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On Multilevel Coded MPSK for the
Rayleigh Fading Channel

Ruey-Yi Wei and Mao-Chao Lin

Abstract—This paper presents a new upperbound on the pair- set into several levels and to separately encode each level (or a
wise error probability of MPSK sequences for the Rayleigh fading  combination of certain levels) with a proper component code.
channel when channel state information (CSI) is unavailable. Either a block code or a convolutional code can be used as a

This bound is derived by adding weight factors in computing
symbol metrics. Simulation results show that the weight factors component code. If all the component codes are block codes of

which optimize the upperbound likely optimize the error rate as identical lengths, the associated coded MPSK can be regarded
well. Multilevel coded MPSK schemes for the Rayleigh fading as a multilevel block-coded modulation (BCM) scheme [13].
channel are also devised. Results show that the added weightA variation of multilevel BCM can be designed by using block
factors improve the error performances of these schemes in the codes of different lengths as component codes [14]. If all
case that CSI is unavailable. ) o
. _ _ the component codes are convolutional codes, the associated
Index Terms—Coded modulation, fading channel, multilevel coded MPSK can be regarded as a multilevel trellis-coded
coding. modulation (TCM) scheme [15]. A mixed design for which
some component codes are block codes and some component
I. INTRODUCTION codes are convolutional codes can be found in [13] and [16].
ODED modulation [1] is a bandwidth-efficient techniqueUnder a.3|m|lar coding rate and decoding complexny, using
) ; - : . convolutional codes as component codes generally yields bet-
that can provide reliable data transmission with hig .
- : ey error performances than using block codes. However, the
spectral efficiency. For a coded modulation system apph% . .
isadvantage of using convolutional codes as component codes

to the additive white Gaussian noise (AWGN) channel, ma%<— its long decoding delay, which is due to the required trun-

imizing its minimum-squared Euclidean distance (MSED) [1] _.. . ) . .
is highly desired. For a coded MPSK system applied to thé:\tmn length in Fhe Viterbi decoding _for convolutional codes.
: In [18], a multilevel coded modulation scheme called BCM

Rayleigh fading channel, MSED is not the major factor Whic\r)vith interblock memory (BCMIM) was designed for the
affects the error performance. By deriving upperbounds a

the pairwise error probability of MPSK sequences for th WGN channel to increase the coding rate without decreasing

) . . . SED as compared to the associated multilevel BCM. In this
Rayleigh fading channel, Divsalar and Simon [2], [3] Showe@aper, we modify the design of BCMIM for MPSK so that

th?“. maximizing bo.th minimum symb.ol d|stan_ce (MSD) an&he coding rate can be increased without decreasing MSD and
minimum product distance (MPD) is highly desired, regardlegzs  “\ypo cs) s available, the modified BCMIM scheme

of whether or not channel state information (CSl) is available. . . ;
. . - yields a satisfactory error performance for the Rayleigh fading
In this paper, we derive a new upperbound on the palrW|¥

- . . . Rannel. When CSI is unavailable, the error performance of
error pr.obablllf[y for the Ra_ylelgh fadmg channel without c.:sthe modified BCMIM scheme for the Rayleigh fading channel
by adding weight factors in calculating the symbol metncsls not as good as expected if conventional symbol metrics are
The channel considered herein is the frequency nonselective 9 b . y

used. However, adding proper weight factors to the symbol

slow Rayleigh fading channel with perfect phase tracking, trics can improve the error performance. The optimal choice

Infinite interleaving depth is assumed such that the effect : : : :
fading on a signal is independent of the fading on othersignaﬁ())r the weight fa_lctor IS a valuel proportional to the inverse
‘the level Euclidean distance in each level. The advantage

Welght .factors that opt|m|ze the upperbound are der|ve§f BCMIM over BCM is demonstrated by comparing several
Simulation results obtained from several examples show that : ;
. . o xamples based on their coding rates, error performances, and
the weight factors which optimize the upperbound appeargo . "
: : . ecoding complexities.

be the best choices in lowering the error rates.

Coded modulation for the fading channel has been exten- Il AN UPPERBOUND ON THEPAIRWISE ERROR
sively studied [2]-[16]. In particular, coded modulation based PROB.ABILITY OF MPSK SEOUENCES WITHIDEAL CSI
on multilevel coding has attracted a lot of attention [11]-[16]. = _ . _ Q o
The basic idea of multilevel coding [17] is to partition a signal This section briefly reviews an upperbound on the pairwise

error probability of MPSK sequences with ideal CSI for
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corresponding received sequence. Ftiereceived symbol; [ll. UPPERBOUNDS ON THEPAIRWISE ERROR
is given by PROBABILITY FOR MPSK SEQUENCESWITHOUT CSI
Ti = pi%i + Ny (1) When CSl is absent and the fading gain sequenge ke
. . . _t%airwise error probability of selecting instead ofz is
where n; is a zero-mean complex Gaussian variable wi
varianceo2 and p; is a normalized random variable with . N .
Rayleigh distribution having the following probability densityPr{‘” — &lp} = Pr Z [mri, i) —m(ri, &)]> 0. (9)
function: =1
S 2peri, pi>0 5 Conventionally, m(r;, z;) is set to be|r; — x;]? [2], [3].
plpi) = 0, i <0. (@) This metric is not the maximum-likelihood metric. Herein, we
. . . propose settinga(r;, z;) = w;|r; — z;|*, wherew; is a weight
Assume that the fading gain sequenceis (p1, -, pn)- :
The pairwise error probability of choosirginstead ofz is factor. Applying the Chernoff bound to (9) leads to
N Priz — &p} < | | E{expl\(m(ri,xi) — m(ri, 2:))]}
Pri{z — 2|p} = PY{Z [m(ri, i, pi) — m(ri, &4, pi)] > 0} icn
i=1 = HE{eXp[)\wiﬂpia:i +n; — a:i|2
(3) iCn
wherem(r;, z;, p;) denotes the metric of; which is used in — |pizi +ni — 2]} (10)

the decoding trellis.

We setm(r;, x;, p;) = |ri — pizs|?, which is the maximum-
likelihood metric, sincen, is Gaussian distributed. Applyingpr{x — #|p} < HeXp[—Awilwi — 2 = 2wi(ps — 1)
Chernoff bound to (3) yields

Inequality (10) can be rewritten as

i€En
Pr{z — %|p} x Re{z;(z; — 2;)"}]
< [ [ EfexpMm(ri, i, pi) = m(ri, 4, )]} x E{exp[—2 w; Re{ni(z; — 2;)"}]} (11)
5C where y* denotes the complex conjugate pfand Re{y}
= HeXp[—ApZ?Ixi — &[*(1 = o) (4) represents the real part of Assume thatx;| = |2;]. Then,
iCn it can be easily shown that
where A denotes an arbitrary nonnegative real number and i — £‘|2 — 2 Re{a(z; — &))" ). (12)

represents the set of allfor which z; # ;.
The parameteA which optimizes the upperbound in (4) islt can also be shown that

- or ng :
Aopt = (1/207). With this Ay, We have Efexp[—2\w; Re{ni(z; — #:)"}]}
Pr{z — z|p} < [Jexp [—Epﬂ% — & 5) = exp[Nwion |z — 2[°]. (13)
' e 4No
K Then, inequality (11) can be expressed as
where (E,/Ny) = (1/02) is the ratio of symbol energy to A
noise spectral density. It can be shown that Pr{z — &|p} < [ [ expl-Awipid; + Nwiold]  (14)
1 iCn
1+« ©) whered? = |z; — #;|*. Normalizing the Chernoff parameter
if p is a random variable with Rayleigh distribution. With this(replacingA by Ao? ) and substituting, /No for 1/o7 in

E{e™""} =

inequality (5) yields (14) yield
—1 E'S
E, Pr{z — &|p} < | ] exp {Vw? d; }
Pr(:l; — :i') < H <1 + N |a¢Z — §ZZ|2> . E Ny
- 0 s 2 2 15
For reasonably large:, /Ny values, inequality (7) can be $exp [_ wipiﬁo Z} (15)
approximated by Under the assumption of infinite interleaving, the pairwise
B -t error probability is
Priz — &) < | [[ o i — &l (8) o0 oo
icn 4N, Pr{z — z} = / o / Pr{z — z|p}
0 0
_The right-hand side of inequality _(8) _suggests that in de- -p(pL)plp2) - - - plpn) dpy dpa - - - dpx
signing a coded MPSK system with ideal CSI, an MSD (16)

(i.e., minimum Hamming distance) and an MPD are highly
desired. Such a design criterion differs from that of the code¢here p; and p; are identical and mutually independent for
modulation for the AWGN channel which requires a largé # j, and p(p;) denotes the probability density function of
MSED. Pi-
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Assume that eaclp; is a random variable with Rayleigh The arithmetic-mean—geometric-mean inequality implies
distribution. With a procedure resembling that used in [2] and

Ly
[3], we have Z w2d?
i€y 2 52
E = =2 []wid (24)
- o 2, 28 52
Pr{z — z} < 1:[exp [)\ w; Fodi:| Ly ien
iCn
x [1 — /7 exp(¢?) erfe (] (17) which further implies
Ly
where
E Z wfdf —1
_ 5 g2 i
¢ = Awi 2N, & (18) AN T s LTI (25)
anderfc(-) is the complementary error function. H wid} e
Sinceerfc(z) can be approximated by i€n
exp(—a?) 1 where the equality holds if and only if; is proportional to
erfe(r) ~ ~ < - 2—$2> (19) 1/d; for eachi € 7. Based on this fact, the tightest case of
the upperbound in (22) can be expressed as
for large z, then (17) can be approximated by 1
. (2¢)"n 2
exp {ng E, df} Priz — 2} <~ 1) (26)
. Ny i 1En
Pifs —a} < ] TR (%)
20w} <2—No> d; Note that, the upperbound without CSI given in (26) is inferior
to the upperbound with CSI given in (8) by a factor(ef2)L~.
oxp | A2 E, Z w2d? A simple example is used herein to demonstrate that the
P No P v proposed upperbound in (26) is better than the upperbound in
= T (20) (23).
2L77)\2L77< Es ) H w2dd Example 1: Consider two 8PSK sequences, i.a, =
v2Ng e (371,372,373) and z = (.%1,.%2,.%3), such thatdf = 0.586,

< d3 = 2, and d2 = 4. The ratio of optimal weight factors
where L,, denotes the cardinality of. is w; : owy : ws = (1/1/0.586) : (1/y/2) : (1/y/4)
The value of\ which optimizes the upperbound in (20) is~ 1 : 0.54 : 0.38. Fig. 1 presents the simulation results
of pairwise error probabilities and the upperbounds given in

)\gpt = E# (21) (8), (23), and (26), respectively.
= Z w2d? Although we have shown that to minimize the upperbound
No icn of pairwise error probability, the optimal weight factat, is
proportional to the inverse ef;, we are unable to theoretically
Substituting (21) into (20) yields prove that to minimize the pairwise error probability{z —
L, 4} also requires thatv; is proportional to the inverse af;.
2¢\ & . However, simulation results in Fig. 1 indicate that settingo
<L_n> Z w; d; be proportional to the inverse af is likely the best choice.
Pr{z — &} < ren ) (22) Hence, we recommend the following: *for decoding in the
E, L Rayleigh fading channel without CSI, the best weight factor
<Fo> H wid} at theith position may be proportional to the inverse of the
iCn Euclidean distance between the two associated symbols.”

By settingw,; = 1 for each: € 7, inequality (22) becomes

the upperbound derived in [3], which is IV. SEVERAL CODED MPSK SrSTEMS

FOR THE RAYLEIGH FADING CHANNEL

90\ Lo Lo In this section, we design several coded MPSK systems
<L_> Z d? which are suitable for the Rayleigh fading channel. For the
. n icn convenience of presentation, we restrict M to be eight. How-
Pr{z — &} < P : (23)  ever, all the designs can be easily extended\fo= 2™,
<Es> v I] wherem is a positive integer.
No iEn ! Consider an 8PSK signal constellation as given in [1], in

which each signal point is labeled by, b,c), where a, b,
The upperbound in (23) can be improved by selecting and ¢ € {0,1}. By successive two-way partitions of 8PSK
which optimizes the right-hand side of (22) for eaclke 7. signal set, the intrasubset squared Euclidean distances are
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Fig. 1. Pr{z — &} for 8PSK sequences given in Example 1. (A) Upperfig. 2. Simulation results with CSI.
bound (8). (B) Upperbound (23). (C) Upperbound (26). (D) Simulation results

with CSI. (E) Simulation results without CSI using : w2 : w3 =1:1:1.

(F) Simulation results without CSI using; : w2 : w3 = 1:0.54 : 0.38. 0.001

62 = 0.586E, 62 = 2F, and §2 = 4FE, respectively [1],

where F is a constant. Le{ay,b1,c1), (az,ba,c2), --- be —
a sequence of the transmitted 8PSK signals. A conventional — SRk
multilevel coding system is designed in such a manner that Ny
(a1, as,---) is a codeword of a binary codg,, (b, by, ---) is 0.0001
a codeword of a binary cod®,, and(c;, ¢, - - -) is a codeword i NN
of a binary codeC,. Herein, C; represents the code used forg \
coding leveli, wherei € {a,b,c}. Assume thatC; is an 5
(n, k;, d;) binary block code with generator matri;, where E .
t € {a,b,c}. Then we have a multilevel BCM scheme for ANEN
which each block consists of 8PSK signal points and the le-05 | BCM-1 X— \\\ \ 4
coding rate is(k; + ko + k3)/n bits per 8PSK signal point. f BoM3 ol ]
Such a multilevel BCM scheme can be easily decoded by a [ B NN
three-stage decoding, where at tith stage of decoding, a L BCMIM-3 —+—
trellis for C; is used. vV R
The important parameters which affect the error perfor- g
mance of a coded MPSK system for the Rayleigh fading ie-06 . . L 1 ! 1 !
channel are MSD, MPD and/(«, 3), where N(a, 3) is the T L

number of neighbors at a symbol distancevand at a product

distance of3. According to the upperbounds in (8) and (26)',:i9- 3. Simulation results without CSl using, : wp : we =1:1: 1.

MSD is the most important parameter for high signal-to-noise

ratio (SNR). Hence, it is natural to sét,, C;,, andC. to be wg;w, : w. = 1:0.54 : 0.38. In each stage of the three-stage

the same code, so that a large MSD can be achieved [15].decoding, a four-state trellis for the (8, 4, 4) binary code is
Example 2 (BCM-1):Let C, = C, = C. be a (8, 4, 4) needed.

binary code. Then, we have a BCM scheme with coding rateFor BCM-1, the error performance is unsatisfactory, since

of 12/8 bits per symbol. The parameters MSD, MPD, arits MPD is not sufficiently large. One way to increase MPD

N(MSD, MPD) are 40.586E)*, and 224, respectively. Sim-is to decrease the code rate @f as given in Example 3.

ulation results for the Rayleigh fading channel with CSI and Example 3 (BCM-2):SubstituteC, in BCM-1 with a (8,

without CSI which are obtained from a three-stage decodidg 8) code. Then, the coding rate is reduced to 9/8 bits per

are given in Figs. 2—4, respectively. In Fig. 3, weight factorsymbol. The parameters MSD, MPD, aAdMSD, MPD) are

are not used, and in Fig. 4 optimal weight factors are usetl.(2E)*, and 224, respectively. Simulation results in Figs. 2—4

The ratio of optimal weight factors for levels 4, andc is show the improvement of the bit error rate (BER).
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le-05 BCM-1
r BCM-2

BCM.3 Fig. 5. Coding configuration of BCMIM with interblock memory between

levels a and b.

BCMIM-1
BCMIM-2
BCMIM-3
BCMIM-4
BCMIM-5 Let (a1, --,an,b1, -, ba,c1,---,¢,) represent a
block of n 8PSK signal points and(a},---,a}, b,
1e-06 ' bt et oo ety represent the following block. These
2 13 4 1 16 17 18 1 20 . .
! ! > Eb/No: dB ? two adjacent blocks are combined to be called a superblock.
For a BCM scheme, we havéay,---,a,) = i, - G,
. . . . el c :
Fig. 4. Simulation results without CSI using, :wy, :w. = 1:0.54 : 0.38. (517 . bn) — 4 - G, and (017 . Cn) = 4, - G, where

G, is the generator matrix of thén,k;,d;) binary block

The error performance of BCM-2 is improved with the priceode C; and 4; is a k;-bit message fot € {a,b,c}. For a
of lower coding rate. The coding rate can be increased withdd€MIM scheme with interblock memory between levels
decreasing MSD and MPD by using longer block codes. andb, it is designed such that

Example 4 (BCM-3):Let C, be a (16, 5, 8) binary code
and ¢, = C. be a (16, 11, 4) binary code. The coding (bi, - bn,al o ab) = (4,0t W) - G (27)
rate is 27/16 bits per symbol. The parameters MSD, MPD,
and N(MSD, MPD) are 4,(2E)*, and 2240, respectively. wherew, is a k,.-bit message
Simulation results are presented in Figs. 2—4. In the three-stage

decoding, eight-state trellises f6k,, C,, andC.., respectively Gor Gar
are needed. G=1 0 G, (28)
For all the three BCM examples, the decoding results Gy 0

without CSI are independent of the weight factors. This phe- ) )

nomenon can be accounted for as follows. In the first stage/d£he generator matrix of &@n, k, + ks + ) binary codeC’,
decoding, the squared Euclidean distance (SED) between &Rl Gar and Gy, are bothr x » matrices. Also, coding for
two symbols of the same position is either 0.586E or 0. HendgVe! ¢ iS obtained by(cy, - -+, ¢u) = 4. - Ge. Fig. Sillustrates
in the first stage of decoding, there is only one weight factgt€ coding configuration. In this manner, the coding rate is
(1/0.586)°5. However, the usage of only one weight factor i§” 1 #a + ks +kc)/n bits per 8PSK signal point. If we switch
equivalent to not using any weight factor. The circumstancl roles of the#"and “c” symbols in the above coding design,
for the second and third decoding stages are similar. then we have a BCMIM scheme with interblock memory

BCM-3 has been discussed in [13] and [14]. Compar&?twee” levelsz and c. Obwously, an_mterplo_ck memory
to BCM-2, the advantage of BCM-3 is its bandwidth effiPetween level$ andc can be provided in a similar way.
ciency. In addition to the increased trellis complexity, the error Consider the case for which the interblock memory
performance of BCM-3 is worse than that of BCM-2. ThéS Provided between levels, and b. Let the MSD and
poor error performance of BCM-3 is attributed to its largMPD of the original BCM beéy and A%, respectively.
number of nearest neighbors. In the following, we introducelgt Cii denote the(n, k; + r,d;;) binary block code with
coded modulation scheme which can provide satisfactory erfgnerator matrix[G5.. GTT", i € {a,b.c}, where M*
performance with increased coding rate. is the transpose of a matrix. Let (i, af, i, )

A scheme called BCM with interblock memory (BCMIM)@nd (i, @f 4, @;) be distinct messages which are
[18] was proposed in 1994, which is obtained by addingncoded into (bl,---,,bn,cl,-,--,cn,af’,---,aﬂ{) and
interblock memory to the BCM so as to increase the codif§fi, =¥ ¢~ ¢ ai ,---,al’), respectively. Consider
rate without decreasing the MSED. The original BCMIM [18the following conditions.
was designed for the AWGN channel. For the Rayleigh fading1) Assume thati,. = .. Then, the MSD and MPD
channel, the coding rate must be increased without sacrificing between the associated superblocks are equgl tand
the MSD and MPD. Hence, further consideration is necessary. A%, respectively.
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2) Assume thati,. # .. Then, the MSD and MPD
between the associated superblocks are

6H1’ = daa + dbb (29)

by, by, by, by by, bs, bz, bg af el ot ol af,af,af,af

and

A, = () (6) % (30)

respectively.

Herein, we require either (A§y,. = 6y and A%, > AT
or (B) 6, > 6. In this manner, MSD and MPD of the con-
structed BCMIM are stilb g andAf,, respectively. Moreover,
N(MSD = 6y, MPD = A%) of the BCMIM is the same as
that of the original BCM. Hence, BER of the BCMIM will
be close to that of the original BCM at the saniig/N.,,.
Then, BCMIM has a lower BER than BCM at the same
E,/N,, as attributed to the smaller bandwidth required by
BCMIM, where E, denotes the energy of each signal point,
E, represents the energy of each message bit&nds the
one-sided power spectral density of AWGN. The decoding of
this BCMIM can be implemented by a two-stage decodingIg
where in the first stage of decoding, a trellis dris used and
in the second stage of decoding, a trellis f&r is used.

BCMIM, for which interblock memory is provided betweeneven though MSD and MPD of these BCMIM are all identical.
other levels, can be similarly designed. In case thats, # u.., we havedy, = 6 and A% = (2E)? x

The following examples show specific designs of BCMIM0.586E)* andN (6., A%,.) = 3584 for BCMIM-1; 6, = 6
for the Rayleigh fading channel. Simulation results with CSInd A%, = (4E)? x (0.586E)* and N(6g,-, A%,) = 896 for
are given in Fig. 2. Simulation results without CSI and ndCMIM-2; 6y, = 4 and A}, = (4E)? x (2E)? and N (Sx.,
using any weight factor are given in Fig. 3. Simulation resuld?,) = 1792 for BCMIM-3. Since &g, is more important
without CSI and using optimum weight factors are given ithan A% for high SNR, we can expect that BCMIM-2 which
Fig. 4. also has the smallesV(é.,., A% ) is the best. Although

Example 5 (BCMIM-1):For this BCMIM, C,, Cy, C., N(6u., A%,) is larger andA%,. is smaller, BCMIM-1 is
C.., andCy, are (8, 1, 8), (8, 4, 4), (8, 4, 4), (8, 4, 4), and (8better than BCMIM-3 for high SNR, as attributed to the
7, 2) binary linear codes, respectively. The coding rate is 12@ger 6x,..
bits per signal point. In the two-stage decoding, an eight-stateAccording to Figs. 3 and 4, for all the three BCMIM
trellis for the (16, 8, 4) binary cod€ as shown in Fig. 6 and examples, the usage of weight factors can improve the error
a four-state trellis foilC.. are needed. Each branch on the leferformance. Herein, we use BCMIM-2 as an example for
half part of the trellis shown in Fig. 6 represents a coset ofexplanation. In the first stage of decoding for BCMIM-2, the
(4, 1, 4) binary code. SED between any two symbols in the first eight positions is

Example 6 (BCMIM-2):For this BCMIM, C,, C,, C., either 4E or O and the SED between any two symbols in the
C,.,andC,. are (8, 1, 8), (8, 4, 4), (8, 4, 4), (8, 4, 4), and (8last eight positions is either 0.586E or 0. In decoding this stage,
7, 2) binary linear codes, respectively. The coding rate is 128 optimal ratio of weight factors id /4)°° : (1/0.586)°-> ~
bits per signal point. In the two-stage decoding, an eight-stdte: 0.38.
trellis for the (16, 8, 4) binary code and a four-state trellis for Compared with BCM-2, the coding rate of BCMIM-2 is
C, are needed. increased from 9/8 to 12/8, and the error rate is lowered. The

Example 7 (BCMIM-3):For this BCMIM, C,,, C,, C., Cy,, price is that the decoding complexity for decoding BCMIM-
andC,. are (8, 1, 8), (8, 4, 4), (8, 4, 4), (8, 7, 2), and (8, 72 is about twice of that for BCM-2. In the following, we
2) binary linear codes, respectively. The coding rate is 12#88ghtly lower the coding rate of BCMIM-2 to more clearly
bits per signal point. In the two-stage decoding, an eight-statemonstrate the merits of BCMIM over BCM.
trellis for the (16, 11, 4) binary code and a one-state trellis Example 8 (BCMIM-4):For this BCMIM, C,, C,, C.,
for C, are needed. Ca.q,andC.. are (8, 1, 8), (8, 4, 4), (8, 4, 4), (8, 3, 4), and (8,

According to simulation results in Fig. 2, for which perfec6, 2) binary linear codes, respectively. The coding rate is 11/8
CSl is available, the error performance of any of the thrdsts per signal point. In the two-stage decoding, a four-state
BCMIM examples is better than that of either BCM-1 or BCM{rellis for the (16, 7, 4) binary code and a four-state trellis
2. Among the three BCMIM examples, BCMIM-2 whichfor C, are needed. The decoding complexity of BCMIM-4 is
provides interblock memory between levelsand c is the nearly the same as that of BCM-2. However, simulation results
best. This phenomenon can be accounted for by more closilyFigs. 2 and 4 indicate that BCMIM-4 has a higher coding
examining the distance properties of these BCMIM examplaste and lower BER than BCM-2.

. 6. The decoding trellis of (16, 8, 4) binary code
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The coding rate of BCMIM-1 is lower than that of BCM-3. [2]
However, the error rate of BCMIM-1 is lower than that of
BCM-3. Moreover, the decoding complexity for BCMIM-1 is (3]
roughly two thirds of BCM-3. We may modify BCMIM-1 to
show the advantage of BCMIM over BCM.

Example 9 (BCMIM-5):For this BCMIM, C,, Cy, Cga,
and C,, are the same as BCMIM-1. Codg. is the (16, 11,
4) binary code. Notably, at level a binary code of length 16 [5]
is used to replace two independent binary codes of length 8.
We may consider BCMIM-5 as a slight variation of BCMIM. [6]
The coding rate is 27/16 bits per signal point. In the two-
stage decoding, an eight-state trellis for the (16, 8, 4) binari/]
code and an eight-state trellis f6¥. are needed. Compared
with BCM-3, BCMIM-5 has the same coding rate and similar(g]
decoding complexity. However, simulation results in Figs. 2
and 4 demonstrate that, for BER 10~ ¢, BCMIM-5 is better [9]
than BCM-3 by about 1.8 dB regardless of whether or not
CSl is available.

(4]

[10]
V. CONCLUSION [11]
By introducing weight factors to symbol metrics, we have
derived a new upperbound on the pairwise error probability of
MPSK sequences for the Rayleigh fading channel when C&#]
is unavailable. In simulation, the weight factors significantl
o - . ] 13]
lower the pairwise probability. Since each weight factor de-
pends on the Euclidean distance between two symbols of the
same position in two symbol sequences, the weight factors daf
only be calculated in multilevel coded modulation systemgis)
However, in a conventional multilevel coded modulation sys-
tem, each decoding stage involves only one coding level apg;
hence there is only one weight factor in each decoding stage.
Thus, assigning weight factors to different coding levels b 7]
comes meaningless. In this paper, we have designed BCMIM
systems for the fading channel. For designing a BCM systemé
increasing the coding rate without sacrificing MSD and mpH®!
entails using block codes of longer length as component codes.

This generally increases the number of nearest neighbors and

hence increases its BER. BCMIM provides an interesting alter-
native. Notably, interblock memory in a BCMIM scheme ca
increase the coding rate without sacrificing MPD, MSD, ar
the number of nearest neighbors. In a certain decoding stz
for a BCMIM system, two coding levels are involved. Hence
for a BCMIM system, assigning different weight factors t
different coding levels do affect the decoding performanc
thereby implying lowering of the error rate. Examples pre
sented demonstrate the detailed criterion in designing app
priate BCMIM for the Rayleigh fading channel. Furthermore,
BCMIM and BCM are compared with respect to their error
performances, decoding complexities and coding rates.
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