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Abstract— In this contribution, we propose a Distributed Turbo Trell is
Coded Modulation (DTTCM) scheme for cooperative communictions.
The DTTCM scheme is designed based on its decoding convergenwith
the aid of non-binary Extrinsic Information Transfer (EXIT ) charts.
The source node transmits TTCM symbols to both the relay and he
destination nodes during the first transmission period. Thaelay performs
TTCM decoding and re-encodes the information bits using a Reursive
Systematic Convolutional (RSC) code regardless whether ¢éhrelay can
decode correctly or not. Only the parity bits are transmitted from the
relay node to the destination node during the second transresion period.
The resultant symbols transmitted from the source and relaynodes can be
viewed as the coded symbols of a three-component parallebiecatenated
TTCM scheme. At the destination node, a novel three-compomé TTCM
decoding is performed. It is shown that the performance of te DTTCM
matches exactly the EXIT chart analysis. It also performs vey closely
to its idealised counterpart that assumes perfect decodingt the relay.

Index Terms— Cooperative Diversity, Turbo Trellis Coded Modulation.

I. INTRODUCTION

The wireless communication systems of future generatioms
required to provide reliable transmissions at high datesrat order to
offer a variety of multimedia services. Space time codirtgestes [1],
which employ multiple transmitters and receivers, are antme
most efficient techniques designed for providing a high rdivge
gain, provided that the associated Multiple-Input Mubkifdutput
(MIMO) channels [2]-[4] experience independent fadingwduer,
it is difficult to eliminate the correlation of the signals &rh using
multiple antennas at the mobile unit due to its limited sibe.
order to circumvent this problem, cooperative diversitiyesnes were
proposed in [5]-[7]. More specifically, each mobile unitlabbrates
with one partner or a few partners for the sake of reliablggnaitting
its own information and of its partners jointly, which emigla a
virtual MIMO scheme. The two most popular collaborativetpomls
used between the source, relay and destination nodes abetoge-

capacity of the Additive White Gaussian Noise (AWGN) chdnne
Recently, various TTCM schemes were designed in [12] with th
aid of Extrinsic Information Transfer (EXIT) charts [13]14] for
approaching the capacity of the Rayleigh fading channel.

Distributed turbo codes [15] have also been proposed fop-coo
erative communications, although under the simplifyinguasption
of having a perfect communication link between the sourcé an
the relay nodes. It was shown in [16] that parallel-concatieth
turbo codes having two or more component codes constitued'g
codes’ provided that sufficiently long pseudorandom iet@rérs are
used between the component codes. Although two componeesco
are sufficient for a turbo code in non-cooperative commuitina
scenarios, we found that three-component turbo codes ame mo
beneficial in cooperative communications. Hence in thidrioution,
we proposed a power and bandwidth efficient Distributed TTCM
(DTTCM) scheme for cooperative communications, where @sigh
takes into consideration the realistic condition of havamgimperfect
source-relay communication link. We first design a TTCM scle
£mploying three RSC component encoders based on its decodin
convergence using EXIT charts. Then we invoke this TTCM swhe
for cooperative communications, where the source employwoa
component TTCM encoder and the relay employs both a two-
component TTCM decoder as well as a single RSC encoder. A
form of incremental redundancy [17] is introduced by thayetode,
where the parity bits at the output of the relay’s RSC encader
communicated to the destination node. At the destinationpwel
three-component TTCM decoder is used. The decoding coerneeg
of the three-component TTCM decoder depends on the specific
choice of the component codes as well as on the distance &etwe
the cooperating nodes.

The paper is organised as follows. The system model is destri
in Section Il. The novel DTTCM encoder and decoder are higitdid
in Sections Il and IV, respectively. The design and analysi the

And-Forward (DAF) as well as the Amplify-And-Forward (AAF) proposed scheme is provided in Section V. Our simulationltes

schemes. However, a strong channel code is required fogatiiip

are discussed in Section VI. Finally, our conclusions aferefl in

the potential error propagation in the DAF scheme or the enoiSection VII.

enhancement in the AAF scheme.

Turbo codes based on the parallel-concatenation of tworpina Il. SYSTEM MODEL

Recursive Systematic Convolutional (RSC) codes were [zexgbhon
[8], [9] for approaching the channel capacity. Turbo TeelCoded
Modulation (TTCM) [10] is a joint coding and modulation sche
that has a structure similar to that of the family of binargbtucodes,
but instead of binary RSC codes it employs two identical Ipelra
concatenated Trellis Coded Modulation (TCM) [11] schemes

component codes. The design of the TTCM scheme outlined0h [1
was based on the search for the best component TCM codesthsing_.

so-called ‘punctured’ minimal distance criterion for apaching the
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Fig. 1. Schematic of a two-hop relay-aided system, whégg is the
geographical distance between nadand nodeb.

The schematic of a two-hop relay-aided system is shown inTFig



where the source node)(transmits a frame of coded symbats

to the relay noder and the destination nodel)( during the first
transmission period while the relay node first decodes ttogrimation
and then re-encodes it and finally transmits a frame of cogetbals
X, to the destination node during the second transmissiong€eFhe
communication links seen in Fig. 1 are subject to both l@Tgitfree-
space path loss as well as to short-term uncorrelated Raylading.

Let d,, denote the geometrical distance between nadesd b.
The path loss between these nodes can be modelled by [18]:

P(ab) = K/d2, | (1)

where K is a constant that depends on the environmentaiglithe
path loss exponent. For a free-space path loss model wechave.
The relationship between the enerBlysr) received at the relay node
and that of the destination nodgé(sd) can be expressed as:

)= P(sr)

E(sr Plod)

Es’d = Gersd 3 (2)
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Fig. 2. The schematic of a three-component parallel-ceneaéd TTCM

whereGy, is the power-gain (Or geometrica| gain) [18] experiencegncoder. This corresponds also to the DTTCM scheme, whee #re no

by the source-to-relay link with respect to the sourcedstithation
link as a benefit of its reduced distance and path loss, whichbe
dsd

computed as:
2
Gsr' = <ds7‘> . (3)
Similarly, the power-gain at the relay-to-destinatiorklimith respect
to the source-to-destination link can be formulated as:

2
Gra = <dsd> .

4 (4)

Naturally, the power-gain at the source-to-destinatiork hvith re-
spect to itself is unity, i.eGsq = 1.

decoding errors at the relay node.

modulation can still provide a good decoding performancehat
destination node, while reducing the transmission peridtiearelay

to half of that when employing BPSK modulation. If the relay i
capable of detecting the signals received from the sourde nithout
errors during the first transmission period, then we can vienthree
encoders employed at both the source and relay nodes asea thre
component parallel-concatenated TTCM encoder, which jEcted

in Fig. 2. The notationa1, xs; and x, used in Fig. 2 denote the
sequences of thee-bit information symbols, 12 + 1)-bit modulated
symbols at the source node and the 2-bit QPSK symbols at I re

The kth received signal at the relay node during the first transmi§ode, respectively. The notations, and = in Fig. 2 denote the
sion period, whereV, number of symbols are transmitted from theSymbol-wise random interleaver used at the source node elag r

source node, can be written as:
Yrk =V Gs'r‘ hs'r,k Ts k +n7‘,k 5

wherek € {1,..., N} and h,. . is the Rayleigh fading coefficient
between the source node and the relay node at instamhile n.
is the AWGN having a variance d¥,/2 per dimension. By contrast,

Q)

node, respectively. We do not use code termination for saityl
hence the length of the symbol interleavers used at bothdhees
and relay nodes equals 1§, symbols. The puncturer denoted &s
in Fig. 2 is used to improve the overall throughput of the sthe
We found that a good performance can be achieved by tramsgnitt
only the parity bits generated at the output of the RSC encatle

the kth received symbol at the destination node can be expressedte relay node.

(6)

Y,k = Nsd,k Ts, ko + Nd,k 5

Non-binary RSC codes having a generator polynomigl 8% 4]19
are used as the component codes, where the code rate is given b

where h.q; is the Rayleigh fading coefficient between the sourc& = m/(m + 1) = 2/3. The overall throughput of this two-hop

node and the destination node at instantvhile ng . is the AWGN
having a variance olNy /2 per dimension. Similarly, thgth received
symbol at the destination node during the second transonigsriod,

cooperative scheme can be computed as:

N;
N TN [bpg ,

n (8)

where N,. number of symbols are transmitted from the relay node,

is given by:
Ydj = VGrd hraj Trj +naj , (7

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

I1l. DTTCM ENCODER

where N; is the number of information bits transmitted within a
duration of (Vs + N,) symbol periods. AgainN; is the number

of modulated symbols per frame from the source node &hdis

the number of modulated symbols per frame from the relay node
Since no code termination is used, we ha¥e = m Ns. The
conventional two-component TTCM scheme has a throughput of
n=m/(m+1) x log,(8) = 2 bps due to the employment of 8PSK
modulation and a selector that punctures away the evetigrosi
coded symbols from the upper TTCM component encoder as well a

In our DTTCM scheme, we consider an 8PSK-assisted twthe odd-position coded symbols from the lower TTCM compénen
component TTCM encoder at the source node as well as a QP®tcoder. Note that the number of symbols per transmissicst biti

assisted RSC encoder at the relay node. Note that the relagntits
only the parity bits so that the systematic bits are trartschibnly
once, which is during the first transmission period. Althouge

the relay node is given by, = N;/2 due to the employment of
QPSK modulation and a puncturer that removes all systerb@tc
Hence, the overall effective throughput of the DTTCM scheise

can employ BPSK modulation at the relay, we found that QPS#iven byn = (m N;)/(Ns + 0.5N,) = 1.3333 bps. The Signal
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Fig. 3. The schematic of the DTTCM decoder. The input to th&€WTdecoder denoted asRR:S]) is from the M = 2™+1-ary demapper while the input
to the third decoder denoted aB)(is from the QPSK demapper.

to Noise Ratio (SNR) per bit is given b¥:,/No = SNR/n. Hence, 1) A® = [E&S]' + [E&S]?, which is the interleaved version of
the DTTCM scheme suffers from a penalty of 1.76 dB in terms of  the extrinsic and systematic information provided by the&CNMI
Ey,/No due to a reduction of 0.6667 bps in the throughput, when  decoder, and

compared to the conventional TTCM scheme. 2) [P&S]3, which is the depunctured and interleaved version of
the soft information provided by the QPSK demapper denoted
IV. DTTCM DECODER aspin Fig. 3.
The novel decoder structure of the DTTCM scheme is illusttén V. DESIGN AND ANALYSIS

Fig. 3, where there are three constituent decoders, eaeliddlwith a
round-bracketed index. Symbol-based MAP algorithms [J@rating

in the logarithmic-domain are employed by the RSC decodHns.
notationsP, S, A and E denote the logarithmic-domain probabilities
of the parity information, of the systematic informationf the

a priori information and of thextrinsic information, respectively.
There are2™*! probabilities associated with g + 1)-bit TTCM-
tcr:) ed e'\;lj Asg rzl;(élé dvgrm[:?g?_a\.ll.iéz eb Zg?:gml?;d aartetri]r?pi(t)f; Odfr:n gp]m;;_e decpdgr, while thextrinsjg mutual information/g, is related to the
MAP decoder agP&S], which indicates the inseparable nature oprinsic symbol probability of theth component decoder [14].

the parity and systematic information [10], [19] within ansyol. The EXIT chart of the two-component TTCM-8PSK scheme
The a posteriori information of them-bit systematic part of an recorded for the classic non-cooperative scenario is thgpio Fig. 4,
(m+1)-bit TTCM symbol at the output of one of the constituent TCMVhere the decoding trajectory is computed based on a framgehlef

decoders can be separated into two components ( [19, Sex#ddn 10 000 symbols. When there is no path loss, the receive SNRIqu
and [10]): the transmit SNR. As we can see from Fig. 4, a receive SNR aftabo
. o . 9.0 dB is needed in order to attain a decoding convergenaee sit
1) the inseparabletrinsic and systematic componefii&eS] g 5 g the EXIT-tunnel remains closed. Fig. 4 also corredpoio

also referred to as theutrinsic component, which is generatedthe performance of the TTCM-8PSK scheme for the sourcelyr
by one of the constituent TCM decoders, and link. The receive SNR can be computed as:

2) the a priori componentA, which is provided by the other
constituent TCM decoder. SNR. = SNR; + 101log;,(Gsr) [dB] , 9)

However, in our proposed scheme the priori componentA where SNR is the transmit SNR and';, was defined in (3). Hence,
comprises also the additionattrinsic information provided by the a receive SNR of 9.0 dB can be achieved by various combiratifn
third RSC decoder, namelf®, as we can see from Fig. 3. MoreSNR, and G,,.. For example, we have SNR= 9.0 dB for SNR =
explicitly, we haveA"? = [E&S]*V + E*, where the extrinsic 3.0 dB and for a power-gain ofY,. = 4 as well as for SNR =
componentE? contributing to A? is the symbol-interleaved version 0.0 dB andG',- = 8. Hence, depending of's., which is related to
of E? contributing toA. The a posteriori information of them- the distance between the source, relay and destinatiorsrind@),
bit systematic part of ann¢ + 1)-bit TTCM symbol provided by the we can determine the minimum required transmit SNR at thecsou
second TCM decoder is then symbol-deinterleaved and fedhéo tnode in order to minimise the probability of decoding erratshe
third RSC decoder. The inputs of the third RSC decoder are: relay node.

The first step in our design is to determine the decoding aenve
gence of the two-component TTCM scheme at the output of the co
munication link between the source and the relay nodes. biizary
EXIT charts [14] are used to visualise the input/output abaristics
of the non-binary constituent RSC MAP decoders in terms efrth
average mutual information transfer. Ta@riori mutual information
14, is related to the priori symbol probability of thé:th component
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Fig. 5. The EXIT curves of the DTTCM scheme for a transmit SNIR.6 dB
at both the source and the relay nodes. The EXIT curves of THeMF8PSK
decoder employing different number of inner iterations sitewn. The EXIT
curves of the RSC-QPSK decoder recorded for various relaestination
power-gains are given.

The second step in our design is to analyse the decoding iconve
gence of the three-component TTCM decoder at the destinatde.
The EXIT curves of the TTCM-8PSK decoder employing various
number of inner iterations and the RSC-QPSK decoder pldtied
various relay-to-destination power-gains are shown in. BigWe
assume perfectly error-free DAF relaying in our EXIT charalysis,
where the relay is capable of detecting the signals arrifiogn
the source node without error. We refer to the DTTCM arrarg@m
benefitting from perfect DAF relaying as the DTTCM-perfetteme.

As we can see from Fig. 5, having more than 2 TTCM iterations
yields a diminishing advantage. The various values of thayr-
destination power-gaity';,- can be obtained by changing the location
of the relay nodes appropriately. Observe that an open temnerges

in the EXIT chart of Fig. 5, when the TTCM-8PSK decoder employ
two inner iterations and we hawd,.; = 4, which corresponds to
dr'd = dsd/2-

2.0 o
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Fig. 6. The EXIT curves of the DTTCM scheme for a transmit SNR o
4.5 dB and 5.0 dB at both the source and the relay nodes.

The third step in our design is to verify our prediction by com
puting the corresponding Monte-Carlo simulation-relatitoding
trajectory, for the DTTCM-perfect scheme. The decodingettary
based on a frame length éf; = 10 000 is shown in Fig. 6 for a
transmit SNR of 4.5 dB.

VI. RESULTS AND DISCUSSIONS

The final step in our analysis is to compare the achievable
performance of the DTTCM scheme employing a realistic relage,
which potentially induces error propagation, to that of BETCM-
perfect scheme. The Bit Error Ratio (BER) versus transmiRSN
performance of the DTTCM and TTCM schemes is shown in Fig. 7.
The number of TTCM decoding iterations was fixedto = 8 at
the relay node of the DTTCM scheme. At the destination ndde, t
number of ‘inner’ TTCM decoding iterations was fixed f§ = 2,
while the number of ‘outer’ decoding iterations between Te&CM
decoder and the RSC decoder at the destination was fix&f t08.
Hence, the first and second RSC decoders of the TTCM scheme are
activated] = I x I¢ = 16 times each, while the third RSC decoder
is activatedI¢ = 8 times in our simulation. We assume that both the



source and relay nodes transmit their signals using the s@msmit
energy, hence the same transmit SNR.

1
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Fig. 7. BER versus transmit SNR performance of the DTTCM afi€MW

schemes for a frame length &fs; = 10 000 symbols. The relay node of the

DTTCM is placed half-way between the source and relay nades7s, =
Grq =4

As seen in Fig. 7, the performance of the DTTCM-perfect s@em

matches the EXIT chart prediction illustrated in Fig. 6, ehihe

DTTCM scheme performs similarly to the DTTCM-perfect scleem [7]
At a BER of 107, the DTTCM arrangement outperforms the TTCM

scheme by approximately 4.84 dB in terms of the requiredstran
SNR, which corresponds td.84 — 1.76 = 3.08 dB in terms of

Ey/No. In fact at a transmit SNR of 5 dB we have a receive SNR

of 5+ 10log,,(Gsr) = 11 dB at the relay node fo6,,, = 4. As

9
we can see from Fig. 7 the non-cooperative TTCM scheme, which]
employs 8 TTCM decoding iterations, has a BER of approxitpate
107% at SNR= 11 dB. This implies that at a transmit SNR of 5 dB,[10]

the relay would suffer from a BER of approximatelp—¢. These
decoding errors propagate to the destination node causBigRaof

approximately2.5 x 10> at a transmit SNR of 5 dB as shown in
Fig. 7. Hence, when the BER at the relay node is very low, itldiou

not cause too much BER degradation at the destination. Therfect
relay signals would help the DTTCM decoder at the destinatm
perform well when the BER at the relay node is very low.

Note furthermore that afs, = 4 and at a transmit SNR of 4.5 dB [13]

the receive SNR at the relay node becomes 10.5 dB, whith.is—

9.0 = 1.5 dB higher than the TTCM decoding threshold of 9.0 dBjy 4
as shown in Fig. 4. Hence, the DTTCM scheme’s performance can

be further improved by moving the relay node farther awaynftbe

source node and hence closer to the destination node, hmtiéteive (19]
SNR at the relay node is just above 9.0 dB. This would resu# in
higher G4 value and hence a higher receive SNR at the destination

node during the second transmission period.

VII. CONCLUSION

A power and bandwidth efficient DTTCM scheme was pro

posed for cooperative communications based on the thre@aoent

TTCM design of Fig. 3. A two-component TTCM scheme is recglire
at the source node of Fig. 1 in order to minimise the decodimgre [19]

probability at the relay node using the minimum possiblegnait

SNR. Once the received SNR at the relay node exceeds theidgcod

[17]

(18]

chart of the three-component TTCM decoder seen in Fig. Satsve
that a beneficial combination of the transmit SNR and theyrela
location results in a decoding convergence at a lower SNR tha
classic TTCM scheme. Our simulation results seen in Figowshat
the DTTCM outperforms the conventional non-cooperativeCWIT
scheme by 3.08 dB at a BER db~*, when the relay is located
half-way between the source and destination nodes.
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