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

I. INTRODUCTION

Coded modulation is based on jointly designed coding and-moislr

ulation where the parity bits are accommodated by expantlieg
modulated signal constellation, rather than by expandirgy ktand-
width required. An attractive example of coded modulatioamely
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 riatitge decoding
(MSD) scheme was also proposed in [1] for attaining a higlodig
performance at a low decoding complexity. In this MSD suoet
the sth bit constituting a specific protection class associatéith w
the constituent code”® is decoded by thei*® decoder, while
simultaneously exploiting the priori information obtained from
the demodulator, before passing the information to the- (1)st
protection level associated with the constituent c6&*. This MSD
process is activated level by level at each different-ratmpmonent
decoder, each of which constitutes a flexible component ¢bde
has numerous configurable parameters. The explicit adyantéd
having independently configurable parameters for the lomexity
component codes is that they may be appropriately adjusied
diverse applications.

In this paper, we employ a novel sphere packing (SP) modulati
scheme combined with orthogonal transmit diversity desighich
was introduced by Sut al. [2]. Various 2-dimensional (2D) bit-to-
symbol mapping schemes have been investigated in [3] [4][8hd
with the motivation of improving the achievable bit errota§BER)

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

The sphere packing aided concatenated design of STBCs [8] wa
further developed by Alamiit al. [9] by invoking an iterative turbo
receiver. Motivated by the substantial performance imenoents re-
ported in [9], in this treatise we combine the SP concept &iiLC
scheme for the sake of creating an improved orthogonal riréns
diversity design. The minimum Euclidean distance of symliefined
in an M-dimensional (MD) space may be maximized by finding the
most meritorious mapping of the bits to the signalling celiation. It
is worth noting, however that the choice of the best mappipaally
depends on the channel conditions, as exemplified by the fassic
Trellis Coded Modulation (TCM), arrangement designed fau§sian
channels [10], by Bit-Interleaved Coded Modulation (BIC8¢hemes
oposed for Rayleigh channels [10] or by the design of [8fe MD
modulated symbols are then fed into the STBC encoder. We term
this scheme as a Space-Time Block Code Sphere Packed Meiltile
Coded Modulation (STBC-SP-MLC) arrangement.

A beneficial technique devised for determining each compbne
code’s rate in MLC was detailed by Wachsmaeh al. in [11],
where the design concept exploited the so-called chamelimutual
information introduced in [12] as it will be detailed in Siect
lll. To elaborate a little further, the authors of [11] amai the
equivalent capacity rules both to conventional one-dirierad and
to two-dimensional modulated signal constellations. s gaper, we
will further extend the concepts proposed in [11] for impngythe
design of our STBC-SP-MLC scheme, invoking a 4-dimensi@Ril
constellation. More explicitly, the equivalent capacigsayn [11] will

be further developed for determining the optimum LDPC citunesnt
code rates of the STBC-SP-MLC scheme in conjunction witiover
bit-to-SP-symbol mapping strategies in the 4D SP space.BHER
Performance of both the individual MLC protection classesvall 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. Swttll
provides an overview of our system, outlining our SP aidechitve
MSD assisted MLC based decoder. The proposed equivaleatitap
based design of the STBC-SP-MLC scheme is detailed in 3$ectio

. FUI' Section IV quantifies the achievable performance ofthovel

symbol mapping strategies. In contrast to Alamouti's iretegently
modulated symbols transmitted within the two consecutineslots
and two antennas [6], here we invoke a multidimensional &Resy,

where SP modulation is used for jointly designing the symbol

transmitted within the consecutive time-slots of the Spaame
Block Codes (STBC) invoked for transmission over Rayleigtirig
channels. Historically speaking, the STBC concept of Alatn{g]
was then further generalized by Tarokh al. [7], but again, no
attempt was made in [6] and [7] to jointly optimize the spticee

scheme, invoking the equivalent capacity based coding,rathile
our conclusions are presented in Section V.

Il. SYSTEM OVERVIEW

The schematic of the proposed STBC-SP-MLC arrangement is
shown in Figure 1. The binary source bit streamis serial-to-
parallel (S/P) converted at the transmitter. The four iitlial source
bits, namelyu!, v, %, u*, are protected by four different-rate MLC
encoders, as seen in Figure 1. The output bits of encdfer



1 = 1...4, having a total encoded frame lengthohits are denoted STBC decoder forwards its complex-valued symbols to the SP-

asbi=bi, bk, ..., bi,. demodulator)y~! of Figure 1 and the resultant bits are then decoded
- at the different-protection LDPC decoders in an iterativeSIM
manner. At the initial stage, the SP-demodulagor® of Figure 1
— T -27s) only receives the channel’s output information represkiteterms
Source j of Log-Likelihood Ratios (LLR)LS from the STBC decoder. The
g B o |y | e o extrinsic LLRs L% of Figure 1 produced by the SP-demodulator
T se| | e T Mapper are fed into the level-1 decoder @f', which then outputs a set of
M;mve: 0 jm correspondingeztrinsic LLRS Lg, to the demodulator. This LLR
provides useful priori information for the SP demodulator, where
- fo1z 7] the LLRs gleaned from the previous protection level are tgila
As the decoding process continues, each MSD level receseflu

P— e a priori LLRs from the previous MSD level, which can be exploited
Decoder 1, C! ’T— in the LDPC decoder. The next outer iteration seen in Figure 1
L commences, when the LLR information of the SP-demodulatar h

been updated with thextrinsic information received from all MSD

Rzl
L’)’ 12
N STBC ,bLJ v Decoder 2, O levels.
Decoder Alamri et al. [9] showed that the SP symbol received by the

LS j STBC decoder can be written as
L1 Ls - y-t Decoder 3, C?
Ie
ﬁ Ie

“ r:h-y/%sl-i-w, 2

» where we havés = (|h1|?+|h2|?) andh, as well ash, represent the
channel impulse response (CIR) corresponding to the ficssanond
transmit antennas. Furthermore, we have S,0 <1< L—1, and

Fig. 1. The Space-Time Block-Coded Sphere Packing aidedilsial w is a 4D real valued Gaussian random variable having a cowagia

coding (STBC-SP-MLC) scheme. matrix of 2 - Iy, = h-0o2 -1 n,. The subscript ofVp=4 indicates

Again, we employ LDPC component codes owing to their powerfyhat the symbol constellatios is four-dimensional and x,, is a
error correcting capability, low complexity and flexiblediog rates. (NpxNp)-dimensional identity matrix.

The random nature of the parity check matrix constructioh@PC The max-log approximation of thertrinsic LLR of a single bit
codes allows us to dispense with the employment of addition. output by the demodulator can be expressed as

channel interleavers. Each LDPC codeword is decoded usiag t L(bg|r) — La(by)

belief propagation algorithm [13]. The MLC encoded bit atreis . ook -

then forwarded to the sphere packing modulatoof Figure 1. Our —  mazg g {_ L(r Ca s —a-sHT + Z bjLa(bj)}
s 1

F|F|E|F

Decoder 4, C*

Outer lteration

4D SP modulator haé,=16 constellation points. Since there are 24 203, =045k
immediately adjacent neighbours having different Eueliddistances 1 B-1

in the 4D SP constellation [14], we use that specific set of diitp —  mazg g {— oz (1 —a shir—a-sH"+ > bjLa(by)|,
out of the entire set of 24, which exhibits the maximum Eedid w 3=0,5#k

distance. 3

The 4D SP phasor points are denotedSaga,,1, a2, ai,3, a1,4),  where the SP symbols cary number of MLC bitsb = by, 51 €
where we havé=0, 1,2, ..., L — 1. Here we would like to represent {0, 1}. Let us assume furthermore thaf and S represent two
the four individual coordinates aof in the 4D SP-space using rea|specific 2D subsets of the 4D SP Symb0| constellafipmhich obey
values, while satisfying the SP-constraint(afi + a2 + as + a4)=k, sk A {s'€S: b, =1} and Sk AN (s' € S : by, = 0}, respectively.
wherek is an even integer constant [14]. The total energy of theadign

o A 11 y ) 5 ) In general, for a MLC scheme havigprotection levels, the MLC-
points is represented by = 3=, " (laz,1|* +ag,2[|* +|a1,3|* +laz,4/?)

encoded bits are mapped to a total6f2? possible SP symbols. The

(31 ) . updateds priori LLRs obtained from the preceding MLC protection-
After SP-modulation, the 4D SP symbol is mapped to tWRye| at leveli — 1.4 are given byLe, 2 {La(bp):k € {tq + (i —

complex-valued 2-bit symbols, before being fed into a STBesme 1,t=0,1 NI} ci

using two transmit antennas. The bit-to-symbol mappingtion of ’ T '

the system is denoted as [9]

[1l. EQUIVALENT CAPACITY DESIGN

F(p(b17b27b37b4)) = F(al,lval,27al,37al,4)7 . ) ) o
= {a11 +jaa, a3+ jara}s ~ The calculation of channel capacity is based on the maximiza
(211,710} (1) tion of mutual information over all the relevant parameterkere
= 1,1, 21,25,

the capacity of a particular channel can be formulatedCas=

where p(.) is the SP function used for mapping the original inpumax,s;) I(Y;S). We then apply the so-called chain-rule of mutual

bits to the SP symbols anif(.) represents the mapping of the 4pinformation [11] as follows

SP symbols to the complex-valued 2-bit symbels andz; . after I(Y;8) = I(Y;b',02,..,0)

STBC encoding. The throughput of the overall systertogs, (L/2),

since each SP symbol is transmitted over two antennas in two

consecutive time slots. When taking into account the enméoyt of

rate+ channel coding, the effective throughput becomésg,(L/2).  where Y denotes the legitimate received signal sstrepresents
Figure 1 also shows the receiver of the system, where a STB® legitimate transmitted symbol set abfd ¢ = 1...4, denotes the

decoder equipped with a single receive antenna is employed. individual binary bits of the different protection levels.

I(Y56") + I(Y;°[bY) + ..
+I(Y; b, b7, 0, @)



Let us now consider the proposed STBC-SP-MLC scheme ingokithe mutual information betweeYi and X,,, [12] can be expressed as

4D SP modulation. Each 4D SP symbol is mapped to the complex- M (X, ¥)
valued symbolsz;; and z;, before being mapped to the two I(Xm;Y / Xm,Y)lo (%) dy
( ) mX::l 2 1% \ (X p ()

consecutive timeslots using two transmit antennas, asrsiokigure

1. The resultant signal is then transmitted over a corré|Ra&yleigh M

fading channel. Therefore each of the STBC symbols becomes t = Z /YP(Y‘XW)I’(XW)'

dimensional and has an unequal probability for the resukamal m=1

constellation points, as it will be shown in the context obl&al, |092< - p(Y]Xm) >dy. )
once our discourse has reached a sufficiently detailed .sfHge n=1 P(Y|Xn)p(Xn)

partitioning of the 4D SP constellation is exemplified inlifig 2 for  Eypressing the mutual information with the aid of the enyras
the conceptually simpler stylized 1D scenario of 16-leveipghitude I(X;Y)=H(X) - H(X|Y), we arrive at

Shift Keying (16-ASK). The partitioning of the signal sﬁtlcan be o
further ?IVIded into two par'ts', resulting in the subsetsS@b™ = 0) (x;y) = - Z (X0, (p(Xm))
and S(b” = 1), each containing a total of eight out of tie= 16
symbols. In each subset, for example at ik level of the subset M
S(b') = 0, the 8-symbol constellation segment can be further - Zp(Xm)E
subdivided into the two 4-symbol subsets §tb' = 0, = 0) m=1
and S(b' = 0,b> = 1) at level ( + 1), etc. The partitioning tree ~ X3, (Xm = Xn) 4912+
of the signal set is completed, when the partitioned SPtetiason X3, No
contains only a single symbol at levél Please note again that iniS the expectation ofi conditioned onX,.
Figure 2 we used a simplified 1D 16ASK constellation for theesa Since the STBC-SP-MLC scheme invokes a single receive and
of conceptual simplicity, since the 4D SP space cannot beilyea tWO transmit antennas, there are two modulated STBC symeath
portrayed graphically. gleaning the amount of mgtual information quantllfled by Hium8.
The total mutual information between a transmitted 4D SPh&im
and the received 4D SP symbol is the average of that of the fvo 2

m=1

M
log, (Z exp(wm,n)> X} ,(8)

n=1

where we have),, , = , while E[A| X ]
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STBC symbols expressed as follows

IHXLYY 4+ (X% Y?)
2 k)

wherel® denotes the mutual information between tfetransmitted

STBC signalY” and theM-ary 2D received signaK*, i € {1, 2}.

I(S;Y) =

(©)

The information gleaned at the MLC protection levelcan be
calculated from the chain rule of Equation 4 according td [11

|
f
bt =0,0% = 0. my \/“ — 0,2 =0,0°=1
to f
b=0,62=0,0° = (l.h":y \\h‘ = 0,62 =0, =0,b" = 1
\
}

I(Y;pP b b —1) = I(Y;bh. b et i)
I(Y; b b bt Y. (10)

Fig. 2. 16-ASK signal partitioning.
IV. SIMULATION RESULTS
For a 2D STBC scheme, having; = 2 transmitter andV,, = 1
receiver antennas, the sigridlreceived at the single antenna, can be In this section we embark on quantifying the equivalent cipa
represented as [15] for the sake of determining the corresponding coding rateach of
the four LDPC protection classes for our proposed STBC-3~EM
scheme outlined in Figure 1, when communicating over a Rgtyle

N,
y — i 12X + Q= x2S + O, ) fading channel having a normalized Doppler frequencf@ﬁzp.l.
= We set the total effective throughput of the system afteintalinto

account a code-rate of 0.5 to 1 bit/channel use, correspgntti
4 bit/SP-symbol for our twin-antenna design and construgich-

where X is the 2D complex-valued received signal; represents .. ars having the same effective throughput for comparidhe

the complex-valued Rayleigh fading coefficient aggk, represents gp signal constellation point®, having the maximum Euclidean

a chi-squared distributed random variable haviy; degrees of isiance between adjacent or nearest-neighbour points givea
freedom. Furthermore) denotes the resultant equivalent noise at t ergy are shown in Table |

S.TBC receiver having £€ero mean and a varlgnceci)ttN()/z per Figure 3 shows the resultant constellation point set of thBS
dimension, whereVy /2 is the original noise variance per d'mens'oné,cheme’s 2D constellation mapper. The number seen above eac
For the STBC-SP-MLC system of Figure 1 characterized i bper.

Equation 5, which receives two complex-valued STBC Symboéo_nstellation point iqqicates the probability of occ_urrerfor each
of the signalY and transmits theM/-ary 2D STBC signalsX,n, point, where the Iegltlmate values c_’zfl...a4 in the s_lgnal space of
m € {1,2,..., M}, over the two STBC antennas in two consecutivaable 1 are constra_lnted to the various combinations of thkeles
timeslots, the corresponding conditional probability igeg by (+1,41,0,0) according to our 4D SP spad [14]. For example,
[a1 a2 as as]=[£1 £1 O O] or other alternative combinations as
, , shown in Table I. To elaborate a little further, when each @R®I
Xp<—|Y = X, Xm| > . ©) is mapped to two complex-valued 2D STBC symbols, they can be

Y|Xm) = . ) .
P(Y|%m) X%Nt No represented a8 + jaz, as + jas) according to Equation 1. Again,

2
7'('N0X2Nt

) - . ) 1The information provided by the bits of a non-binary symboi ach
We consider the occurrence of all legitimate transmittedylsignals other may be interpreted as additional auxiliary informatprovided by a
Xm having a probability ofp(X,,) for m € {1,2,..., M}, where fictitious channel also termed as the equivalent channelij [



[ Symbol [ a1 [ az [ as [ as [[ Symbol [ a1 [ a2 [ a3z | a4 | as a4

So oJ-1]-1]o0 S 0O [+1[+1] 0 0.125 0.25 0.125

S 1 |l1]0]o0 So | +1|+1] 0] 0 ° +1 1 @

Sa 40| 0| Swo [+] 0| 0]+ 5, SeSi S

Ss oo | 2|2 sy [0|o0]|+]|+

Sy 0 1 +1 ) 0 S12 0 | +1 | 1 0 0.25 0.25 0.25 0.25

Ss 4|+ 0|0 Sis [ +1| 1| 0] 0 PY o .

Ss | 1| oo |+ su |+1| 0| o0]-1 10 . .s o @ -1 .q o oa®

S7 0 0 1 +1 515 0 0 +1 1 2,06 53,07 1511, 515 510,514
TABLE | 0-.125 02 PEEPCEES

THE BIT-TO-SP-SYMBOL MAPPING SCHEME MAXIMIZING THE S, TSG,& Sis

EUCLIDEAN DISTANCE BETWEEN POINTS WHILE MAINTAINING THE
LOWEST POSSIBLE ENERGYTHE CORRESPONDING MODULATED (a) level 2 , b'=0 (b) level 2, b'=1

CONSTELLATION IS SEEN INFIGURE 3.
Fig. 4. The constellation points of the first STBC transmiff&l at MLC
level 2. The number above the dots indicate the probabilftyezurrence
for the symbols, while the symbol indices at the bottom iatlicthe specific
symbol.
each of the variablea:, a2, az and a, may assume one of three

possible values, namely +1, -1 and 0, although recall thaselected 1,5 oyera)l effective system throughput of our proposed GTB
the specific 16 combinations out of the 24 possible comlwnati Sp-MLC scheme is given by

which maximize the Euclidean distance at a given averageggne .

Again, the SP symbols for all. = 16 constellation points are Rays = Z;Z{ ki'Nsym-bpssP7 (11)
specified in Table I. Siting T

StThe STBC symbol ¢, + jaz) of Equation 1 is mapped to the yherek; andn, denote the number of source bits and encoded bits
1* STBC transmitter of Figure 1, whileaf + ja.) is mapped (0 of the individual MLC component coded;. is the total number of
2"¢ transmitter. All the legitimate combinations of tiie:, a2) and  STBC timeslots used for transmitting the associated pdisgrabols,

(a3, aq) values are plotted in Figure 3. We have a total of nine visiblynile Naym is the number of SP symbols at the input of the STBC

different legitimate constellation points in Figure 3, Bese some of encoder in a particular time slot. Finallyps., is defined as the
the points are identical as suggested by the associatededoob |, ,mber of bits per SP symbol.

quadrupled probability of occurence. For example, observeable

| that the probability of the constellation point (-1,0), ien is given
by S» and Ss of the first transmitter, is calculated as 2/16=0.12
Similarly, the probability of occurencefor all the specifnstellation
points is indicated by the number written above each poiiigure
3 and 4.

At the next MLC protection level, namely level 2, the signahl
representing the first STBC symbol of transmitter 1 is shown i_..
Figure 4a and 4b. The resultant 5-point subsg{$' = 0) and
S(b* = 1) provide us with a partition tree of(0v°...b') and

9 1y 1 o .
S(1b7...b"). Given the knowledge of bt at level 2, which identifies dividual different-protection subchannels will sum up ®the same

one of the two partitions seen in Figure 4, we obtain the famning ) , .

of S(b?...b'|b") at level 2 of the first transmitter. The two branche$> t_he overall SP. STBC scheme's throughput. Acgordlng 1 fbe
. . L : ) - vertical dashed line that cuts through all the equivalemickannel

resulting from this partitioning yield the five unequal-padility

constellation points shown in Fiqure 4 capacity curves determines the equivalent-capacityebesding rate
! - p" wh !gu ' .. of each component LDPC code. The coding rates determined fro
The partitioning process continues from level 1 to levedince in ¢ equivalent capacity rules outlined at the end of Sedtibare

the context of MSD we assume having virtually independeanokls (0.3478, 0.3043, 0.7174, 0.6413) and the actual LDPC cotés ra
for each protection level, the mutual information inferradeach |;sed are shown in Table |I.

protection leveli can be calculated from Equations 8, 9 and 10.

Each LDPC component code has an output block length of 640 bit
nd their resultant combined MLC coding rate is 0.49609@). We
ix our overall effective system throughput after 1/2-rabeliag to 1
bit/channel use. Observe in Equation 11 that the througbpthe
SP-STBC scheme using no channel coding would be 2 bit/symbol
Figure 5 shows the equivalent capacity curves detailed aii@e
The vertical dashed line recorded for the throughput 2f
Ibit/symbol is used for determining the equivalent capafityeach
protection level of the MLC scheme. Since the total throwghgf
the SP-STBC arrangement is 2 bit/symbol, the throughpuhefin-

A total of 5000 frames containing 2560 MLC-encoded bits were

as or ay transmitted for the sake of our BER evaluation. Our benckerar
08625 9&25 0g625 is based on a STBC-MLC structure, which is constituted by the
Tx1iSs Tx1:Ss, St Tx1:So direct serial concatenation of STBC and MLC with convergion
s PSS DS 16QAM modulation. The STBC employs two transmit antennas, a
single receive antenna and the MLC maps the output symbtds in
i 0 e oras a 2D 16QAM Ungerbock Partitioning (UP) based modulatore Th
. e 5 s s LDPC coding rates for this STBC-MLC UP 16QAM benchmarker
Tx2:S0, S12 To2:S) 85 S0, 51 Tx2iSa, S are also shown in Table Il, which were obtained by applying th
0.0625 0.125 0.0625 capacity rules derived for UP-aided 16QAM at a code rate 4fid/
o -1 o [4].
TS T, o Figure 6 compares the attainable BER performance of theogemb
level 1 STBC-SP-MLC scheme to that of the STBC-MLC benchmarker. The

Fig. 3. The STBC constellation points at level 1. The numbeova the Conventlonal MLC scheme does not. perform_ well .In .a Rayleigh
dots indicate the probability of occurrence for the symbuisile the symbol fading channel [5], although the spatial diversity gainviied by
indices at the bottom indicate the specific symbol. The firsl second a serially concatenated STBC scheme usefully improves ER B
transmitter are represented by Tx1 and Tx2, respectively. performace. However, even this improved performance casigpe
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Fig. 5. The equivalent capacity curves of the proposed SBES3cheme

communicating over correlated Rayleigh fading channelereha STBC

3.0

scheme havingV;=2 and N, = 1 antennas was used.

BER

Codingrate [ Ri | R: [ Rz | R4 |

STBC-SP-MLC || 221/640 | 193/640| 458/640 | 408/640

STBC-MLC 48/640 | 228/640 | 84/640 | 280/640
TABLE I

CODING RATES OFSTBC-SP-MLCAND STBC-MLCSCHEMES

Sphere packing modulation Largest Min. Euclidean
Conventional modulation 16QAM, Ungerbock 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 Il
SYSTEM PARAMETERS
1
10 T so g , - e
AN — —= 1223 = =
10 \u :
10° A o
. o AN W\
10 é ?-\l‘:r Lt“
[e) 4-iter \
x 9-iter \W -
—— STBC-SP-MLC T
N —— STBC-MLC with UP 16QAM k\ Y
0%, 1 2 3 6 7 8 9

nificantly enhanced with the aid of the proposed system eyiqo
the SP demapper. The BER curve dips beltv® using a single
iteration atF,/No =5.4dB. Upon employing=4 iterations, the ad-
ditional iteration-induced coding gain of the STBC-SP-Mk€heme
becomes about 3.5dB at BER°.

Observe in Figure 7 that a single-class 1/2-rate STBC-SP{LD
scheme having an effective throughput of 1 bit/channel uss w
also used for comparison with our MLC structure, where theQVIL
codes of Table Il were replaced by the single-class LDPQJ256
1280) scheme having a coding rate of 1/2. All LDPC component
codes employed in our simulations used a total of five itenatifor
generating sufficiently reliablextrinsic LLRs. The complexity of
a single 2560-coded-bit LDPC code and that of the four 64fede
bit MLC-LDPC component codes of Table Il was deemed simifar i
these systems. More explicitely, the LDPC decoding coniylexf
each iteration associated with a parity check matrix hagrglumn
weight of j and row weight ofk may be approximated in terms of
the number of additions and subtractions in the logarithdumain
[16]. The corresponding BER results are shown in Figure 7.

Py 0O-iter
[m] 1-iter
BRREE = S G
1 SS< ‘:\;; —— STBC-SP-LDPC(2560,1280)
10 = —— STBC-SP-MLC
= +++ 10xSTBC-SP-MLC block length
AR
10°
m or
4 N
10° S -
N\
\ \ |
* ¥ T
v \ \
v ?w\ v
5 | \\ \\
0%, 1 2 4 5 6 8 9 10
Ew/Ng (dB)
Fig. 7. BER versugZ, /N, performance of the proposed STBC-SP-LDPC

scheme using a single 1/2-rate component code LDPC(2580) Bhd having
an effective throughput of 1 bit/channel use in comparismithe proposed
STBC-SP-MLC scheme, when communicating over a correlataglleiRyh
fading channel.All other parameters are summarized ineTdbénd I11.

Our proposed STBC-SP-MLC system exhibits a similar BER
performance to that of the single-class STBC-SP-LDPC atrac
characterized in Figure 7, although the proposed schemeahas
slightly better performance at a low number of iterationg cBntrast,
the single-class scheme of Figure 7 performs approximadedp
dB better at a higher number of iterations at BER °. This is
a consequence of the fact that each MLC component code has
a four times lower codeword length compared to the singisscl
LDPC(2560, 1280) code. Therefore, the BER performance &GT
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 indisathe
BER performance of STBC-SP-MLC system with each of its LDPC
component codes having 10 times the original block lengtfiadfe
Il after 4 iterations.

The advantage of using MLC can be shown by the employ-
ment of shorter individual LDPC component codes and havirgy t

Fig. 6. BER versus, /N, performance of the STBC-MLC 16QAM schemefiexibility of freely adjusting the coding rates compared dther

at an effective throughput of 1 bit/symbol using Ungerbdeértitioning
(UP) based bit-to-symbol mapping and our proposed STBGAEE-scheme,
when communicating over a correlated Rayleigh channelnigagi Doppler

frequency of 0.1. All other parameters are summarized ifeTHband 11

coded modulation schemes, which is beneficial for examplerding
to the typical requirements of high-quality, error-remili audio or
video transmissions. Figure 8 shows the individual BERqrenance



curves of the proposed STBC-SP-MLC scheme in comparisoneto t [5] D-F. Yuan, F. Zhang, A-F. So, Z-W. Li, “Concatenation gbs&e-Time

single-class STBC-SP-LDPC scheme. At2 iteration, all the bits

in the single-class STBC-SP-LDPC scheme shows a similar BER

performance. By contrast, the BER performance associaitbdeach

protection level of the proposed STBC-SP-MLC scheme besome

different.
1
—— 2-iteration, STBC-SP-MLC
5 - - - 2-iteration, STBC-SP-LDPC
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Fig. 8. BER versusF;, /N, performance of the STBC-SP-LDPC scheme

using a single 1/2-rate component code LDPC(2560,1280) teavihg an

effective throughput of 1 bit/channel use in comparisorhogroposed STBC-
SP-MLC scheme, when communicating over a correlated Rgyléding

channel. Each bit protection level is shown as an indiviBE&R curve.
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[16]

In conclusion, a novel STBC-SP-MLC scheme was proposed. The

scheme invokes a serially concatenated LDPC-based ML@gera

ment combined with STBC using SP modulation. The MLC scheme

was decoded in a multistage manner [1]. A useful equivalapacity
based design was proposed for determining the coding ragesh of
the component codes in this scheme. This proves to be cifocitle
sake of achieving the best attainable BER performance ijunotion
with different SP mapping schemes designed for the 4D cliaisom
space. Our simulation results outlined in Figures 5-8 ditarize the
achievable performance. We can observe from Figure 6 thanat
effective throughput of 1 bit/channel use, the proposed GBP-
MLC scheme is capable of achieving & /Ny gain of about 3.5dB
compared to the STBC-MLC benchmarker invoking classic 16QA
Even though the proposed MLC-aided and the single-clas€S$B-
LDPC exhibit a similar performance, the multiclass schextahits
a higher flexibility and has the ability of providing an unaetjerror
protection capability. Our future research will considee tesign of
different bit-to-SP-symbol mapping schemes for achievimgqual
error protection with the aid the proposed equivalent citypdased
design for determining individual component rates.
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