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Abstract— Hybrid Automatic-Repeat-Request (H-ARQ) Aided Systematt Luby Transform (SLT)
Coded Modulation is proposed, where SLT codes are used bottoif correcting erroneous bits and
for detecting as well as retransmitting erroneous InternetProtocol (IP) based packets. Erroneous
IP packet detection is implemented using syndrome checkingith the aid of the SLT codes’ Parity
Check Matrix (PCM). Optimizing the mapping of SLT-encoded bits to modulated symbols and then
using iterative decoding for exchanging extrinsic informdion between the SLT decoder and the
demapper substantially improves the achievable Bit Error Ratio (BER) performance of the scheme.
Quantitatively, at Fj/N, in excess of 3.8 dB, this scheme is capable of achieving a BER10~° and
up to 1.5 times higher throughput in comparison to less sopisticated benchmarker schemes such
as SLT codes, dispensing with ARQ-assistance or joint SLT cled modulation and H-ARQ-SLT
codes, when communicating over AWGN channels, using 16-QAMnNd a half-rate SLT code.
Index Terms— EXIT charts, Systematic Luby Transform Codes, Hybrid Automatic-Repeat-reQuest,

Syndrome Checking, Parity Check Matrix, Coded Modulation, Quadrature Amplitude Modulation.
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I. INTRODUCTION

ybrid-Automatic Repeat reQuest (H-ARQ) conveniently agaatates packet retransmission tech-
H niques with error-correction and error-detection aldoms in order to improve the performance
of wireless communication systems over hostile channg|g2]. There are two basic types of H-ARQ,
namely H-ARQ type | and H-ARQ type 11 [3], [4]. The transmitiaf the H-ARQ type | scheme retransmits
both the information part and the parity part of corruptedkess, when the transmitter receives a repeat
request from the receiver. This process is typically immgated within the Media Access Control (MAC)
layer. Naturally, retransmitting both the information gmatity part of the packets reduces the achievable
effective throughput. Hence, the H-ARQ type | [3] schemefigroreplaced by the H-ARQ type Il [4]
arrangement. In the H-ARQ type Il scheme, the informatiort pad the parity part are sent together
during the first transmission attempt. However, during teeosd transmission attempt additional parity
information is transmitted. The receiver then uses thetypagceived during all transmissions to correct

the information received.

For the sake of achieving a low Bit Error Ratio (BER), H-ARQed modulation schemes were employed
in [5], [6] which invoked various coded modulation techrégu[7], [8] and [9]. Iterative decoding was
used for exchanging extrinsic information between the BodnError Correction (FEC) decoder and the

demapper of the demodulator.

Systematic Luby Transform (SLT) codes were proposed in,[[X], which achieved significant BER
performance improvements for transmission over both namgl/fading channels. Against this background,
the novel contribution of this paper is an amalgamated H-ARQ coded modulation scheme, which
outperforms the classic H-ARQ aided coded modulation selseof [12], [13] using Cyclic Redundancy
Checking (CRC) to detect erroneously received packets.

We used a modified version of the well-known H-ARQ Type Il [#].the classic H-ARQ Type Il scheme



the transmitter implements the retransmission processibiglly puncturing some of the parity bits and
then incrementally transmitting additional portions o€ thuntured parity, whenever it receives a request
for further parity from the receiver. The receiver then useth the previously and the currently received
parity portions in order to repeat the decoding process withigher chance of decoding success. If
the receiver is still unable to generate error-free decdadfmmation, this process is repeated until the
maximum number of retransmissions is exhausted. By cdntoas simplified H-ARQ Type Il scheme
was implemented as follows. The receiver invokes the syndrohecking technique of [14] for detecting
the legitimate codewords at the output of the SLT decodereWan illegitimate codeword is deemed
to be present at the output of the SLT decoder, the receivprests the transmitter to retransmit the
entire parity part of the illegitimate SLT codeword. The St&coder retains the previous LLRs of the
information bits generated by the message passing betweemformation part and the previous parity
part of the parity matrix H. The new parity part of the parityatnix H continues its message passing
algorithm with the aid of the updated LLRs, until a legitim&LT codeword is arrived at or the maximum
number of iterations is exhausted.

The novelty and rationale of our H-ARQ aided SLT coded schiermemmarised as follows:

1) In contrast to conventional LT codes, the SLT code advoadded not impose a high delay nor does
it inflict an avalanche-like inter-packet error-propagaii in the presence of channel errors.

2) The SLT code of [11] has a fixed packet-level overhead, régssdf the channel-quality encountered,
which may be excessive or insufficient. This results in eitheeduced effective throughput or a
failure to recover the original source file. By contrast, fveposed H-ARQ-aided SLT scheme always
uses just sufficient redundancy for error-free SLT packebvwery and hence maximizes the effective
throughput.

3) The H-ARQ aided SLT coded modulation scheme invokes its mvement syndrome checking for
detecting corrupted packets and hence for activating thAR®Q scheme. The parity check matrix

H of the SLT code contains many elements in its rows and columense checking the integrity of



the packets by the syndrome checking of the iterative SLdddw®g process [14] instead of using an
additional overhead for Cyclic Redundancy Checking (CRChnore reliable and does not impose
any extra redundancy. Quantitatively, we will demonstrtéit@ our novel scheme can achieve BER
< 1075 at an E,/N, value, which is 3 dB lower than the SLT coded scheme havingaime code
rate r= 1/2, but dispensing with H-ARQ assistance. Moreover, ooveh scheme’s throughput is
about 0.4 bit/symbol higher than that of the correspondih@ Soded scheme, when using 16-QAM
modulation.

4) Semi-analytical EXIT-chart analysis will be used for finglihe most appropriate bit-to-symbol map-
ping scheme without having to resort to time-consuming kk&drlo simulations, when designing
either for achieving the lowest possible complexity or thedstE, /N, requirement.

In a next shell, we propose H-ARQ aided SLT coded modulatisimgu syndrome based H-ARQ
activations, which achieves BER performance and an imgrélveughput in comparison to the state-of-
the art.

The paper is organized as follows. Section Il presents thpgsed H-ARQ aided SLT coded modulation
scheme, detailing its architecture. Section Il analy$esH-ARQ-SLT coded modulation scheme using
different mappers with the aid of EXIT charts. Section IV alkst the associated system parameters and
characterizes the achievable BER performance of the H-ARQc®ded modulation scheme. Section V

presents our conclusions and future research ideas.

1. H-ARQ-SLT CODED MODULATION SCHEME

As seen in Fig. 1, the source data is packetized by the IrttBmo¢ocol (IP) packetizer at the transmitter
[15], before being passed to the SLT encoder block. A framk I6f packets is buffered and then passed
to the SLT encoder. Due to the fact that the number of bits enlth header part is lower than in the
data part, the IP header bits may be protected by strong Std€scwithout substantially increasing the
overheads. An example of the relation between the SLT packet IP packets is shown in Fig. 2. Heke,

bits of each SLT packet are arranged in the horizontal dimarend K bits of each IP packet are assigned



in the vertical dimension. Each IP packet containslabit header part and af-bit data part, whilek
source SLT packets are formed fronP packets. An SLT codeword is constituted RySLT source bits
representing an IP source packet plUsnumber of SLT parity bits. The SLT codewords at the output
of the SLT encoder are interleaved, where the interleaverahkength of N bits and then passed to the
mapper for forwarding in terms of 4-bit symbols to the 16-Quadure Amplitude Modulation (16-QAM)
modulator, whereV is the SLT codeword’s total length. We term this serially catenated system as the
Hybrid-ARQ aided Systematic Luby Transform coded modalat{H-ARQ-SLT) scheme. The mapper
of the 16-QAM modulator employs different types of mappimteames, namely Gray mapping and set-
partitioning based mapping [16], [17]. The mappers aregiesd to attain the largest minimum Euclidean
distance between phaser points having a Hamming distanoeeofind the smallest average number of
nearest neighbor signal points [18]. Viewing the constielfafrom a different perspective, the average
number of bits/,,;, that differs between two closest phaser points in the ctasta is calculated as

follows [18]

Nmin = I 1N0 Z Z dH<S7 Sl)? (1)

SES s'€Ss

where s denotes the specific phaser considered in a two-dimenssigral setS, s’ represents a phaser
in the neighboring signal subsét of the phaser, L = 2™ denotes the number of phaser points in
the constellation, withn being the number of bits in a symbol of the constellation andllij, dy (s, ')

denotes the Hamming distance betweamds’. Still referring to (1),/N, physically represents the average

number of nearest neighbor phaser points in the constellaind it is calculated as follows:

Ny = % Z N, (2

seS

where N, is the number of nearest neighbor phaser points adjacentii®. the number of phasers in the
subset andV,,;,= 1, when using the Gray mapper [16].
Again, the modulation scheme is 16-QAM, hence each moduktmbol is represented by four bits. The

transmitter is also equipped with an ACKnowledgement (AC&9Jeiver, while the receiver has an ACK



transmitter in order to feed back the ACK signal to the traittem The ACK transmitter employed at the
receiver side is controlled by the SLT decoder and the syndrohecking block of Fig. 1, as proposed
in [14] in order to identify the error-free legitimate SLT d®words. When a legitimate codeword is
detected at the output of the SLT decoder, the SLT decodeargs a signab,. for the ACK transmitter
of the receiver, which is then conveyed to the system’s trattsr. By contrast, if the output of the SLT
decoder is an illegitimate codeword, the SLT decoder aettvéhe ACK transmitter of the receiver to
send a Negative-ACK (NACK) signal to the system’s transenitb request the retransmission of this
codeword.

For each QAM symbok = T'(b), whereb is the m-bit sequence= (by, by, -, b,_1), associated with

the a priori LLRs spanning from LLRby) to LLR(b,,—1) we have [19]:
LLR(b;) = og[P(b; = 1)]/log[P(b;) = 0]  j= 0, -, m-1. 3)

The received signa},. is represented ag. = apzr+ n [20], wheren,, is the complex-valued zero-mean
Gaussian noise process having a variance’sf N,/2 per dimension. The notatiom, represents the
complex-valued time-variant fading gain ang denotes the transmitted QAM symbol, when detection
benefitting from coherent perfect channel knowledge is u3ée@n the conditional Probability Density

Function (PDF) of the received signalmay be calculated as follows [20]:

Plylz,a) = <Wi%>exm—<%>|y ~aaf?). )

Taking the logarithm of both two sides of (4), we arrive at thgarithmic-probability of [20]:

1 E E E
logP = log—— — =Z|y|? — |a]?=|x]? + 2]a] = 5
9P (sl,0) = log -~ Iyl af* $* ol + 2lal ¢ (vrs + voa). ©)

where the inphase and quadrature-phase transmitted sigarad received signa} can be represented as
r = xr+ jrg andy = y;+ jyg, respectively, andZ; /N, is the modulated symbol energy-to-noise

ratio. If all bits b; in the bit-sequenceé are independent, we have:

logP(x) = logP(b) = logP(by) P(by) - - - P(bm-1), (6)



although in case of Gray-coding this is clearly not the c&sem (4) and (6), we have the soft output of

the demapper, expressed in terms of the LLRs as [20]:

; P(b; = 1\1/)
LLR(b;) = Iog (7
o Zx:bj:1 exp[logP(y|x a) + logP(x)] @®
D _iby—0 EXP[lOgP (y|z, a) + logP ()]
zib=1 EXPIYY, T
B logZ b1 €XP[( )]7 ©)
e —0 EXP[Y (Y, 7))
where the receiver’s estimate ofis denoted as: and we have) = (by, - - - , bn,_1), While the notation
v(y, z) represents [20]:
) = — 1P+ 20l s + ygr) + 3 BLLR () (10
) ]Vb ]Vb 141 Q+LQ — J 7/
The extrinsic information output is calculated as follovZ]
LLR 5(b;) = LLR(b;) — LLR(b;). (11)

The capacity of the SLT coded modulation scheme is denoted,asnd when transmitting over the

AWGN channel and using 16-QAM, we have [9]:

ZI o) Z/ x)log, ]ﬁ(‘"”;)dy (12)

x€l6 x€l6

where(x;y) denotes the mutual information between the received sigiaald the transmitted signal
while P(y|z) is given in (5) witha is a constant.

In the block diagram of the H-ARQ-SLT coded modulation sches®en in Fig. 1, the demapper constitutes
an inner decoder, while the SLT decoder acts as an outer dedéodllowing deinterleaving the output
extrinsic information LLRs gleaned from the demapper ark tfe the input of the SLT decoder. These
LLRs are processed by the inner SLT decoder. The extrinsiRd_ht the output of the SLT decoder are
fed back to the demapper after interleaving, as seen in Fild.the syndrome checking block of the SLT
decoder detects an illegitimate decoded codeword, it witidsthe control signab. to activate the ACK

transmitter. An ACK will then be sent to the transmitter, wegting the transmission of extra parity. The



receiver will continue the iterative decoding process.sTigtransmission process will then be repeated,

until a legitimate SLT codeword is decoded or upon reachimggrhaximum number of retransmissions.

[1l. EXIT CHART ANALYSIS

In this section we use EXtrinsic Information Transfer (EXidharts [21], [22] to analyse the iterative
decoding convergence of the H-ARQ-SLT coded modulatioreseh (Scheme-1) in Table. I. The EXIT
chart of the H-ARQ-SLT coded modulation scheme includesdhourves in Fig. 3 and Fig. 4, namely
the inner decoder’s curve, the outer decoder’s curve andvibiete-Carlo simulation based trajectory.
The inner decoder’s curve constitutes that of the demapiperouter decoder’s curve constitutes that of
the SLT decoder and the decoding trajectory representsxtin@sec information exchange between the
demapper and the SLT decoder.

The inner decoder’s curve seen in Fig. 3 and Fig. 4 visuatiseapriori input mutual information/4,,,
and output extrinsic information,,,, relationship of the demapper. By contrast, the outer detEXIT

curve seen in Fig. 3 and Fig. 4 represents the relationshvpee®a the input mutual informatiohy .. and

SLT
the output mutual informatiodg, ., of the SLT decoder of Fig. 1. If there is no retransmissioween
the transmitter and receiver of the H-ARQ-SLT coded modutascheme, then tha priori LLRs of
the SLT decoder are exactly the same as during the previetatian, because the extrinsic LLRs of
the demapper remain unchanged. Hence, the decoding tngjexft the H-ARQ-SLT coded modulation
scheme represents the relationship between the extringicdutput of the demapper and the extrinsic
LLR output of the SLT decoder aftdriterations. The output mutual information obeys the follogv

function [11] [22]:
Ipg,r = f (IASLT7 IAm) ) (13)
wherel,, = I(X;R) is the averaga priori information at the input of the SLT decoder’'s message node

and R is the LLR message gleaned from the check nodes of the SLTddeco

When there is a retransmission between the transmitter aaddceiver of the H-ARQ-SLT coded



modulation scheme, the decoding trajectory of the systenfuaction of both the input mutual information
of the demapper as well as of the output mutual informatiorthef SLT decoder and of the mutual

information 14 input to the SLT decoder. The retransmission-aided exatimutual information

I4,...... Of the SLT decoder is related to the number of retransmission

Again, Fig. 3 shows the corresponding EXIT curves and theodieg trajectory of the H-ARQ-SLT
coded modulation scheme &i,/N, = 4 dB, when using 16-QAM and the classic Gray mapper. As
seen in Fig. 3, the dashed-dotted line represents the inNKEF Eurve of the original Gray mapper at
E,/Ny=4 dB, while the bold-continuous line marks the EXIT curvelgd Gray mapper in the H-ARQ-SLT
coded modulation scheme. Initially, the H-ARQ-SLT receigétempts to iteratively decode the received
codewords by exchanging extrinsic information between3hE decoder and the demapper. However, the
trajectory reaches the point of intersection between the BXIT curves after a single iteration, which
is marked by a circle, as seen in Fig 3. Hence, we cannot azlaavinfinitesimally low BER. In the
presence of SLT errors the H-ARQ-SLT receiver requires th&RQ-SLT transmitter to retransmit the
parity part of the corrupted codewords. At this time, the SleCoder receives an extra LLR information
from the retransmited parity part, hence the EXIT curve @ ittner mapper is correspondingly moved
upward, as indicated by the bold line seen in Fig.TBe a priori LLRs input to the SLT decoder are
gleaned from the extrinsic LLRs of the previous decodingaiien at the output of the SLT decoder. The
receiver decodes again the received codewords and hencetbding trajectory now reaches the point
(0.64, 1), as seen in Fig. 3. The EXIT curve of the outer SLTechdving a code rate of 0.5 [14] has a
specific form, as seen in Fig. 3 and after two iterations thARQ aided SLT decoder becomes capable
of achieving BERC 107° at F,/Ny= 4 dB, as seen in Fig. 5.

Let us now embark on improving the achievable system pedaoa by creating a more beneficial EXIT-
curve shape for the inner demapper with the aid of set-pariitg. The EXIT chart of the H-ARQ-SLT

coded modulation scheme using the set-partition demappartrayed in Fig. 4. The original EXIT curve

of the inner set-partitioning mapper is plotted by the ddstietted line, while the EXIT curve after one
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retransmission is represented by the bold-thick line sagn4= If the receiver using the set-partitioning
based demapper without the aid of retransmission invokBsfoar decoding iterations between the SLT
decoder and the demapper, the decoded output codewordstcaeirieve an infinitesimally low BER,
because the trajectory’s evolution is curtailed at the poiarked by the asterisk seen in Fig. 4. For the
sake of achieving BER 107°, the receiver has to allow for up to 8 iterations.

We can see by comparing Fig. 3 and Fig. 4 thatzgtN, = 4 dB the H-ARQ-SLT coded modulation
scheme using the Gray mapper requires a lower number oftitesafor achieving BER 107° in
comparison to the H-ARQ-SLT coded modulation scheme udiagset-partitioning mapper. By contrast,
the intercept point of the two EXIT curves is closer to thel{lpoint of perfect convergence, where an
infinitesimally low BER can be achieved, if the associateghbr number of decoding iterations and the

ARQ-aided retransmission of the set-partitioning aiddueste are deemed affordable.

V. SIMULATION RESULTS

Our simulation parameters are provided in Table |. The dbfie proposed schemes are assigned as
Scheme-1, Scheme-2 and Scheme-3 seen in Table I. Fig. Sseapsethe BER performance of the H-
ARQ-SLT coded modulation scheme using the parameters deTallhe left vertical axis represents
the BER values, while the right vertical axis representsmadized throughput values and the horizontal
axis the E, /N, values. The normalized throughput values are calculateshdynalizing the effective
throughput by the throughpubf the H-ARQ-SLT coded modulation scheme, recorded at HighV,
values, i.e. when the data transmission is error-free. Tllec®de rate of the scheme is 0.5, hence the
maximum throughput of the 16-QAM H-ARQ-SLT coded modulatischeme is 2 bits/symbol, which
represents our throughput normalization factor. As sedrfidn5 and, the continuous line marked by the
hollow diamond represents the BER verstig/ N, performance of the H-ARQ-SLT coded modulation
scheme, which attains BER 10~° for Ej/N, values in excess of 3.8 dB. When we briefly compare

the performance of the three schemes in Fig. 5 in terms of @ehievable throughput, a near-unity

The effective throughput is defined as the ratio of the nunafeeceived correct bits per the total number of transmitiitsl
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throughput is achieved by the amalgamated H-ARQ-aided Sided modulation scheme fadt,/N
values in excess of about 4 dB. The other two schemes exlatsitdohigher BER and a lower normalized
throughput, indicating the superiority of the proposedesct. Finally, the curves denoted by the circled-
plus-sign represent a H-ARQ-aided but uncoded 16-QAM bexacker, which hence has a 4 bits/symbol
effective throughput. In the high-SNR region the throughpiuthis H-ARQ-aided but uncoded 16-QAM
benchmarker is twice as high as that of the 0.5-rate SLTasgistem. By contrast, in the low-SNR region
the normalized throughput of the uncoded H-ARQ-aided sehbatomes- 0.33, because in this region
the receiver is unable to attain an infinitesimally low BERl& output, hence it requires the maximum
affordable number of retransmissions. Scheme-2 has amxépmately 3 dB higherE, /N, requirement
than our proposed Scheme-1, as indicated by the continilmeigriarked by the triangle in Fig. 5. The
ARQ scheme operating without the assistance of the SLT cedaires ank,/N, value in excess of
18 dB to attain BER< 107, although this BER value is not reached within thg/N, range shown
in Fig. 5, hence indicating BER 0.5. Finally, in Fig. 6 we compare the set-partitioned andyaroded
H-ARQ-aided SLT-16-QAM schemes. Observe that the Grayedatheme performs better both in terms
of its BER and normalized throughput, when using two itersi between the demapper and the SLT

decoder.

V. CONCLUSIONS ANDFUTURE WORKS

The proposed H-ARQ-SLT aided scheme is capable of achieming,/N, gain ranging from 0.5 dB
upto 3.5 dB and a higher throughput in comparison to the beack schemes. The H-ARQ-SLT aided
scheme advocated is also capable of attaining an infinisdlsirow BER at a lowE,/N, value, while
maintaining a high normalized throughput. By exploiting tstyndrome checking capability of the SLT
decoder we can reduce the complexity of the scheme, whilal&meously eliminating the redundant bits
used for checking the parity of the IP packets in classic CB@mes. Furthermore, it was shown that the
H-ARQ-SLT coded modulation scheme using the Gray mappdoes better in terms of its BER, while
imposing a lower complexity and achieving a higher throughpp comparison to the set-partitioning

mapper, which was proposed in [14].
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Fig. 1. The block diagram of H-ARQ-SLT coded modulation soke
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Fig. 2. An Example of the relation between IP packets and Sidkets.
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SLT code rates

1/2

Parity packet degree distribution

Truncated Degree Distribution proposed in [11]

The maximum number

of inner iterations

I, Of SLT codes 12 and 20
The total number of outer iterations 2 and 4
Number of bits 10x1200x 165
Modulation 16-QAM

Channel type

AWGN channel

Mapping Gray mapping and set Partitioning mappipg
H-ARQ Modified Type I
The maximum number of retransmitting times 1
H-ARQ aided SLT coded modulation Scheme-1
SLT coded scheme Scheme-2
H-ARQ scheme Scheme-3

TABLE |

SYSTEM PARAMETERS
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—- - Inner curve of Gray demapper withoutARQ at E/Ny= 4 dB

-------- Decoding Trajectory of Scheme-1 using Gray demappep/atE 4 dB
— Inner curve of Gray demapper of Scheme-1 giNg= 4 dB

—— Outer curve of SLT decoder

Fig. 3. EXIT chart and the decoding trajectory of the H-ARQFoded modulation scheme using the classic Gray mappér [16
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— Inner curve of SP demapper of Scheme-1 @Ng= 4 dB
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Fig. 4. EXIT chart and the decoding trajectory of the H-ARQFSoded modulation scheme using the set-partitioning rapgcheme-

1) [17).
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Fig. 5. BER performances and normalized throughputs of iGehk, Scheme-2 and Scheme-3 seen in Table |, having a maxivhum

20 SLT decoder iterations, when transmitting data over arNAthannel using 16-QAM.
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when transmitting data over an AWGN channel using 16-QAM anploying either SP or Gray-coding.



