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Abstract— A multilevel coding (MLC) scheme invoking sphere packing
(SP) modulation combined with space time block coding (STBC) is
designed. The coding rates of each of the MLC component codesare
determined using the so-called equivalent capacity based constituent-
code rate-calculation procedure invoking a 4-dimensional(4D) sphere
packing bit-to-symbol mapping scheme. Four different-rate Low-Density
Parity Check (LDPC) constituent-codes are used by the MLC scheme.
The performance of the resultant equivalent capacity baseddesign
is characterized using simulation results. Our results demonstrate an
approximately 3.5dB gain over an identical scheme dispensing with SP
modulation. Furthermore although a similar performance gain is attained
by both the proposed MLC scheme and its benchmarker, which uses a
single-class LDPC code, the MLC scheme is preferred, since it benefits
from the new classic philosophy of using low-memory, low-complexity
component codes as well as providing an unequal error protection
capability.

I. I NTRODUCTION

Coded modulation is based on jointly designed coding and mod-
ulation where the parity bits are accommodated by expandingthe
modulated signal constellation, rather than by expanding the band-
width required. An attractive example of coded modulation,namely
multilevel coding (MLC) was proposed by Imai and Hirawaki [1],
which protects each bit of a non-binary symbol with the aid of
different-rate binary codes. An attractive iterative multistage decoding
(MSD) scheme was also proposed in [1] for attaining a high decoding
performance at a low decoding complexity. In this MSD structure,
the ith bit constituting a specific protection class associated with
the constituent codeCi is decoded by theith decoder, while
simultaneously exploiting thea priori information obtained from
the demodulator, before passing the information to the (i + 1)st
protection level associated with the constituent codeCi+1. This MSD
process is activated level by level at each different-rate component
decoder, each of which constitutes a flexible component codethat
has numerous configurable parameters. The explicit advantage of
having independently configurable parameters for the low-complexity
component codes is that they may be appropriately adjusted for
diverse applications.

In this paper, we employ a novel sphere packing (SP) modulation
scheme combined with orthogonal transmit diversity design, which
was introduced by Suet al. [2]. Various 2-dimensional (2D) bit-to-
symbol mapping schemes have been investigated in [3] [4] and[5]
with the motivation of improving the achievable bit error rate (BER)
performance of MLC schemes with the aid of diverse bit-to-SP-
symbol mapping strategies. In contrast to Alamouti’s independently
modulated symbols transmitted within the two consecutive timeslots
and two antennas [6], here we invoke a multidimensional SP strategy,
where SP modulation is used for jointly designing the symbols
transmitted within the consecutive time-slots of the SpaceTime
Block Codes (STBC) invoked for transmission over Rayleigh fading
channels. Historically speaking, the STBC concept of Alamouti [6]
was then further generalized by Tarokhet al. [7], but again, no
attempt was made in [6] and [7] to jointly optimize the space-time

signal design of the two consecutive time-slots and two antennas,
although we will demonstrate that this results in substantial perfor-
mance benefits. This is expected, because it is the joint space-time-
symbol error probability that we would like to minimize for the sake
of increasing the system’s integrity in fading channels.

The sphere packing aided concatenated design of STBCs [8] was
further developed by Alamriet al. [9] by invoking an iterative turbo
receiver. Motivated by the substantial performance improvements re-
ported in [9], in this treatise we combine the SP concept witha MLC
scheme for the sake of creating an improved orthogonal transmit
diversity design. The minimum Euclidean distance of symbols defined
in an M-dimensional (MD) space may be maximized by finding the
most meritorious mapping of the bits to the signalling constellation. It
is worth noting, however that the choice of the best mapping typically
depends on the channel conditions, as exemplified by the now classic
Trellis Coded Modulation (TCM), arrangement designed for Gaussian
channels [10], by Bit-Interleaved Coded Modulation (BICM)schemes
proposed for Rayleigh channels [10] or by the design of [9]. The MD
modulated symbols are then fed into the STBC encoder. We term
this scheme as a Space-Time Block Code Sphere Packed Multilevel
Coded Modulation (STBC-SP-MLC) arrangement.

A beneficial technique devised for determining each component
code’s rate in MLC was detailed by Wachsmannet al. in [11],
where the design concept exploited the so-called chain-rule of mutual
information introduced in [12] as it will be detailed in Section
III. To elaborate a little further, the authors of [11] applied the
equivalent capacity rules both to conventional one-dimensional and
to two-dimensional modulated signal constellations. In this paper, we
will further extend the concepts proposed in [11] for improving the
design of our STBC-SP-MLC scheme, invoking a 4-dimensionalSP
constellation. More explicitly, the equivalent capacity design [11] will
be further developed for determining the optimum LDPC constituent
code rates of the STBC-SP-MLC scheme in conjunction with various
bit-to-SP-symbol mapping strategies in the 4D SP space. TheBER
performance of both the individual MLC protection classes as well as
of the combined MLC scheme invoking the optimum LDPC coding
rates will be evaluated by simulations.

The rest of this contribution is organized as follows. Section II
provides an overview of our system, outlining our SP aided iterative
MSD assisted MLC based decoder. The proposed equivalent capacity
based design of the STBC-SP-MLC scheme is detailed in Section
III. Section IV quantifies the achievable performance of this novel
scheme, invoking the equivalent capacity based coding rates, while
our conclusions are presented in Section V.

II. SYSTEM OVERVIEW

The schematic of the proposed STBC-SP-MLC arrangement is
shown in Figure 1. The binary source bit streamu is serial-to-
parallel (S/P) converted at the transmitter. The four individual source
bits, namelyu1, u2, u3, u4, are protected by four different-rate MLC
encoders, as seen in Figure 1. The output bits of encoderCi,



i = 1...4, having a total encoded frame length ofn bits are denoted
asbi=bi1, b
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Fig. 1. The Space-Time Block-Coded Sphere Packing aided Multilevel
coding (STBC-SP-MLC) scheme.

Again, we employ LDPC component codes owing to their powerful
error correcting capability, low complexity and flexible coding rates.
The random nature of the parity check matrix construction ofLDPC
codes allows us to dispense with the employment of additional
channel interleavers. Each LDPC codeword is decoded using the
belief propagation algorithm [13]. The MLC encoded bit stream is
then forwarded to the sphere packing modulatorψ of Figure 1. Our
4D SP modulator hasL=16 constellation points. Since there are 24
immediately adjacent neighbours having different Euclidean distances
in the 4D SP constellation [14], we use that specific set of 16 points
out of the entire set of 24, which exhibits the maximum Euclidean
distance.

The 4D SP phasor points are denoted asS=(al,1, al,2, al,3, al,4),
where we havel=0, 1, 2, ..., L − 1. Here we would like to represent
the four individual coordinates ofS in the 4D SP-space using real
values, while satisfying the SP-constraint of(a1 + a2 + a3 + a4)=k,
wherek is an even integer constant [14]. The total energy of the signal
points is represented byE

△
=
PL−1

l=0 (|al,1|
2 + |al,2|

2 + |al,3|
2 + |al,4|

2)

[9].
After SP-modulation, the 4D SP symbol is mapped to two

complex-valued 2-bit symbols, before being fed into a STBC scheme
using two transmit antennas. The bit-to-symbol mapping function of
the system is denoted as [9]

Γ(ρ(b1, b2, b3, b4)) = Γ(al,1, al,2, al,3, al,4),

= {al,1 + jaa,2, al,3 + jal,4},

= {xl,1, xl,2}, (1)

whereρ(.) is the SP function used for mapping the original input
bits to the SP symbols andΓ(.) represents the mapping of the 4D
SP symbols to the complex-valued 2-bit symbolsxl,1 andxl,2 after
STBC encoding. The throughput of the overall system islog2(L/2),
since each SP symbol is transmitted over two antennas in two
consecutive time slots. When taking into account the employment of
rate-r channel coding, the effective throughput becomesr.log2(L/2).

Figure 1 also shows the receiver of the system, where a STBC
decoder equipped with a single receive antenna is employed.The

STBC decoder forwards its complex-valued symbols to the SP-
demodulatorψ−1 of Figure 1 and the resultant bits are then decoded
at the different-protection LDPC decoders in an iterative MSD
manner. At the initial stage, the SP-demodulatorψ−1 of Figure 1
only receives the channel’s output information represented in terms
of Log-Likelihood Ratios (LLR)Le

S from the STBC decoder. The
extrinsic LLRs Le

P of Figure 1 produced by the SP-demodulator
are fed into the level-1 decoder ofC1, which then outputs a set of
correspondingextrinsic LLRs Le

C1 to the demodulator. This LLR
provides usefula priori information for the SP demodulator, where
the LLRs gleaned from the previous protection level are updated.
As the decoding process continues, each MSD level receives useful
a priori LLRs from the previous MSD level, which can be exploited
in the LDPC decoder. The next outer iteration seen in Figure 1
commences, when the LLR information of the SP-demodulator has
been updated with theextrinsic information received from all MSD
levels.

Alamri et al. [9] showed that the SP symbolr received by the
STBC decoder can be written as

r = h ·

r

2L

E
· sl + w, (2)

where we haveh = (|h1|
2+|h2|

2) andh1 as well ash2 represent the
channel impulse response (CIR) corresponding to the first and second
transmit antennas. Furthermore, we haves

l ∈ S, 0 ≤ l ≤ L−1, and
w is a 4D real valued Gaussian random variable having a covariance
matrix of σ2

w · IND
= h · σ2

n · IND
. The subscript ofND=4 indicates

that the symbol constellationS is four-dimensional andIND
is a

(NDxND)-dimensional identity matrix.
The max-log approximation of theextrinsic LLR of a single bit

bk output by the demodulator can be expressed as

L(bk|r) − La(bk)

= max
s
l∈Sk

1

"

−
1

2σ2
w

(r − α · sl)(r − α · sl)T +

B−1
X

j=0,j 6=k

bjLa(bj)

#

− max
s
l∈Sk

0

"

−
1

2σ2
w

(r − α · sl)(r − α · sl)T +

B−1
X

j=0,j 6=k

bjLa(bj)

#

,

(3)

where the SP symbols carryB number of MLC bits,b = b0,...,B−1 ∈
{0, 1}. Let us assume furthermore thatSk

1 and Sk
0 represent two

specific 2D subsets of the 4D SP symbol constellationS, which obey
Sk

1
△
= {sl ∈ S : bk = 1} andSk

0
△
= {sl ∈ S : bk = 0}, respectively.

In general, for a MLC scheme havingq protection levels, the MLC-
encoded bits are mapped to a total ofN=2q possible SP symbols. The
updateda priori LLRs obtained from the preceding MLC protection-
level at leveli = 1...4 are given byLe

Ci
, {La(bk); k ∈ {tq + (i −

1), t = 0, 1, ...,N}}.

III. E QUIVALENT CAPACITY DESIGN

The calculation of channel capacity is based on the maximiza-
tion of mutual information over all the relevant parameters, where
the capacity of a particular channel can be formulated asC =
maxp(Si) I(Y ;S). We then apply the so-called chain-rule of mutual
information [11] as follows

I(Y ;S) = I(Y ; b1, b2, ..., bl)

= I(Y ; b1) + I(Y ; b2|b1) + ...

+I(Y ; bl|b1, b2, ..., bl−1), (4)

where Y denotes the legitimate received signal set,S represents
the legitimate transmitted symbol set andbi, i = 1...4, denotes the
individual binary bits of the different protection levels.



Let us now consider the proposed STBC-SP-MLC scheme invoking
4D SP modulation. Each 4D SP symbol is mapped to the complex-
valued symbolsxl,1 and xl,2, before being mapped to the two
consecutive timeslots using two transmit antennas, as shown in Figure
1. The resultant signal is then transmitted over a correlated Rayleigh
fading channel. Therefore each of the STBC symbols becomes two-
dimensional and has an unequal probability for the resultant signal
constellation points, as it will be shown in the context of Table I,
once our discourse has reached a sufficiently detailed stage. The
partitioning of the 4D SP constellation is exemplified in Figure 2 for
the conceptually simpler stylized 1D scenario of 16-level Amplitude
Shift Keying (16-ASK). The partitioning of the signal setS can be
further divided into two parts, resulting in the subsets ofS(b1 = 0)
andS(b1 = 1), each containing a total of eight out of theL = 16
symbols. In each subset, for example at theith level of the subset
S(b1) = 0, the 8-symbol constellation segment can be further
subdivided into the two 4-symbol subsets ofS(b1 = 0, b2 = 0)
and S(b1 = 0, b2 = 1) at level (i + 1), etc. The partitioning tree
of the signal set is completed, when the partitioned SP-constellation
contains only a single symbol at levell. Please note again that in
Figure 2 we used a simplified 1D 16ASK constellation for the sake
of conceptual simplicity, since the 4D SP space cannot be readily
portrayed graphically.

�� �� �������������� �� �� �� ��������

�� ���������� �� �� �� �� �� �� �� �� �� ��

�� �� �� �� �� �� �� ��

�� ��
��
��
��

�� ��

�� ��

0000

0001

0010

0011

0100

0101 0111 1001

1010

1011

0110 1000 1100

1101 1111

1110

b1 = 0 b1 = 1

b1 = 0, b2 = 1b1 = 0, b2 = 0

b1 = 0, b2 = 0, b3 = 1b1 = 0, b2 = 0, b3 = 0

b1 = 0, b2 = 0, b3 = 0, b4 = 0 b1 = 0, b2 = 0, b3 = 0, b4 = 1

Fig. 2. 16-ASK signal partitioning.

For a 2D STBC scheme, havingNt = 2 transmitter andNr = 1
receiver antennas, the signalY received at the single antenna, can be
represented as [15]

Y =

Nt
X

j=1

|hj|
2X + Ω = χ2

2NtS + Ω, (5)

whereX is the 2D complex-valued received signal,hj represents
the complex-valued Rayleigh fading coefficient andχ2

2Nt represents
a chi-squared distributed random variable having2Nt degrees of
freedom. Furthermore,Ω denotes the resultant equivalent noise at the
STBC receiver having zero mean and a variance ofχ2

2Nt
N0/2 per

dimension, whereN0/2 is the original noise variance per dimension.
For the STBC-SP-MLC system of Figure 1 characterized in

Equation 5, which receives two complex-valued STBC symbols
of the signalY and transmits theM -ary 2D STBC signalsXm,
m ∈ {1, 2, ...,M}, over the two STBC antennas in two consecutive
timeslots, the corresponding conditional probability is given by

p(Y |Xm) =
1

πN0χ2
2Nt

exp

 

−|Y − χ2
Nt
Xm|2

χ2
2Nt

N0

!

. (6)

We consider the occurrence of all legitimate transmitted M-ary signals
Xm having a probability ofp(Xm) for m ∈ {1, 2, ...,M}, where

the mutual information betweenY andXm [12] can be expressed as

I(Xm; Y ) =
M
X

m=1

Z

Y

p(Xm, Y )log2

„

p(Xm, Y )

p(Xm)p(Y )

«

dY

=
M
X

m=1

Z

Y

p(Y |Xm)p(Xm).

log2

 

p(Y |Xm)
PM

n=1 p(Y |Xn)p(Xn)

!

dY · (7)

Expressing the mutual information with the aid of the entropy as
I(X;Y ) = H(X) −H(X|Y ), we arrive at

I(X; Y ) = −
M
X

m=1

p(Xm)log2(p(Xm))

−
M
X

m=1

p(Xm)E

"

log2

 

M
X

n=1

exp(ψm,n)

!

|Xm

#

, (8)

where we haveψm,n =
−|χ2

2Nt
(Xm−Xn)+Ω|2+|Ω|2

χ2

2Nt
N0

, whileE[A|Xm]

is the expectation ofA conditioned onXm.
Since the STBC-SP-MLC scheme invokes a single receive and

two transmit antennas, there are two modulated STBC symbols, each
gleaning the amount of mutual information quantified by Equation 8.
The total mutual information between a transmitted 4D SP symbol
and the received 4D SP symbol is the average of that of the two 2D
STBC symbols expressed as follows

I(S;Y ) =
I1(X1;Y 1) + I2(X2; Y 2)

2
, (9)

whereIi denotes the mutual information between theith transmitted
STBC signalY i and theM -ary 2D received signalXi, i ∈ {1, 2}.
The information gleaned at the MLC protection leveli can be
calculated from the chain rule of Equation 4 according to [11] 1

I(Y ; bi|b1...bi − 1) = I(Y ; bi...bl−1|b1...bi−1)

− I(Y ; bi+1...bl−1|b1...bi). (10)

IV. SIMULATION RESULTS

In this section we embark on quantifying the equivalent capacity
for the sake of determining the corresponding coding rate ofeach of
the four LDPC protection classes for our proposed STBC-SP-MLC
scheme outlined in Figure 1, when communicating over a Rayleigh
fading channel having a normalized Doppler frequency offD.T=0.1.
We set the total effective throughput of the system after taking into
account a code-rate of 0.5 to 1 bit/channel use, corresponding to
4 bit/SP-symbol for our twin-antenna design and construct bench-
markers having the same effective throughput for comparison. The
SP signal constellation pointsD4 having the maximum Euclidean
distance between adjacent or nearest-neighbour points at agiven
energy are shown in Table I.

Figure 3 shows the resultant constellation point set of the STBC
scheme’s 2D constellation mapper. The number seen above each
constellation point indicates the probability of occurrence for each
point, where the legitimate values ofa1...a4 in the signal space of
Table I are constrainted to the various combinations of the values
(±1,±1,0,0) according to our 4D SP spaceD4 [14]. For example,
[a1 a2 a3 a4]=[±1 ±1 0 0] or other alternative combinations as
shown in Table I. To elaborate a little further, when each SP symbol
is mapped to two complex-valued 2D STBC symbols, they can be
represented as(a1 + ja2, a3 + ja4) according to Equation 1. Again,

1The information provided by the bits of a non-binary symbol for each
other may be interpreted as additional auxiliary information provided by a
fictitious channel also termed as the equivalent channel in [11]



Symbol a1 a2 a3 a4 Symbol a1 a2 a3 a4

S0 0 -1 -1 0 S8 0 +1 +1 0
S1 -1 -1 0 0 S9 +1 +1 0 0
S2 -1 0 0 -1 S10 +1 0 0 +1
S3 0 0 -1 -1 S11 0 0 +1 +1
S4 0 -1 +1 0 S12 0 +1 -1 0
S5 -1 +1 0 0 S13 +1 -1 0 0
S6 -1 0 0 +1 S14 +1 0 0 -1
S7 0 0 -1 +1 S15 0 0 +1 -1

TABLE I
THE BIT-TO-SP-SYMBOL MAPPING SCHEME MAXIMIZING THE

EUCLIDEAN DISTANCE BETWEEN POINTS, WHILE MAINTAINING THE

LOWEST POSSIBLE ENERGY. THE CORRESPONDING MODULATED

CONSTELLATION IS SEEN INFIGURE 3.

each of the variablesa1, a2, a3 and a4 may assume one of three
possible values, namely +1, -1 and 0, although recall that weselected
the specific 16 combinations out of the 24 possible combinations,
which maximize the Euclidean distance at a given average energy.
Again, the SP symbols for allL = 16 constellation points are
specified in Table I.

The STBC symbol (a1 + ja2) of Equation 1 is mapped to the
1st STBC transmitter of Figure 1, while (a3 + ja4) is mapped to
2nd transmitter. All the legitimate combinations of the(a1, a2) and
(a3, a4) values are plotted in Figure 3. We have a total of nine visibly
different legitimate constellation points in Figure 3, because some of
the points are identical as suggested by the associated doubled or
quadrupled probability of occurence. For example, observein Table
I that the probability of the constellation point (-1,0), which is given
by S2 and S6 of the first transmitter, is calculated as 2/16=0.125.
Similarly, the probability of occurencefor all the specificconstellation
points is indicated by the number written above each point inFigure
3 and 4.

At the next MLC protection level, namely level 2, the signal
representing the first STBC symbol of transmitter 1 is shown in
Figure 4a and 4b. The resultant 5-point subsetsS(b1 = 0) and
S(b1 = 1) provide us with a partition tree ofS(0b2...bl) and
S(1b2...bl). Given the knowledge of bitb1 at level 2, which identifies
one of the two partitions seen in Figure 4, we obtain the partitioning
of S(b2...bl|b1) at level 2 of the first transmitter. The two branches
resulting from this partitioning yield the five unequal-probability
constellation points shown in Figure 4.

The partitioning process continues from level 1 to levell. Since in
the context of MSD we assume having virtually independent channels
for each protection level, the mutual information inferredat each
protection leveli can be calculated from Equations 8, 9 and 10.
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The overall effective system throughput of our proposed STBC-
SP-MLC scheme is given by

Rsys =

Pi=q
i=1 ki

Pi=q
i=1 ni

.
Nsym.bpssp

Tr

, (11)

whereki andni denote the number of source bits and encoded bits
of the individual MLC component codes,Tr is the total number of
STBC timeslots used for transmitting the associated pairs of symbols,
while Nsym is the number of SP symbols at the input of the STBC
encoder in a particular time slot. Finally,bpssp is defined as the
number of bits per SP symbol.

Each LDPC component code has an output block length of 640 bits
and their resultant combined MLC coding rate is 0.49609(≈1/2). We
fix our overall effective system throughput after 1/2-rate coding to 1
bit/channel use. Observe in Equation 11 that the throughputof the
SP-STBC scheme using no channel coding would be 2 bit/symbol.

Figure 5 shows the equivalent capacity curves detailed in Section
III. The vertical dashed line recorded for the throughput of2
bit/symbol is used for determining the equivalent capacityfor each
protection level of the MLC scheme. Since the total throughput of
the SP-STBC arrangement is 2 bit/symbol, the throughput of the in-
dividual different-protection subchannels will sum up to be the same
as the overall SP-STBC scheme’s throughput. According to [11], the
vertical dashed line that cuts through all the equivalent subchannel
capacity curves determines the equivalent-capacity-based coding rate
of each component LDPC code. The coding rates determined from
the equivalent capacity rules outlined at the end of SectionIII are
(0.3478, 0.3043, 0.7174, 0.6413) and the actual LDPC code rates
used are shown in Table II.

A total of 5000 frames containing 2560 MLC-encoded bits were
transmitted for the sake of our BER evaluation. Our benchmarker
is based on a STBC-MLC structure, which is constituted by the
direct serial concatenation of STBC and MLC with conventional
16QAM modulation. The STBC employs two transmit antennas, a
single receive antenna and the MLC maps the output symbols into
a 2D 16QAM Ungerböck Partitioning (UP) based modulator. The
LDPC coding rates for this STBC-MLC UP 16QAM benchmarker
are also shown in Table II, which were obtained by applying the
capacity rules derived for UP-aided 16QAM at a code rate of 1/4 in
[4].

Figure 6 compares the attainable BER performance of the proposed
STBC-SP-MLC scheme to that of the STBC-MLC benchmarker. The
conventional MLC scheme does not perform well in a Rayleigh
fading channel [5], although the spatial diversity gain provided by
a serially concatenated STBC scheme usefully improves its BER
performace. However, even this improved performance can besig-



awgn-capacity-mlc-3-8psk.gle

-5 0 5 10 15 20
Eb/N0 (dB)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

C
(b

it/
sy

m
bo

l)

. . . . . . . . . . . . . . . . . . . . . . . . . .

overall
Level 4. Level 3
Level 2
Level 1

Fig. 5. The equivalent capacity curves of the proposed SP-STBC scheme
communicating over correlated Rayleigh fading channels where a STBC
scheme havingNt=2 andNr = 1 antennas was used.

Coding rate R1 R2 R3 R4

STBC-SP-MLC 221/640 193/640 458/640 408/640
STBC-MLC 48/640 228/640 84/640 280/640

TABLE II
CODING RATES OFSTBC-SP-MLCAND STBC-MLCSCHEMES.

Sphere packing modulation Largest Min. Euclidean
Conventional modulation 16QAM, Ungerböck P.
MLC component output block length 640 bits
STBC-SP-LDPC output block length 2560 bits
No. of LDPC iterations 5
LDPC column weight 3
Total number of frame 5000
Overall system throughput 1 bit/channel use
Doppler frequency 0.1

TABLE III
SYSTEM PARAMETERS.
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Fig. 6. BER versusEb/No performance of the STBC-MLC 16QAM scheme
at an effective throughput of 1 bit/symbol using UngerböckPartitioning
(UP) based bit-to-symbol mapping and our proposed STBC-SP-MLC scheme,
when communicating over a correlated Rayleigh channel having a Doppler
frequency of 0.1. All other parameters are summarized in Table II and III.

nificantly enhanced with the aid of the proposed system employing
the SP demapper. The BER curve dips below10−5 using a single
iteration atEb/N0 =5.4dB. Upon employingI=4 iterations, the ad-
ditional iteration-induced coding gain of the STBC-SP-MLCscheme
becomes about 3.5dB at BER=10−5.

Observe in Figure 7 that a single-class 1/2-rate STBC-SP-LDPC
scheme having an effective throughput of 1 bit/channel use was
also used for comparison with our MLC structure, where the MLC
codes of Table II were replaced by the single-class LDPC(2560,
1280) scheme having a coding rate of 1/2. All LDPC component
codes employed in our simulations used a total of five iterations for
generating sufficiently reliableextrinsic LLRs. The complexity of
a single 2560-coded-bit LDPC code and that of the four 640-coded-
bit MLC-LDPC component codes of Table II was deemed similar in
these systems. More explicitely, the LDPC decoding complexity of
each iteration associated with a parity check matrix havinga column
weight of j and row weight ofk may be approximated in terms of
the number of additions and subtractions in the logarithmicdomain
[16]. The corresponding BER results are shown in Figure 7.
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Fig. 7. BER versusEb/No performance of the proposed STBC-SP-LDPC
scheme using a single 1/2-rate component code LDPC(2560,1280) and having
an effective throughput of 1 bit/channel use in comparison to the proposed
STBC-SP-MLC scheme, when communicating over a correlated Rayleigh
fading channel.All other parameters are summarized in Table II and III.

Our proposed STBC-SP-MLC system exhibits a similar BER
performance to that of the single-class STBC-SP-LDPC structure
characterized in Figure 7, although the proposed scheme hasa
slightly better performance at a low number of iterations. By contrast,
the single-class scheme of Figure 7 performs approximately0.45
dB better at a higher number of iterations at BER10−5. This is
a consequence of the fact that each MLC component code has
a four times lower codeword length compared to the single-class
LDPC(2560, 1280) code. Therefore, the BER performance of STBC-
SP-MLC scheme can be improved by increasing the block length
of each LDPC component code in the MLC structure. This will
lower the error floor. The dotted line seen in Figure 7 indicates the
BER performance of STBC-SP-MLC system with each of its LDPC
component codes having 10 times the original block length ofTable
II after 4 iterations.

The advantage of using MLC can be shown by the employ-
ment of shorter individual LDPC component codes and having the
flexibility of freely adjusting the coding rates compared toother
coded modulation schemes, which is beneficial for example according
to the typical requirements of high-quality, error-resiliant audio or
video transmissions. Figure 8 shows the individual BER performance



curves of the proposed STBC-SP-MLC scheme in comparison to the
single-class STBC-SP-LDPC scheme. AtI=2 iteration, all the bits
in the single-class STBC-SP-LDPC scheme shows a similar BER
performance. By contrast, the BER performance associated with each
protection level of the proposed STBC-SP-MLC scheme becomes
different.
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Fig. 8. BER versusEb/No performance of the STBC-SP-LDPC scheme
using a single 1/2-rate component code LDPC(2560,1280) andhaving an
effective throughput of 1 bit/channel use in comparison to the proposed STBC-
SP-MLC scheme, when communicating over a correlated Rayleigh fading
channel. Each bit protection level is shown as an individualBER curve.

V. CONCLUSIONS

In conclusion, a novel STBC-SP-MLC scheme was proposed. The
scheme invokes a serially concatenated LDPC-based MLC arrange-
ment combined with STBC using SP modulation. The MLC scheme
was decoded in a multistage manner [1]. A useful equivalent capacity
based design was proposed for determining the coding rates of each of
the component codes in this scheme. This proves to be crucialfor the
sake of achieving the best attainable BER performance in conjunction
with different SP mapping schemes designed for the 4D constellation
space. Our simulation results outlined in Figures 5-8 characterize the
achievable performance. We can observe from Figure 6 that atan
effective throughput of 1 bit/channel use, the proposed STBC-SP-
MLC scheme is capable of achieving anEb/N0 gain of about 3.5dB
compared to the STBC-MLC benchmarker invoking classic 16QAM.
Even though the proposed MLC-aided and the single-class STBC-SP-
LDPC exhibit a similar performance, the multiclass scheme exhibits
a higher flexibility and has the ability of providing an unequal error
protection capability. Our future research will consider the design of
different bit-to-SP-symbol mapping schemes for achievingunequal
error protection with the aid the proposed equivalent capacity based
design for determining individual component rates.
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