is normalized to unit energy. The Euclidean PREPROCESSING OFRECEIVED SIGNALS FOR
sepa_ra_tions are; = 12.9, s, = s3 = 8, for 18 and 120 in- THIRD-STAGE DECODING IN THREELEVEL CODED

formation bits, respectively (asymptotic coding gains of 8.1 and 8-PSK MODULATION WITH BLOCK PARTITIONING

6 dB, respectively). The adverse effects of the number of NN & G ™

(or error coefficient) in the first decoding stage are such that 1 0 (rzi—ry)

the coding gains are greatly reduced. With multistage decoding, 1 1 (rzsitry)

the number of NN associated with the first stageisa|[13]. 0 1 —(rai—ry)
I 0 0 - (Tz" + Tm')

Hence by increasind;, in order to obtain UEP capabilities, we
further increase the number of NN associated with the first de-
coding stage. Errors in the first stage propagate to the secqQidtnree-Level Coded 8-PSK Modulation with UEP Using

and third stages, and any UEP capabilities are lost, as shog{Bck partitioning

in Fig. 1 for bit-error rate (BER) greater than190 It will be e - .

shown that the partitionings presented in the next sections re:rhe block partitioning shown in F'g' 2(a)is useq to consruct
duce the effective error coefficients associated with multista ee-lg:vel cppleq 8-PSK modulation schemes with QEP' Note
decoding and Ungerboeck partitioning rules. Note finally th at this partitioning al_so corresponds to Gre_ly Mmapping. In the
in order to achieve a larger effective coding gain (say, at le ure, the color black is used to represent signal points whose

7 dB at the BER 10°) with the Ungerboeck set partitioning, abel is qf the form0b.bs, W'th b2.’ bs € {0, 1}. S|m|IarIy, th_e
very powerful codes are needed for both BCM and TCM. THglor white is used for points with labetd;bs. A circle mcﬁ—
decoding of such codes becomes too complex for practical %@_tes that. the label is of the for‘?@°b3' by, bs 6.{0’ 1}, while
plications. square is used to repre_sent signal pomts with laidls;. _

It can be seen from Fig. 2(a) that in order to determine the
value of the first label bit;, only the X-coordinate is suffi-
cient. If a signal point is on the left half plan& (< 0), then it

Inthis section, a partitioning strategy is presented that reduaesresponds té; = 0, otherwise, it corresponds tg = 1. In
the number of NN at every partition level. At thgh partition the same way, th¥ -coordinate suffices to determine the value
level, the signal points within each subs&tb;) are contained of the second label bit,. If a signal point lies in the upper half
in disjoint planes of the two-dimensional Euclidean space. Adane ¢ > 0), thenb, = 0, otherwiseb; = 1. This is an im-
a result, only a small number of signal points, those locat@adrtant property of this block partitioning. It means that in a
near the decision boundary, will have neighbors at minimuthree-level coded 8-PSK modulation scheme using this parti-
distance. On the average, assuming equiprobable signaling,ttbeing, the first and second levels anelependentThis in turn
number of NN associated with thiéh level will be much less implies that the first and second level decoders caimnipe-
than with Ungerboeck partitioning. On the other hand, the priceented in parallel
to pay is a constant minimum intraset distance at each level ofin the first and second decoding stages, the decision variable
the partition. is just the projection of the received signal sequence onto the

I1l. BLOCK PARTITIONING
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X orY axis, respectively. Fig. 2(c) shows a block diagram afuences. It is shown in Appendix A (fof = 2) that the
a multistage decoder for a three-level coded 8-PSK modulatismallest SED from the corresponding poiitto the hyper-
with block partitioning. The decoders for the first and secongdaneX; + X +--- + X, = 01is

stages operate independently on the in-phase and quadrature

component of the received signal sequertceand7,, respec- d% (i) =
tively. Once decisions are made as to the estimates of the corre-

sponding codewords, andé,, they are passed on to the thirdHence, with respect to the codewarg, and for a given values
decoding stage. Let;, = (&1, é2, -+, én) € C; be the de- 0f iin {0, 1,---,w}, it follows that

coded codeword at thi¢éh stagej = 1, 2. Before the third-stage ) .

decoding, each two-dimensional coordinatg;, r,,; ) of the re- Prifi+&z+. 4 X, - 0.4}
ceived signaf = (7., 7,) is projected onto a one-dimensional _ <w> <1)Z <1)(w_z) 0 2RE, @) ©)
coordinate’;j, 1<j<n.The values’;/,j are the decision vari- i 2 2 Ny T

ables used by the decoder 6%. The projection depends on

the decoded quadrant, which is indexed by the paiy, é,,;), Where

1 < j < n,asshownin Table I. It corresponds to a scaled rota- 1 © _n?)2

tion of 7 by« /4. Therotated sequenc& = (1%, .o, ---, 7. ) Q) =5 /w ¢ dn

is then decoded using a soft-decision procedure for component ] ] ) )

codeCs. The independence between the first and second lev@RI Es/No is the energy-per-bit-to-noise ratio. For all the code
also results imo error propagatiorfrom the first decoding stage S€duénces associated with the codewgraf weightw in the

to the second. For Ungerboeck partitionings, the opposite is &St level code, and due to the symmetry of the decision hyper-
ways true. plane, the union bound yields the following expression for the

1) Error Performance: In analyzing the error performanceProbability of a block error:
of the zt_h decoding stage it will be ass_umed, w!thout_ Ipss X 4+ Xo+ o+ Xy > 0}
generality, that the all-zero sequence is transmitted in:tie w
level. Note that this assumption is different from assuming that WA 5—w 2RE, , .

; ; min <> (L )2ve dp(i) |- (6)

the all-zero codeword is transmitted at all levels, which is not — \! No
correct with the partitionings considered in this paper. Als
for multistage decoding, all sequences are possible and equ
likely in the subsequent stages. i

With reference to Fig. 2(a), we observe that the projectioNditten as [14]

(i1 (= $)02) (4)

0
Ef'@ally, when assuming a systematic encoding, the union bound
on the bit-error probability of the first decoding stage can be

of the four possible signals in the left half plane can take one (NS) "w

of two values:X = —A; = —sin(a/8) or X = —Ay = Py < Y EAEU) Pr{X;+Xo+ -4 X, >0}

—cos (7/8), as shown in Fig. 2(b). Since messages are equally w=d;

likely, the probability of a signal point having coordinate = " w Y fw , 2RE ]

—A; (or X = —Ay) is equal to 1/2. < Z gAS) Z <i>2_wQ < N()"d%,@)) )
A block error event will occur at the first stage when- w=dy =0

ever a codeword of nonzero weight is decoded. Let ()

)ij = S)éj ((;’15253), 1<y Shw dFTOte tge|X cgmponer;ts The bound (7) can be compared with a similar one for the
of a coded sequence such thigt= 1, and letw denote the |, 0o is partitioning (UG) strategy

Hamming weight of an incorrectly decoded codewatd in
the first level code’; . The two corresponding decision regions (ve) "ow (1) ow 2RE, .,
occupy aw-dimensional space separated by the decision IS —A2YQ TOwAl )
hyperplaneX; + X, + --- + X,, = 0. With respect t&,,, an w=dy
error event occurs when a signal vector wihcoordinates From (7) and (8), we observe that while Ungerboeck’s parti-
tioning increases exponentially the effect of NN sequences, by
iay A, ) afactor of2*, the block partitioning has faf% (w) = wA? an
grror coefficient tern2—*, whichdecreases exponentiallyith
the distances of the first-level component code. As a result, for
practical values of2, /Ny, the block partitioning may yield, at
the first stage, a real coding gadéwen greater than the asymp-
totic coding gain This is a very desirable feature of a coded
Pr{,} =Pr{X, + Xo+ -+ X, > 0}. (3) Mmodulation with UEP.
Due to the independence and symmetry between the first and
For thew nonzero positions of,,, the all-zero codeword can second stages, the probability of a bit error in the second de-
be mapped inta components withX-coordinateX = —A; coding stage is also upper bounded by (7). On the other hand,
and (w — ¢) components withX-coordinate X = —A,, for the error performance of the third stage of a three-level coded
+=20,1,---,w. For multistage decoding, al(“;’) possible 8-PSK modulation depends on that of the previous two stages.
points P corresponding to a given value efare valid se- However, for the block partitioning for UEP, the first level codes

P=(-A;,-A

i; € {1, 2}, is corrupted by AWGN noise and moves to th
decision region specified by(; + X + --- + X,, > 0. The
probability of an erroneous decoding iritg at the first stage is
given by
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are the most powerful, and the effect of errors from the first de-
. .. . . . ..~ X-coordinate projections.
approximation is obtained by assuming that decoding decisions
in the first and the second decoding stages are correct. From

a conventional union bound argument for binary linear blodk = b2 = 0. In the other three quadrants, the same assignment

codes [14], it follows that: of label bitsbs3b.b5 b6 is used. The convention used to draw the
points is the same as in Fig. 2, i.e., label hitdetermines the
(NS) o w3 2RE, 9 color and label bit, the shape of the signal points. Once again,
Pz "5 z; nAw @ < Ny WAL ) ©) this partitioning approach results in a small number of NN for
w=dsz

each stage of the multistage decoding.

2) Simulation ResultsA three-level 8-PSK modulation for 1) Error Performance: The theoretical derivation of the
UEP was selected as an example with (64, 18, 22), (64, 4Bpbability of a bit error for six-level coded 64-QAM is similar
8), and (64, 63, 2) ex-BCH codes as the first-, second-, ataithat for three-level coded 8-PSK. Based on the same method
third-level codes, respectively. This coding scheme, denbted as in Section IlI-A-1 and in Appendix A with = 4, it follows
has rate equal to 1.97 bits/symbol and can be compared witlat at the first two decoding stages, the probability of a bit
uncoded QPSK modulation, which has approximately the sareor, forj = 1, 2, is given by
rate (a difference of only 0.06 dB). ‘ o

Simulation results of this example are shown in Fig. 3. "W e m e~ e (w [w — iy
Sl(n, k) and UBn, k) denote computer simulations and’ b < Z EA'(M{M Z Z Z <L1> < in )
upper-bound evaluation, respectively, of the corresponding
(n, k, d) ex-BCH code. In the simulations, we used the ordered w—141 — 1o 2RE, Polin o i 10
statistics soft-decision decoding procedures of [15]. The results ' ; Q No plis i2,43) | (10)
agree with the theoretical bounds at the practical BER of10
Three levels of error protection are achieved with the bloakhere
partitioning. An impressive coding gain of 8.5 dB is achieved at
the BER of 107 for 18 most important bits (14.3%) encoded inl3 (i1, iz, 43)
the first level. In the second and third stages, the corresponding
values of coding gain are 2.5 and.0 dB, respectively. It is
interesting to note that at this BER, the simulated coding gain

at the first decoding stage is greater than the asymptotic codffifl&1 = 1/V42, Ay = 30, Ag = 54, andAy, = 74,.
gain (8.1 dB) due to the reduced error coefficients. Assuming correct decoding in the first and second stages, the

bound on the bit-error probability in the third and fourth de-
B. Six-Level Coded 64-QAM Modulation with UEP Using coding stages becomes, fpr= 3, 4
Block Partitioning

For a 64-QAM modulation, a six-level coded system can bep,, < S~ ZA@2 v $° <w>Q < 21 d%(i)) (11)
constructed with the block partitioning. As in the case of 8-PSK, w=d, " izo \? No

partitioning at each level is done such that signal points are

contained in disjoint regions of the two-dimensional Euclideaihere

space, as shown in Fig. 4. In this figure, the four less significant 5.
label bitsbsb4b5b6 are shown in the quadrant corresponding to dp(i) =

w:dj i1:0 i2:0 ig:O

%3

1. . . . . .
= E['LIAI 9o 4 i3Az + (w — iy — iy — i3)A4)?

i[ml + (w — 1) As]?.
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1) Error Performance: For the hybrid partitioning, the

sl * A ";} | bit-error probability of the first decoding stage is also upper
L ) m bounded by (7). When the decoded sequence at the first stage is
= Y ‘ A correct, the constellation associated with the second decoding
-5 0 " N Oo(dB) 15 20 25  stage becomes a half 8-PSK constellation. Consequently, each

signal point has either one or two NN as observed from Fig. 6.
Fig.5. Error performance of a six-level coded 64-QAM modulation with blocH hen an error event will occur at the second stage whenever the
partitioning and four levels of error protection. decoded codeword of the second level has nonzero weight. Let
w denote the weight of the incorrectly decoded codevigyd
Finally, assuming that the previous decoding stages are corrd{th probability 1/2, a signal point with one neighbor (or with
the probability of a bit error in the fifth and sixth stages is, fOpNo_qe|ghb(irs) IS _selected_. If we assume that forwh@r_lzero
i=56 positions of¢,,, ¢ signal points have two NN ang — ¢ signal
’ points have one NN in the corresponding code sequence, then
the probability of a block error associated with is upper

IS %Ag)cg( %fbwA% ) (12) bounded as in (6) by
w=d ;

L SN (T 2RE, .,
2) Simulation ResultsFig. 5 shows simulation results ©* to} < 2 <§> <§> <L>2Q< No wAl)

and theoretical upper bounds on the error performance of a =0 w

six-level coded 64-QAM modulation with block partitioning. _ <§> ) 2RE, .- (13)

This scheme transmits 4.03125 bits/symbol. The component 2 No '

codesC;, 1 < i < 6, were selected as (64,24,16), (64,24,16),

(64,45,8), (64,51,6), (64,57,4), and (64,57,4) ex-BCH coda¥hereA; = sin (/8). The last equality follows from the fact
respectively. As before, the simulation results agree with tHeat>>;”, (7)2° = 3*. Note that in (13), the value 3/2 simply
upper bounds at the BER of 18 or less. A coding gain of 12 represents the average number of NN associated with a half
dB at the BER of 105’ with respect to uncoded 16-QAM is 8-PSK constellation. As in the case of block partitioning, when

obtained for 48 bits, or 18.6% of the information, encoded @Ssuming systematic encoding of the second-level code, the
the first two levels. probability of a bit error in the second decoding stage is upper

bounded by

IV. HYBRID PARTITIONING

ws) N e (3 o[ [2RE o
In this section, we present a partitioning approach that takespb2 < Z nAw <2 Q No wAi |- (14)
advantage of both the reduction of error coefficients, achieved w=dz

by the block partitioning, and the increasing minimum intras¢trom (14), we observe that the second level of the hybrid parti-

distances associated with Ungerboeck partitioning. tioning has a smaller error coefficient factor than that of Unger-
boeck’s partitioning(1.5)* compared t®*.

A. Three-Level Coded 8-PSK Modulation with Two-Level To estimate the bit-error probability in the third decoding

Error Protection Using Hybrid Partitioning stage, we note that the second stage is more likely to be in error

Fig. 6 depicts an 8-PSK signal set with points labeled tﬁ)an with block pa_rtitioning. However, on the average,giver!t_hat
a hybrid partitioning. The first partition level is identical to & decoding error is made at the second stage, the probability of
block partitioning. In the remaining partition levels, Unger& deco@_ng error achethlrd stage is 1/2. Therefore, the bit-error
boeck’s partitioning rules [9] are used. At the third level, thRrobability at the third stage can be expressed as the sum of the
MSED between signal points is 2.0, as opposed to 0.586 fepntributions of errors from the second stage plus a conventional
the block partitioning. The price to pay for the correspondin%"on bound for the third-level code. Far = /2/2, it follows
improvement in performance of the third level is: 1) an inne approximated upper bound on the probability of a bit error
creased number of NN at the second level and 2) a slighfljthe third decoding stage
more complex decoder for the second level code, since at the n =E
second partition level the subsets are no longer contained ip{V*)< Z Ya®q 2k LwA? ) 4+ EP,,(QNS). (15)
half planes. " No 2
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Fig. 7. Simulation results of a three-level coded 8-PSK modulation withig. 8. Simulation results of a three-level coded 8-PSK modulation with
hybrid partitioning. hybrid partitioning and convolutional codes.

2) Simulation ResultsThe same code selection as in the TABLE Il
three-level 8-PSK modulation example presented in Section Averace NUMBER OF NN 3 FOR THE LEVEL-(i + 1) AT WHICH
llI-A-2 was first simulated with hybrid partitioning. Fig. 7 UNGERBOECKPARTITIONING STARTS
presents the corresponding simulation results, with the prac- iTo1 11213134
tically optimum decoding achieved by the algorithm of [15]. B 35325302520
For the half 8-PSK constellation obtained in the second level
decoding after removing the contribution from the first de-
coding stage, it is shown in Appendix B that the metrics to be 1) Error Performance:For0 < ¢ < 5, the nonstandard
used by this algorithm are simply th€- and Y -coordinates labeling described in Fig. 4 is applied to the fiistevels of
of the received signal points scaled and added. Once agaig partitioning only, while Ungerboeck’s partitioning is applied
we observe that the bounds match the simulation resultstathe remaining — ¢ levels. As a result, the intraset distance
BER <107°. In this case, by proper selection of the componeassociated with this hybrid partitioning remains constant in the
codes, two levels of error protection are achieved. Note alficst ¢ levels, and for 6-stage decoding, the error probabilities of
that the average coding gain is greater than the one obtaitleglse stages are upper-bounded by (10), (11), or (12). On the
with the block partitioning. other hand, the intraset distance associated with the last

For the hybrid partitioning, at a BER of 10, the degrada- levels increases at the expense of the corresponding effective
tion in coding gain for the second level code, with respect &rror coefficients. Table Il summarizes the average number of
the block partitioning of Section 11I-A-2, is about 2.3 dB. How-NN /3 associated with level + 1).
ever, the advantage in coding gain for the third level code is ap-Since for multistage decoding, each stage is decoded based
proximately 4.4 dB at a BER of 10. A good tradeoff is thus on the assumption that any sequence is possible at the following
obtained between error performance loss at the second levest@ges, the bit-error probability for stagie+ 1) of this hybrid
larger error coefficient) and increase in intraset distance at tliecoding is bounded by
third level.

It is also possible to use convolutional codes as component N ow w 2RE,
codes. Fig. 8 presents plots of simulations and bounds on Ph = Z gAEvH)/} Q( No U’A§> (16)
the error performance of a coded 8-PSK modulation with w=dit1
hybrid partitioning. As for the component cod€s, is a best .
rate-1/3 memory-6 convolutional code with generators (ith A1 = 1/v/42. In (16), we assume that the probability of
octal) (554, 624, 764) and minimum free distance @5, is _decod|_ng errors propagating from_t_he previous de_ched stages
a rate-2/3 memory-6 punctured convolutional code, obtain?dneg“g'ble' The bit-error probab|I|t|e_s o_f the remaining stage_s
from a rate-1/2 convolutional code with generators (133, 17 re evaluated based on the same principle, after proper choice

with minimum free distance 6, and’; is a (30, 29) single fthe correspon;jing VaIL_’gS ﬁr?ndA: ' tor which th
parity-check code. As an example, consider the case= 2 for which the

64-QAM constellation is first partitioned into four 16-QAM
B. Six-Level 64-QAM with UEP Using Hybrid Partitioning ~ constellations as in Fig. 4. Each 16-QAM constellation is then
rpartitioned using Ungerboeck’s rules. HenEg and F,, are
per-bounded by (10), while from (16)

The principle of hybrid partitioning described in Sectio
IV-A can be extended in a straightforward way to QAI\/fJp
signaling. In this section, we consider a 64-QAM squared n
constellation, while generalization to any QAM constellation P, < Z EAgg)ng < 2RE, wA%) . 17)
follows the same lines. n No

w=dgz
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good coding schemes with UEP capabilities. In all cases, a very
large coding gain is achieved for the most important bits.

The theoretical bounds derived in this paper are very tight
and consequently constitute a powerful tool for designing
good multilevel coded modulation schemes for UEP with
multistage decoding. Based on the various hybrid partitionings
of the signal constellation associated with &hlevel coded
modulation scheme, a large choice of UEP schemes with up
to M distinct levels of protection can be devised. This ap-
proach provides a generalization of the set partitioning method
proposed in [9] for multistage decoding of multilevel coded
modulation schemes with UEP properties. The conventional
set partitioning of [9] simply corresponds to the special case
where one level of protection, i.e., uniform error protection (or
no UEP) is required.

Fig. 9. Error performance of a six-level coded 64-QAM modulation with

hybrid partitioning and two levels of error protection.

APPENDIX A

For level 4, we evaluate the corresponding average number OISETERMINATION OF THE MINIMUM DISTANCE BETWEEN A

NN as 2.25, so that

PSP+ Y %Ar@(z-%)wcz( 2RE"wA%> (18)

CODE-SEQUENCE ANDITS ASSOCIATEDDECISIONHYPERPLANE

In this appendix, we determine the minimum distance be-

= No tween the point
- - P =
with A, = 3A;. Note that the average number of NN assoc'ated(Al,Al,---,Al,AQ,AQ,---,AQ,---,---Aj,Aj,---,Aj)

with level 4 and = 2 differs from the value of Table Il for = 3.
Finally, for Az = 5A; andA, = 7A¢, we obtain

- . 2RE
Py <Py, + Z %Arﬁ’)(?)l"Q( NobwA§> (19)

w=ds

1 " w 2RE
<z E 2 A(6) L 0A? )
P, < 2P05 + - AL Q < - wA (20)

’w:dﬁ

and the hyperplangér) of equationd";” ; z; = 0 in the w-di-
mensional Euclidean space. The pafftis chosen such that
the first «; coordinates have valud, the as following co-
ordinates have valud,, - - -, the lasiw; coordinates have value
Aj with >>7_, «; = w. Without loss of generality, any of the
(o) (o) (V77927 %9=") points obtained by permu-
tation of the coordinates d? can also be considered due to the
symmetry of the hyperplangr) with respect to any axi&; =

2) Simulation ResultsFig. 9 depicts the simulation results)- Let X = (1, 2,-- -, z.,) be the projection of the poin®

for hybrid partitioning withi = 2 of the BCM scheme with

onto the hyperplangr). Forg, = 3! _ ap withl =1,---, 4,

component codes: the (64,45,8) ex-BCH code at levels 1,2, A8 POINtX is determined by solving the optimization problem
3, the (64,57,4) ex-BCH code at level 4, the (64,63,2) ex-BCH)

code at level 5, and the (64,64,1) ex-BCH code at level 6. Thginimize

scheme of rate 4.984 375 bits/symbol is compared with uncoded J B

32 cross-QAM signaling. We obtain a UEP scheme with 2 levels f(X) = Z Z (z; — A)?

of protection. At the BER 10°, coding gains of 7.4 and 1.6 dB

o~

=1 i=8;—1+1

over uncoded 32-cross QAM are achieved by this scheme. Bl&ject to

also observe that at this BER, the upper bounds derived previ- w
ously are very tight. The dominance of the effective error coef- Z x; =0
ficients in the error performance is emphasized by this example, i=1

in which stages 1, 2, and 3 have the same asymptotic coding %m]
of 5.95 dB, a value totally irrelevant for describing the error per-

formance of this scheme at practical BER's.

V. CONCLUSIONS

Bo = 0. By solving (P) with the Lagrange multiplier
method, we obtainfor=1,--- jandi = g_1 +1,---,5;

J
Ty = Al — (1/w) . Z OémAm

m=1

Theoretical upper bounds and simulation results for muliirom which it follows that

stage decoding of multilevel coded modulations for UEP have j
been presented. Bits-to-signal mappings by block and hybrid FX) = (1/w) - amA,,
set partitionings o2 -ary modulations were used to construct A

2

m=
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APPENDIX B [12] K.Yamaguchiand H. Imai, “A new block coded modulation scheme and
DIFFERENTIAL COST EVALUATION FOR PSK SGNALING its soft decision decoding,” iRroc. 1993 IEEE Int. Symp. Information
Theory (ISIT) San Antonio, TX, Jan. 17-22, 1993, p. 64.
AND UNGERBOECK TYPE PARTITIONING [13] Y. Kofman, E. Zehavi, and S. Shamai, “Performance analysis of a mul-

tilevel coded modulation systemlEEE Trans. Communvol. 42, pp.
299-312, Feb./Mar./Apr. 1994.

Letr = (r, ry) represent the received symbol anddet= [14] M. P. C. Fossorier, S. Lin, and D. Rhee, “Bit error probability for max-
(Acl, Asl) andss = (Ac27 ASQ) be the two closest points o imum likelihood decoding of linear block codes and related soft-de-
. . - . cision decoding methodsJEEE Trans. Inform. Theoryvol. 44, pp.
in the transmitted PSK signal constellation, whdreepresents 3083-3090, Nov. 1998.
the transmitted signal energy aejd+-s? = 1,fori = 1, 2.Then  [15] M. P. C. Fossorier and S. Lin, “Soft-decision decoding of linear block
if d2E($7 y) represents the SED betweerandy, we obtain codes based on ordered statistitEEE Trans. Inform. Theoryol. 41,

5 ) pp. 1379-1396, Sept. 1995.
di(r, s1) — dp(r, s2) = 2A(ry(ca — c1) +1y(s2 — s1))

which is proportional ta5(r) = 7,(ca — 1) + 7y(s2 — s1).
The valued(r), which is independent ofl, can be used as the
differential cost in the algorithm of [15] applied to multistage
decoding of a BCM scheme based on a PSK constellation with
Ungerboeck partitioning. The values — ¢; ands; — s; are
preprocessed so that andr, are simply scaled and added to
evaluate the correspondirégr). Robert Morelos-Zaragoza (S'83-M'89-SM'98)
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