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Abstract— In this contribution, we propose a novel Distributed Soure-
coding, Channel-coding and Modulation (DSCM) scheme for coperative
communications. The proposed DSCM scheme is designed for ®iring
the decoding convergence of its constituent component caglenamely,
the Variable Length Code (VLC) and two Coded Modulation (CM)
schemes. The source node encodes the source symbols with tid
of a serially-concatenated VLC and a Turbo Trellis Coded Modilation

Space time coding schemes [12], which employ multiple rans
ters and receivers, are among the most efficient technicesigreed
for providing high data rates and substantial diversityngaby
exploiting the high capacity potential of Multiple-Input Wiple-
Output (MIMO) channels [13], [14]. However, it is difficultot
eliminate the correlation of the signals when using mudtiphtennas

(TTCM) scheme. The TTCM-VLC encoded symbols are transmittel to
both a relay node and to the destination node during the first tansmission
period. The relay node employs a powerful iterative TTCM-VLC decoder
for estimating the VLC-encoded bit sequence. This decodedittsequence
is then re-encoded with the aid of a simple Trellis Coded Modlation

(TCM) scheme before it is transmitted to the destination noé. At the
destination node, a novel four-component iterative decodig arrangement
is invoked for recovering the original source symbols. It isshown that the
DSCM scheme significantly outperforms the TTCM-VLC benchmaker

scheme dispensing with relaying. The proposed power- and bawidth-

efficient DSCM scheme is an ideal candidate for next-generain mobile
multimedia systems.

at the mobile unit due to its limited size. In order to circieny
this problem, cooperative diversity schemes were propas¢tls]—
[17]. More specifically, each mobile unit collaborates wifther
a single or a few partners for the sake of reliably transnuttits
own information and of its partners jointly, which emulatesirtual
MIMO scheme. The two most popular collaborative protocasdi
between the source, relay and destination nodes are thedBeco
And-Forward (DAF) as well as the Amplify-And-Forward (AAF)
schemes. However, a strong channel code is required fogatiiig
the potential error propagation in the DAF scheme or to raiéghe
noise enhancement in the AAF scheme.

Distributed turbo codes [18] have been proposed for cobipgera
communications, although typically under the simplifyemsumption
of having a perfect communication link between the sourae the
relay nodes. It was found in [19] that three-component twrbdes

Turbo Trellis Coded Modulation (TTCM) [1] is a joint coding are more beneficial in cooperative communications, whendéléstic
and modulation scheme that has a structure similar to thahef condition of having an imperfect source-relay communaatiink
family of binary turbo codes [2], [3], where two identicalrpel- is taken into consideration. The power and bandwidth efficie
concatenated Trellis Coded Modulation (TCM) [4] schemes abistributed TTCM (DTTCM) scheme proposed in [19] employs a
employed as component codes. The design of a TTCM scheemventional two-component TTCM at the source node andhanot
was outlined in [1], which was based on the search for the beBEM component code at the relay node in order to minimise the
component TCM codes using the so-called ‘punctured’ mihimaecoding errors at both the relay and the destination nddethis
distance criterion for approaching the capacity of the #ideliwhite contribution, we further extend the concept of DTTCM pragabs
Gaussian Noise (AWGN) channel. Recently, various TTCM sw® in [19] for assisting the TTCM-VLC scheme advocated in [ITfje
were designed in [5] with the aid of Extrinsic Informationafisfer Distributed Source-coding, Channel-coding and Modufa{ibSCM)
(EXIT) charts [6], [7] and union bounds for approaching tlgacity scheme advocated significantly outperforms the TTCM-VLGesce
of the Rayleigh fading channel. due to the employment of a novel four-component iteratiieateon

Variable Length Codes (VLCs) constitute a family of low-Philosophy at the destination node.
complexity lossless source compression schemes. In avdexpioit The paper is organised as follows. The system model is destri
the residual redundancy of VLCs, numerous trellis-base@ decod- in Section Il. The novel DSCM encoder and decoder are hibteid
ing techniques have been proposed, such as the joint schiacefel in Section Ill. The design and analysis of the proposed sehim
coding scheme of [8], where the VLC decoder uses the bitebasprovided in Section IV and its performance is evaluated ictiSe V.
trellis structure of [9]. Explicitly, in [8] a reversible MC [10] was Finally, our conclusions are offered in Section VI.
invoked as the outer code and a convolutional code was edilis
as the inner code. In order to improve both the bandwidth and
power efficiency of the joint source/channel coding scheroe-c
trived in [8], various near-capacity jointly optimised soe-coding,
channel-coding and modulation schemes were proposed in If11
was shown in [11] that the TTCM assisted VLC (TTCM-VLC)
scheme was the best performer among a range of Coded Maxfulati
(CM) assisted VLC schemes, when communicating over Single-
Input Single-Output (SISO) Rayleigh fading channels. Havethe
multimedia-rich wireless communication systems of futgenera-
tions are required to provide reliable transmissions 4t kigta rates. Fig. 1.  Schematic of a two-hop relay-aided system, whérg is the
o%raphical distance between nadand nodeb.
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to both the relay noderf and to the destination nodel)(during where~, = 10log,,(SNR.) and~; = 10log,,(SNR:). Hence, we
the first transmission period, while the relay node first desothe can achieve a desired SNRy changing the transmit power or by
information and then re-encodes it and finally transmits amf selecting a relay at a different geographical location.

of coded symbolsx, to the destination node during the second Similar to [11], we employ the reversible VLCfrom [10],
transmission period. The communication links seen in Ficard \where the codewords ar€ = {00, 11,010,101,0110} associ-
subject to both long-term free-space path loss as well dsaid-germ  ated with the source symbol sequence wof = {0,1,2,3,4}.
uncorrelated Rayleigh fading. The geometrical-gain [2@Qjezienced The probabilities of occurrence for the symbalsare P(u) =
by the source-to-relay link with respect to the sourcedstuhation ((.33,0.30,0.18,0.10,0.09}. The associated entropy &, =
link as a benefit of its reduced distance and path loss canhputed 2 1391 bits/symbol and the average codeword lengtiis. = 2.46

as: bits/symbol, giving a VLC coding rate @?,;c = Ls/Lyic = 0.8695.
dsa\ Furthermore, a 16QAM-based TTCM encoder is used at the sourc
Gor = dsr ’ @ node and a 16QAM-based TCM encoder is invoked at the relag.nod

Memory-three TCM codes having an octally represented geoer

where d,;, denotes the geometrical distance between nedesd lynomial of [11 2 4 10]s is used for both the TCM and TTCM

b while « is the path loss exponent. We assume a free-space p
: R oder.

loss model where the corresponding path loss exponent &n diy h Il th h f thi h . h e

«a = 2. The path loss exponent can be higher than 4 at suburban e overall throughput of this two-hop cooperative scheare

environment [21]. Similarly, the geometrical-gain at thelay-to- computed as:

destination link with respect to the source-to-destimatiok can be _ N; ~13 b 9
formulated as: = NN ~1sbed, ©)
Gt~ dsa\? @ where N; is the number of information bits transmitted within a
T\ ) duration of (Vs 4+ N,.) symbol periods. Again]V; is the number of

modulated symbols per frame emanating from the source node a
N, is the number of modulated symbols per frame transmitteah fro
the relay node. We hav&s; = N.. in our case. We do not employ

The kth signal received at the relay node during the first trangza|iis termination for the TCM/TTCM encoder and we habe —
mission period, whereV, symbols are transmitted from the SOUrce N, ~ 2.6 N., wherem = 3 for the 16QAM-based TCM
node, can be written as: AT .

Naturally, the geometrical-gain at the source-to-detibnaink with
respect to itself is unity, i.e. we hav@sq = 1.

and TTCM schemes. If an idealistic source compression @@1go

Yk = VGar hor Tsp + v s (3) s considered, we havé,,. = L, = 2.1391 and R),. = 1.0. The
' o T . ~ DTTCM scheme of [19], which employs 8PSK modulation has a
wherek € {1,..., N} andhs,; is the Rayleigh fading coefficient throughput offaiem = 1.33 bps. Hence, when an idealistic source

between the source node and the relay node at insianthile encoder is assumed the throughput of the DTTCM scheme in [19]
nrk IS the AWGN having a variance aNo/2 per dimension. By will remain asnaitem x RY;. = 1.33 bp<.

contrast, thekth received symbol at the destination node during the \yithout loss of generality, we assume that the relay nodecated
first transmission period can be expressed as: on a direct path between the source and destination nodeseHe

Yak = Nsd,k Tok +Nak (4 Wwe have:

where h.q ;. is the Rayleigh fading coefficient between the source dsa = dsr+dra . (10)
node and the destination node at instantvhile ng ;. is the AWGN .
having a variance ofV, /2 per dimension. Similarly, thgth symbol Then, from Egs. (1), (2) and (10), we have:

received at the destination node during the second trassmis 1 = 1 i 1 (11)
period, whereN, symbols are transmitted from the relay node, is VG VG
given by: G < 1 )2 12
rd = D ———— .
Ydj = VGrd hraj Trj +naj , (5) 1-1/VGsr

We assume furthermore that the transmit power at the sowde n
equals the transmit power at the relay rmodee. the SNR at the
source node~,s-) equals the SNRat the relay nodeng,-q), then:

wherej € {1+ Ns,..., N+ N} andh,q ; is the Rayleigh fading
coefficient between the relay node and the destination nbuhstant
J, while ng_ ; is the AWGN having a variance df,/2 per dimension.

If z4,; is the jth symbol transmitted from node, the average Yerd = Vesros (13)
received Signal to Noise power Ratio (SNR) at nads given by: Yrrd — 1010g,0(Gra) Yror — 10l0g,o(Ger) ,  (14)

_ E{Ga}E{|hab i PYE{|Za [’} _ Gab ©) Gra  _ qyra—r/10 (15)
N No TNy Gor ’

where B |has ;|°} = 1 and H|z. |} = 1. For the ease of analysis, WNer€Ya—r = 7r.ra — 7r.sr is the difference between the receiver's
we define the ratio of the power transmitted from nede the noise  SNR at the destination during the second transmission geria the

SNR.

power encountered at the receiver of nddas: receiver's SNR at the relay during the first transmissiorigoer
SNR, = E{|$a,j|2} _ i @) 10ur design is applicable to any VLCs. However, the reveestLC is
a No TNy good for iterative detection because it has a minimum fregadce of 2 [22].

2|f a Huffman code is use, we havB,;. = 2.19 and R,;. ~ 0.98
resulting in a throughput of.33 x 0.98 ~ 1.3 bps.
SNR. = SNR G.s St is also_ possible to de;ign the system by fixing the relayatioo and
av o then determine the appropriate transmit power levels ferstburce and relay
Y = ¢+ 10log,o(Gas) [dB] , (8) nodes.

Hence, we have:



If ~vr s is fixed aty,,sr = Yr,sr min While v¢ ¢ = v¢,s-, then from decoder of the relay node is a three-component decoder [¢13}
Egs. (12) and (15) we have: while the DSCM decoder is a four-component decoder incatpay
G = 100 min=7e,r)/10 (16) both the three-compqnent TTCM-VLC decoder (as shown atdpe t
’ of Fig. 3) and an additional Chi(or TCM) decoder (as shown at the
andG,.4 can be calculated based on Eq. (12) affer. is determined bottom of Fig. 3). As seen in Fig. 3, the DSCM decoder is speatlfi
from Eq. (16). The average SNRer modulated symbol during the designed to ensure that each of the constituent decodefitseinam

two transmission periods is given by: the extrinsic information of other constituent decodendigh the
Ny Yeoor + No Yera a priori probability input, which is constituted by the interleaved
o= 1\7 N == [dB] . (17)  deinterleaved) version of thextrinsic probability generated from the

. . " other constituent decoders.
Since we haveV, = N, andvy:,s» = 7¢,r4, EQ. (17) can be simplified
t0 v¢ = Yt,5r = Ve,rd-
IV. DESIGN AND ANALYSIS
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| Relay node } scenario. This corresponds also to the TTCM-VLC performaatche source-

to-relay link where the SNR shown is the receiver SNR whiatelated to the
Fig. 2. The schematic of the DSCM encoder. transmit SNR and the geometrical-gai#,,.. The TTCM decoder employs 4
internal iterations.
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Li=L+L o Li=Li+L Fig. 5. The 3D EXIT chart of the TTCM-VLC and TCM decoders at
- the destination node employing a relay located at the midtfdmetween the
) ] source and destination node. The decoding trajectory oDIB€M decoder
Fig. 3. The schematic of the DSCM decoder. is computed at SNR= 2 dB assuming a perfect relay. The TTCM decoder
The general schematics of the DSCM encoder and decoder S%oloys 2 internal iterations and 4 outer iterations with Yi.C decoder.
shown in Fig. 2 and Fig. 3, respectively. More specificallg have In order to minimise the decoding errors at the relay nodefinse

selected TTCM for the CMblock to assist the VLC scheme, sinceneed to find the minimum required receive SNR at the relay. &Ye c
TTCM-VLC arrangement was found to be the best scheme amofigd this value either from simulation or from the EXIT chaftthe

a range of other CM-VLC schemes [11]. At the relay node, W€TCM-VLC decoder. The EXIT chart of the TTCM-VLC decoder
have chosen TCM for the CMblock. Note that we need a differentrecorded for the classic non-cooperative scenario is showig. 4,
bit interleaverm, at the relay, as compared to that at the souroghere the decoding trajectory is computed based on a frangghle
node, w1, in order to achieve the full potential of the additionabf 15 000 16QAM symbols. When there is no geometrical-ga@, i
TCM component at the relay node. The @MLC (or TTCM-VLC) Gsq = 1, we have SNR=SNR,. As we can see from Fig. 4 a receive
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Fig. 6. The EXIT curves of the DSCM scheme at SNR 3.15 dB. The CY is computed based on [23], while the upper boufi¥ and lower
TTCM decoder employs 2 internal iterations and 4 outer fiena with the bound C* of the relay channel are computed based on Egs. (18) and (19),
VLC decoder. The relay is located dty = 0.6174 dyq (dsr = 0.3826 dgg).  respectively.

SNR of 11.5 dB is needed for attaining a decoding convergaftee « and the receiver at node Furthermore = N, /(Ns+ N;) is the
eight decoding iterations between the TTCM decoder and th€ V ratio of the first transmission period to the total transinisgperiod.
decoder. The BER versus SNBf the TTCM-VLC employing eight We have\ = 0.5 in the proposed scheme. The 16QAM-based upper
decoding iterations is shown in Fig. 8, which verifies the EXhart and lower capacity bounds of the two-hop half-duplex relagmork
prediction portrayed in Fig. 4. When TTCM-VLC decoder isdige are portrayed in Fig. 7, which are computed based on the eeduc
the relay node, the corresponding SNéan be computed based ondistance-related geometrical-gains @f,, = 6.83 and G,q = 2.62

Eqg. (8) for a givenG, value. as computed in Section IV.

Fig. 5 shows the 3-Dimensional (3D) EXIT chart of the DSCM The non-cooperative TTCM-VLC benchmark scheme has an ef-
scheme, when the relay is located at the mid-point betwerdbrce fective throughput ofjo = N;/Ns ~ 2.6 bps, which is twice that of
and destination node, i.e. we ha¢&, = G,; = 4. The DSCM its cooperative counterpart. According to the 16QAM-baB&MC
decoding trajectory is computed at SNR= 2 dB based on the capacity curve of Fig. 7, the corresponding SN@®r SNR.) at a
idealised perfect relaying case, where there are no degagfiors throughput ofnp = 2.6 bps is 10.03 dB. By contrast, the proposed
at the relay. However, the BER performance of the DSCM schermSCM and DSCM-O schemes have a throughputyof 1.3 bps,
employing realistic relaying subject to error propagatiaa shown while the corresponding SNRvalues for the upper and lower relay
in Fig. 8, requires SNR= 5.5 dB for achieving a high decoding channel capacity bounds are 0.86 dB and 1.68 dB, respactivel
convergence. This is due to the potential error propagdtimm the

relay, which requires a minimum of SNR= 11.5—101og,,(Gs») = 1
5.5 dB for avoiding error propagation from the relay, when weehav B} o ?Igm,m ; e
Gsr = 4. 107 | 85— TTCM-VLC-R —¥—=x \ A
The next step in our design is to choose an optimal relay based , g Bigm_o ’ \ ! ’ ’ \i
on its geographical location. By fixing the receive SNR at the 10 — =
relay node to 11.5 dB, we found that the DSCM can achieve A sl 2 —3& g‘
decoding convergence at SNR- 3.15 dB as shown in the EXIT 10 = \ 5
curves in Fig. 6 when the relay is located @t = 0.6174 d.a 510.4, g g \
(dsr = 0.3826 d.q) Which givesGs, = 6.83 and G4 = 2.62. We @ = \
call the DSCM scheme employing a relay at the optimal locatis 105 - 5. \ ®
DSCM-O. 813 \ =
10° gl g H’ = \ 3
V. PERFORMANCEEVALUATION ol o > © ‘.
; ; 10’72 0 - 2 4 6 8 NlO l12
The Discrete-Input Continuous-Output Memoryless Channel SNR, [dB] —

(DCMC) [23] capacity, C°, of a non-cooperative 16QAM-based

scheme is shown in Fig. 7. The upper and lower bounds of the OCMtig. 8. BER versus SNRperformance of the DTTCM [19], TTCM-
capacity of the two-hop half-duplex relay network can be potad VLC [11], TTCM-VLC-R, DSCM and DSCM-O schemes when communi-

based on [24], [25] as Egs. (18) and (19), respectively: cating over uncorrelated Rayleigh fading channel usingamé length of
Ns = 15 000 symbols.
¢V = min {AC(HT-,d) i AC(s—ay + (1 — A)C(Hd)} , (18) In order to benchmark our proposed schemes, we have coadider
' — mn {AC(HT-) L AC(omay + (1 — A)C(Md)} (19 the cooperative DTTCM scheme of [19], the non-cooperatiVE M-

VLC scheme of [11] as well as a cooperative scheme referred to
whereC',_.5,¢) is the capacity of the channel between the transmitteis TTCM-VLC-R, which does not consider the source-to-dasin
at nodea and the receivers at both nodeand nodec. Similarly, link, but employs a TTCM-VLC encoder at both the source and
C(a—vb) is the capacity of the channel between the transmitter & nocelay nodes. The BER versus SNRerformance curves of the
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