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Abstract— In this paper, we develop a capacity-approaching

The information theoretic study of the relay aided charmnel’

Cooperative Space-Time Coding (CSTC) scheme employing ir- capacity was pioneered by Cover and El Gamal [3]. Specifi-

regular design for a twin-relay aided network as an extensio
of our previous work cast in the context of a half-duplex sinde-
relay-aided network. For the sake of recovering the multipexing
loss imposed by a half-duplex three-terminal network, we employ
a successive relaying protocol in this paper, where an addanal
relay node is activated. Hence, in order to design a near-cagity
coding system, first the capacity and the achievable infornteon-
rate of a specific space-time coding aided scheme are quangii
for the successive relaying aided channel. More specificgllthe

cally, they derived the exact capacity expression undeaicer
conditions and evaluated both the lower and upper bounds of
the achievable modem-mode-related information rateseiRec
information theoretic studies considered the Gaussiaayrel
channel in the context of multiple relay nodes [8], and relay
nodes operating in either full- or half-duplex mode [4], as
well as multi-antenna aided relaying systems [12] and two-

cooperative space-time codes employed at the source and thevay relay channels [9].

relays are jointly designed with the aid of EXtrinsic Inform ation
Transfer (EXIT) charts for the sake of high-integrity operation at
Signal-to-Noise Ratios (SNRs) close to the correspondingces-
sive relaying channel’'s capacity. Furthermore, unlike in he half-
duplex single-relay based system, the destination node ferms
frame-by-frame Successive Interference Cancellation (8l) aided
iterative detection, in order to mitigate the efforts of multiple-
access interference. Finally, our numerical results dematrate
that our proposed Irregular Cooperative Space-Time Coding(Ir-

CSTC) scheme is capable of near-capacity operation in the

successive relaying aided network, which is an explicit befit
of our joint source-and-relay transceiver design.

Index Terms— Irregular cooperative space-time code, iterative
detection, irregular convolutional code, EXIT charts.

I. INTRODUCTION

A. Background

In addition to the above-mentioned information theoretic
investigations, there are numerous studies on practiaabir
mission schemes designed for relaying systems. For theo$ake
improving the achievable diversity gain of practical rekged
half-duplex networks, numerous cooperative protocols [1]
[2], [10], [13] have been proposed. However, in most three-
terminal aided cooperative scenarios a signifigaultiplexing
loss is incurred compared to classic direct transmissions due
to the half-duplex constraint of practical transceivers: the
sake of recovering the multiplexing loss as well as maiiain
the relays’ low complexity, a successive relaying protogas
proposed in [14], which incorporated an additional relaghia
network, where the two relays transmit in turn. However, as
mentioned in [14], a sophisticated channel code was redjuire
for achieving near-error-free detection at the relay noules
hence to prevent error-propagation, which was beyond the
scope of [14].

OOPERATIVE communications [1], [2] have drawn sub- On the other hand, inspired by the classic turbo codes
stantial research attention in the past few years, whi¢tsed in non-cooperative communication scenarios, Dig&ib

combine the benefits of distributed Multiple-Input Mulgl Turbo Codes (DTC) [15] have been proposed for “distributed
Output (MIMO) systems with relay-aided techniques. RelayMIMO” systems, which benefit from turbo processing gain,

ing techniques may be employed in diverse communicati@nd therefore they are particularly suitable for operaton
scenarios, such as cellular networks, wireless ad-hoc da@ SNRs. However, DTCs suffer from having an imperfect
sensor networks, and wireless local area networks, in ord@@mnmunication link between the component decoders consti-
to improve the attainable transmission efficiency and/ba+e tuted by the source and relay nodes. In order to circumvent
bility. Specifically, in a relay aided network where the nsdethis drawback, a three-component Distributed Turbo Telli
(users) are equipped with either single or multiple antsnn&oded Modulation (DTTCM) scheme has been proposed
cooperative communications allow the nodes (users) tetas#h [16], which takes into consideration the realistic cdiui
each other in forwarding (relaying) all messages to thei-des®f having an imperfect source-to-relay communication .link
nation, rather than transmitting only their own messagem T The DTTCM scheme of [16] was designed using EXtrinsic
main aspects of relay-aided networks have been investigrate Information Transfer (EXIT) chart analysis [17], [18], aitd

the literatures, namely the fundamental limits of transiniss Wwas capable of minimizing the decoding error probability at
over relay channels [3]-[9], and the development of pratticthe relay. As a benefit, it performed close to its idealized

cooperative protocols and transmission schemes [2], [10], counterpart that assumes perfect decoding (no decoding er-
rors) at the relay. However, the DTTCM of [16] still fails

to approach the corresponding relay channel’'s capacity. On
the other hand, several capacity-approaching turbo coding
schemes were proposed in [19] and [20] by Zhang and Duman
for full-duplex and half-duplex relay systems, respedtive
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although the authors did not aim for finding the optimal cgdin or; o @
schemes under different relay network configurations / \ /
I ©) ® O ® O [ ]

B. Contribution s d s \ d s /d

In [22], an Irregular Distributed Space-Time Coding (Ir- @ @r, @7,
DSTC) scheme was proposed for the sake of approaching the

. ; Phase 1 b) Phase 2 Phase 3

three-terminal half-duplex relay system’s capacity. Dué¢hie (&) Phase (b) Phase () Phase
half-duplex constrairi the relay system’s effective throughputg (1 [ 2 [ 3 ] 4] 5 |- N |ide
in [22] was reduced by a factor of two. In this paper, we ——— —— 7w
propose a more general Irregular Cooperative Space-Timer 1" "1 [ 3" [ 3 [ 5 |---[ N-1] ide

Coding (Ir-CSTC) scheme for a twin-relay aided network, '~~~

where the successive relaying protocol is employed for the e 7 "2~ aT cel TN
sake of recovering the half-duplex relaying loss. In ord[e}?3 el '" B “III '
to design a capacity-approaching cooperative coding sehegp « =77 [ g5 [ '2'&'3'_|' “304 [ 485 | -+ - iN-1&N] N |
for the successive relaying scenario, we first derive bogh th '~~~ """~ ""--~""--=-"----~ Tt
upper and lower bounds of the Continuous—input Continuodgl Frame structure, solid _box for transmitted signal, @dshox for received
._signal and dotted box for idle status
output Memoryless Channel's (CCMC) [23], [24] capacity
as well as the bounds of the information rates constrained . I
. . L. . L Fig. 1. System model for the successive relaying aided n&twehere the
by independent and uniformly distributed (i.u.d) discréte jyerference between the relays is negligible.
puts for the successive relaying aided uncorrelated Rgylei
fading channel. Furthermore, a joint source-and-relay enod
design procedure is proposed for the twin-relay aided nétwoantennas, and intends to communicate with the destination
Specifically, the distributed code components used at thgving Ny antennas. The two relays andr, are equipped
source and relays are optimally designed. As a benefit, theith Nr, and N;, antennas, respectively, and each retay
CSTC scheme becomes capable of approaching the Discretgn be either a mobile user or a fixed relay. Compared to
input Continuous-output Memoryless Channel's (DCMC) [23}he conventional single-relay-aided scheme, it is cleadgn
[24] capacity (constrained information rate) in the coftexhat one additional relay is required to support the sudzess
of the successive relaying aided network, when the framgaying, which potentially increases the overall infrasture
length is sufficiently long (e.g. £its), while approaching the cost. However, this can be avoided, when the relays are
transmission efficiency of classic direct transmissionrafieg constituted by inactive mobile users. To obey the realistic
without relaying. Most importantly, it will be demonstrate limitations of practical transceivers, all nodes in thewark
that our joint source-and-relay mode design procedure dbey the half-duplex constraint, i.e. a node cannot transmi
capable of finding the optimal cooperative coding schengd receive simultaneously. Furthermore, we consider #asim
under arbitrary relay network configuration. scenario to that of [25], where the relays were said to have
The rest of this paper is organised as follows. The systefeak interconnections”. In our case, the interferenceveen
model and the successive relaying protocol are describeditg relays is considered to be negligible compared to the
Section II. Section Il specifies the encoding and decodirfgsired signal power, especially when no line-of-sight §)O
processes of the I-CSTC scheme designed for the succesgidismission exists among the relays. As in [26], we model
relaying aided network. The CCMC capacity and the uppgfe communication links between the nodes of Fig. 1 as being
as well as lower bounds of the successive relaying channgfisojected to both free-space path loss as well as to unatedel
DCMC capacity (constrained information rate) and the EXIRayleigh fading, except for the link between the relays. ¢¢en
chart aided joint source-and-relay mode design are ddtaile as a benefit of the commensurately reduced distance and path
Section IV, while our simulation results and discussions ajoss, we achieve a proportional geometrical-gain [26] for t
provided in Section V. FinaIIy, we conclude in Section VI. Source-to-re|ay (SR) links and the re|ay-to-destinatiR[DX
Il. SYSTEM MODEL AND PROTOCOL DESCRIPTION Iink_s with respect to the source-to-destination (SI_D) link,
which are denoted bBs,, G, and Gy, 4, Gr,d, respectively.
A. System Model Naturally, the geometrical-gain of the SD link with respazt
We consider the four-terminal successive relaying aidedelf is unity, i.e.Gg = 1. In this paper, we assume that the
network of Fig. 1, where a single soursés equipped witfNs  relays are closer to the source than to the destinitishile
1Some other low-complexity distributed space-time codes loa found both the source and relays gre far away fr_om the dgstlnatlon,
in [21]. namely we haveGy, > Gy,q, i = 1,2. In this scenario, the
2The reason of assuming half-duplex terminals relies onabiethat current relays benefit from a higher received signal power than the

limitations in radiq transceiver implemgr_]tations preel_ut_ie terminals frpm destination, which facilitates the emp|0ymem of neamr
full-duplex operation, i.e. from transmitting and recaiyiat the same time .
in the same frequency band. To elaborate a little furtheteed, it would D€code-and-Forward (DF) relaying.

be beneficial in capacity terms to transmit and receive atstmme time,

but this would result in the following problems. The receivsignal may

be almost 100dB lower than the transmit signal. Hence thdleshdeakage

of the transmitted signal would desensitize the receiv&tdomatic Gain 3In [27] and [28], the effects of relay position were inveatigd and the
Control (AGC), hence potentially drowning the receivednsig authors considered the benefits of power allocation as ateoneasure.



B. Protocol Description [1l. | RREGULAR COOPERATIVE SPACE-TIME CODING FOR

We split the source transmissions into different identical SUCCESSIVERELAYING NETWORK
length frames. As illustrated in Fig. 1, the transmission |n [22], we proposed a novel Ir-DSTC coding scheme for
scheduling of the successive relaying protocol can be #str the three-terminal relay-aided network. In this paper, wié w
as follows. In Phase 1 of Fig. 1(a),s transmits frame 111 propose a general Cooperative Space-Time Coding (CSTC)
listens tos; r> remains silent and receives frame 1 frons. scheme using irregular design for the four-terminal susiges
In Phase 2 of Fig. 1(b),s transmits frame 2r; decodes, re- relaying aided network, which will be shown in Section IV to
encodes and forwards frame rg; listens tos andd receives pe capable of approaching the DCMC capacity limit for the
frame 1 fromr; and frame 2 froms. By contrast, during successive relaying channels.
Phase 3 seen in Fig. 1(c)s transmits frame 3r, decodes,
re-encodes and forwards framerz listens tos andd receives o )
frame 2 fromr, and frame 3 frons. This progress is repeatedA‘ Distributed Encoding at the Source and Relays
in this manner untilPhase N. In Phase (N+ 1), s andr; As seen in Fig. 2, at the source of the four-terminal
(or rp) keep silent. Them, (or r;) decodes, re-encodes anguccessive relaying aided network, we use a three-componen
forwards frameN, while d receives frameN from r, (or serial concatenated IRCC-URC-STC scheme, where the IR-
r1). The frame structure of the successive relaying schermagular Convolutional Code (IRCC) [29], [30] and Unity-Rat
is further illustrated in Fig. 1(d). It is clearly seen thatour Code (URC) [31] are employed to facilitate the near-cagacit
successive relaying schembl{ 1) communication phases areperformance on the end-to-end link, as discussed in [32]-
required to conveyN frames of information with the aid of [34], and the Space-Time Code (STC) is used to achieve
two relays. Hence, the efficiency of classic direct transiois spatial diversity gains and/or coding gains. On the othedha
is approached, provided thhitis sufficiently high. The vector at both of the two relays, the same two-component serial
hosting the received signal at the relaycan be formulated concatenated IRCC-STC scheme is employed for the succes-

as: sive relaying aided network considered in this contrilbtio
where the IRCCs at the relays may have different coding rates
Yri = v/ GsriHg G+ 1y, @) and weighting coefficients, and will assist us in attaining a

By contrast, the signal vector received at the destinationnear-capacity performance, as in [22]. The notatiogsand
during the first and last transmission phase can be expresBedseen in Fig. 2 represent the bit-wise random interleavers

as: used at the source and the relayr, respectively. Since the
frames transmitted and relayed from the source and relays
Yd = \/@Hsdcﬁnda (2)  have the same frame length, as seen in Fig. 1(d), we choose

and the same average code r&dor the different IRCCs used at

the source and relays of the twin-relay aided network. Note

Yd = \/GrdHrdCr, +Ng, i=10r2 (3) that there is no interference between the two relays during

respectively, while the signal received Hyfrom s during the any of their transmission.pha.ses, as detailed in [25]. Hence
intermediate phase is contaminated by the interferingad;&'gnno mterference suppression 1S ne_eded at the reIaysz as seen
received from the relay, which is formulated as: in Fig. 2. However, a_t the dest|_nat|on, except for the f|r_sd an
last phase, suppression of the interference becomes atipbten

Yd = v/ GsdHsdCs + v/ Gr;dHrdCr; +Ng, i=10r2 (4) problem, which will be detailed in the next subsection.

wherey;, = [yri,17...,yri,N,i]T is the N;,-element vector of the

signals received at relay. Furthermoreyq = [Ya.1,--.,Yan,]| B- |terative Decoding at the Destination

is the Ng-element vector of the signals received at the destina-|n contrast to the iterative decoder of the conventional
tion, while Hg; € CNi>N, Hgy € CN*Ne and Hpg € CY"™Ni gingle-relay-aided network of [22], Fig. 3 illustrates awavel
are the corresponding channel matrices having independggne-by-frame successive interference cancellatiorC)SI
and identically complex Gaussian distributed elementh @it ajded iterative decoder designed for the I-CSTC scheme of
zero mean and a variance of 0.5 per dimension. Furthermafes successive relaying aided network. The SIC aided iverat
Cs = [Cs,1,---,Cs,NS]T and ¢, = [Cri,l,---,Cri,Nri]T are theNs-  decoder of Fig. 3 has two distinctive parts. Except for thet fir
element vector of the signals transmitted from the sourg@d last phase of thé\(+ 1)-phase relaying protocol, in each
s and the Ny;-element vector of signals transmitted fromntermediate phase, the destination first uses the iter&iC
the relayr;, respectively. In this paper, we assume that th@gorithm [34] to separate the signals received from thecsou
source and relays transmit at the same po®er Finally, and relays. For example, Phase n of Fig. 3, the destination
e =[Ny 15NN ]T @ndng = [Nga,...,Na ] T are the cor- receives the signals of frames 1) andn from the relay

responding\r;-element andNg-element AWGN vectors, both r; j =1 or 2 as well as from the soursgrespectively. It first
with each element having a zero mean and a varian®®/  detects the signals of frame { 1) using SIC, while treating
per dimension. the signals of framen as interference. After framen(- 1) is

P . _ _ detected, the destination subtracts it from the receivgalads
In this contribution, we only consider the scenario, whére two relays d d d f As di d in 1341 af
are always active in assisting the source. The cooperagsterss, where the @nd proceeds to detect frameAs discussed in [34], after a

relays are not always cooperating are investigated in [h8&][21]. sufficient number of SIC iterations near-optimum perforoean
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Fig. 2. Schematic of the Ir-CSTC encoder for the successilaying aided the _so.urce b_its' .
network. Similarly, in the subsequenPhase (n+ 1), the signals

of frame n received from the relay; and frame i+ 1)
may be achieved for both frames { 1) and n. After the received from the source are detected consecutively by the
iterative SIC operations, the appropriately separatedatiy iterative SIC algorithm at the destination. The detectgdais
of frame f— 1) received from the relay; are used in the of frame n are passed to the amalgamated “§TIRCGC;,”
ensuing iterative decoding process of Fig. 3 in conjunctiatecoder and are used in the ensuing iterative decodinggsoce
with the detected signals of frama { 1) received from the The separated signals of frama - 1) will then be used
sources in Phase (n—1). The detected signals of frante in the subsequent three-stage iterative decoding process i
are then decoded by the UR@ecoder seen in the middle ofconjunction with the detected signals of franme-(1) in Phase
the top part of Fig. 3 in order to produce thepriori Log- (n+2). This process continues, until the last frame is decoded.
Likelihood Ratio (LLR) valued 1 5(c1) of the coded bitg; by
the Maximum Aposteriori Probability (MAP) algorithm [35]. |V. NEAR-CAPACITY SYSTEM DESIGN BASED ONEXIT
The IRCG decoder seen at the top right of Fig. 3 processes CHARTS
the information forwarded by the UR@ecoder in conjunction
with the a priori LLR valuesLy a(u1) of the information bits
u; gleaned by the “STCGIRCG" relay-decoder in order to

generate th?‘ post_eriori LLR vaIuesLl,p(ul_) and L1=P(C1_) of  this section, we will demonstrate that our general Ir-CSTC
the |nforrr_1at|qn bitsuy and_of_the coded bitsy, respectively. scheme is also capable of achieving decoding convergence
As seen in Fig. 3, tha priori LLRs Lya(c1) are subtracted 4, 5 infinitesimally low Bit Error Ratio (BER) at Signal-
from the a posteriori LLR valuesLyp(c1) and then they are ¢, noise Ratios (SNRs) close to the DCMC capacity limit
fed back to the URC decoder as tha priori information .,ngtrained information rate) of the successive relagiman-
L2a(uz) through the mterlegvems. We term this |nfqrmat|0n— nel. We first derive the upper and lower bounds of the CCMC
sxchaﬂn_ge Process seen in the top “trace”c_)f F'Q- 3 as acity as well as the constrained-information-rate dedor
inner _|terat|0rf’. Similarly, durln_g the “outer” iterations, thethe successive relaying system, when employing Alamouti's
a priori LLR valuesLi a(u) fed into the IRCG decoder are grpc gcheme [36], as detailed in Section IV-A. Then, the
also subtracted from tha posteriori LLR valuesLip(U1)  gx|T chart based joint source-and-relay mode design will be
for the sake of generating the extrinsic LLR valuas(u).  carried out in Section IV-B. In Section IV-C, the EXIT chart

as seen at the top right COI‘I"I‘eI‘ of F“{- 3. Thene(uy) is analysis of a specific example will be given to demonstrate
passed_to_ Fhe ama_lgamateNd SHBCG re_Iay-decoder_ S the proficiency of the code design procedure proposed in
the a priori informationL4 a(01) through the interleavem in Section IV-B

conjunction with the signals received from the relayi =2
or 1 duringPhase (n+1) in order to compute the posteriori
LLR valueslL4 p(0y) of the permuted information bits;.” As
seen in Fig. 3, the extrinsic informatidn ¢(C1) is generated ~ As presented in [4], a general upper bound on the CCMC
by subtracting thea priori information Lsa(0h) from thea capacity of a half-dupléxrelay system is derived based on
posteriori informationLa p(01), beforelse(0) is fed back to the original work on the full-duplex relay channels [3], whi
the IRCG decoder as tha priori informationLs a(u1) through is given by

the de-interleavert . During the last “outer” iteration, the

LLR valuesLyp(u1) of the original information bitsu; are C(c:cénl\acS max {min{)\E[I (X Y2, Y]+ (L= NE[I (%: Y2|X)],
X

As presented in [22], the proposed Ir-DSTC coding scheme
is capable of near-capacity cooperative communications in
the context of a conventional single-relay-aided netwadnk.

A. Capacity and Information-Rate Bounds

passed to the hard-decision block of Fig. 3 in order to eséma p(X1,%2,X)

between the URCdecoder and the IRCQlecoder is referred to as the “inner”

iteration, while that between the parallel amalgamatedCSURGC;-IRCCs”

decoder and the amalgamated “STIRCC;” relay-decoder is referred to as

the “outer” iteration. 6In [4], the source node continues transmission during thersktime slot.

SExplicitly, at the destination node, the extrinsic infotina exchange )\E[I (Xl'Yl)] + (1—)\)E[I (Xz X'Yz)]}} (5)



wherep(x1,x2,X) indicates the joint probability of the signalscan be simplified to

transmitted from the source and the relay nodes, whikethe

ratio of the first time slot duration to the total frame dunati coop g 1.1 1 2 2
< - =

The signalsX; and X, are transmitted from the source node Ceeme = p(osT,"j‘fé,z){m'”{zE [1(Cs: g Yey)] 2E [I(CS’C”’Y")]}

during the first and the second time slot, respectively, avhil 1 1

Y1 andY_z represent the correspond_ing _signals received at the +min{—E L (Csl?Ydlaerﬂ = (C327Q2;Yd2)]} 9)

destination during the two consecutive time slots. Furtieee, 2 2

Y andX are the received and transmitted signals at the relgyq

node, respectively. On the other hand, another achievatge r

definition for the DF protocol, which can be regarded as a _¢oqp .1 1. 1 2~ 2

lower bound on the CCMC capacity of the relay system, wasCCCMCZ p<csrf2r??ér2) mm{EE [I (CS’YU)] ’§E [I (Cs,CryiYg )}}

provided in [4] in the form of

cmnJE b SEDE G, o

Cidhe= max dmin{AE[I(XY)]+ (1= NE [ (i X)),
POaX2.X) respectively.

In addition to the CCMC capacity bounds, we also evaluate

AE[I (X Y1)+ (L=A)E]I (Xz,X:Yz)]} , (8) the information-rate bounds for the successive relayiraneh

nel in conjunction with i.u.d discrete inputs. Thus, the epp

wherel (A; B) represents the mutual information between tHand lower constrained information-rate bounds are given by

channel’s inputA and the corresponding outpBt andE(-) coop 1 Lot 1 5 5

denotes the expectation with respect to the fading coeftisie  Cpcwc < mln{EE [10(C5:Yg, Yry)] 5E [10(C5,Cry; Y )]}
Referring to the transmission frame structure of Fig. 1(d), ) Lol 1 >~ U2

the transmission arrangement of our twin-relay-aided ssicc +m|n{§E [1a(Cs3 Yd Yro)] vEE [1a(C5,Cryi Y )}} (11)

sive relaying network can be treated as a superpositioneof %d

transmissions of two half-duplex three-terminal netwojeks 1 1

minus a single direct source-to-destination link, prodidieat CB‘E%‘ZC > min{—E [ld(Csl:le)] ZE [ld(Cg,Crl:de)]}

the number of frames is sufficiently high. Hence, we may 2 2

i i et 1
readily derive the upper and lower bounds on the CCMC +m|n{§E[|d(Cg';Yr2)] ’EE [ld(Cg,Crz;de)]}, (12)

capacity of our successive relaying channel as
respectively, where the subscrigbindicates the i.u.d discrete-
1 input constraint.
coop 1.1 . . . .
Ceeme < p(cggra)ér ){mm{éE [1(Cs1Yg, i) In this contribution, we employ Alamouti’s 4QAM-based
1 T 1 1 G2 scheme at both the source and relay nodes, where the
+ZE [| (Cszin2|Cr1)] .ZE [| (Csl;Ydl)] +ZE [| (Cszvcrlinz)}} network model is configured withs =2, Ny, = N, = 2 and
2 2 2 Ng = 4, as shown in Figs. 2 and 3. Thedeword matrix of

+min{%E [1(C&YE )] + %E [1(C&YEIC,)] the G2 scheme is given by:
T
1 1 _ c1 ¢
SE [(csYhH] + SE [1(C2,Cr,s Y]] } —E[l (Cs;Yd)]} 7) Ca2 = <_§2 C_i > : (13)

Based on Egs. (1) and (4), the signal received at the relag nod
ri duringV = 2 consecutive symbol periods can be written as:

Yy, = /GgHgCs+ Ny, (14)

and except for the first and last phase, the signal received at

and

1
CcOP.>  max ){mm{ SE[I(CSYy)]

P(Cs.Cry Cry 2

1 2.2 1 Lol 1 2~ U2 the destination node during= 2 consecutive symbol periods
+ §E [ (G5 YG 1G] ’§E [MCsva)] + §E [1G5. G4 )}} in the intermediate phase can be written as:
.1 1
+m|n{§E [1(Cs:¥e)] + 5B [1CS ¥FIC)] Y4 = v/GeHsCs+ v/GriaHrdCri + Na, (15)

1 Loy 1 > U2 _ respectively, wherery, = [y, 1,...,Yr,v] € CNi>*V and Y4 =
EE [' (Cs:Yd )} + EE [' (Cs,Crpi Y4 )} } —E[lGsYa)] ¢, (8) [Yd.1,---,Ydv] € CN*V are the matrices hosting the sampled
signal received at the relay nodg and the destination

cl 1% time slot node, respectively. Furthermor€s = [Cs1,...,Csv] € CN*V
- _ )% _ Nr, XV o
respectively, whereCs = ¢ > . Ya = andCy, = [cy1,...,Cv] € CY*Y represent Alamouti's G2
Cs, 2" time slot . ' S g
L g matrices characterizing the transmissions of the sourck an
Yg, 1% time slot relay ri, while N;, = [ny,1,...,nv] € CY*Y and Ng =

. Since the signal€s and C; are inde- o
Y2, 2" time slot gnales G [Ng1,...,Ngv] € CNe*V represents the AWGN matrix incurred

pendent of each other in most practical scenarios, (7) and & relayr; and the destination, respectively.
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Hence, the G2 codeword-matrix-input constrained S CCMCeny
information-rate bounds of (11) and (12) are given, - oomgan
2.5 | +— DCMCqreq

respectively, by

2El(Ccuva)}

+min{ € la(Ch YA, Ye,)] 5E (G Ci YA} (16)

n
o

(1 .
coop g gmln{éE [1a(Cs:Ya, Yro)]

and

C(bit/channel use)
5 &

2E[u(c2.Civ3)])

+ min{ %E [la(CL Y], %E [14(C2,Cry; Y3)] } (17)

Considering a relay channel associated with perfect seurce
to-relay links, i.e.Gg = », where the relay nodes are very . _ _ _
close to the source node and are capable of perfectly recoVe§: 4.~ The CCMC capacity curve and constrained informatiates

. . . . employing Alamouti's G2 scheme witlg, = Gg, = andGy,g = Gr,q =1
ing all the information transmitted from the source node, Wy s sikcoashe relaying channel, ~ fid = rd

o
3

) .1
C%?l\agzz mln{éE [Id(cé:Yl’l)] 5

0.0

—i5 —iO -5
SNR (dB)

have
3.0
max E[1(Cs; Yy, Yy )] — 0, maxE[l(CsY;)] — o, (18) £ CMCepupg
p(cs,cr) p(Cs,Cr) B SO Coomiame
2.5 | ~+— DCMCcoop.upper
e o | oo
(O]
Ella(Cs; Ya,Yr)| =2, E[la(Cs;Yr)] =2, (19) 8297

1 2 2 8/ Lo
CO% —  max {—E 1(C2,Cry;Y2)
CEMC ™ plcs.cry cry) L 2 [1G5,Cri¥a)] o5
1 2 2 . - ar
+ 5 E [I (CS ’ CI‘2 ' Yd )] } ) (20) 0 Oi ‘ C=1.0 (bit/channel use) SNR=-11.2dB:DCMCcyqqp
Similarly, the lower and upper bounds on the informatioesat 15 -10 > 0 5
: - - SNR (dB)
constrained by the i.u.d G@&deword-matrix inputs converge
to Fig. 5. The CCMC capacity curve and constrained informatiates
employing Alamouti's G2 scheme witBy, = Gy, =8 andG;,q = Gy,q =2
coop-g2 et 2 2 : : ! 2 ! 2
coMe = m|n{§E [ld(CSaCrl;Yd)] ’1} for the successive relaying channel.

.l
+m|n{§E [14(C2,Crpi Y3)] ,1}. (21)
Finally, we reformulate (21) as follows

y (1 sr—>d
CErh A SNRE™) — min{ 23S

(SNRE,SNRY, Gy ) | 1}
}Csr2—>d

erin{2 e (SNI%,SNI{Z,Ger),l}, (22)

An example is given in Fig. 4 for the successive relay-
ing aided uncorrelated Rayleigh fading channel wihq =
Gr,d = 1. Based on Egs. (20), (21) and (22), we characterize
the CCMC capacity and the information rates obeying thdi.u.
4QAM-based G2codeword-matrix-input constraint. The ca-
pacity and information rates of the direct source-to-aesibn
link channel are also depicted in Fig. 4, where we assume

where we refer to SNR SNR and SNR? as the equivalent that the power constraint isPg for the direct transmission
SNRY at the source and relays, respectively, which are &ised benchmarker for a fair comparison. We can observe in
equa| to PO/NO, since they transmit at the same power d'Flg 4 that the information-rate gain is substantial and the
Po. Furthermore, SNRP is the equivalent overall SNR of factor 0.5 multiplexing loss imposed by creating a separate
the successive relaying aided network, which is defined Bgnsmit and receive slot is recovered compared to theiclass
SNRP = Py/No. The variable€s1>9 andC32>9 represent direct transmission.
the corresponding multiple-access channels’ capacitibigh Furthermore, we consider a more practical example for a
can be similarly computed with the aid of Monte-Carlo tectspecific network associated witBs, = Gg, =8 andGy,q =
niques based on Eq. (11) of [34]. Gr,d = 2 in Fig. 5, where the source-to-relay links are im-
perfect. The CCMC capacity and the information rates are
o Sl 1 . o e i et e o €Veluated by the upper and lower bounds given in (9)-(10)
and (11)-(12). In this scenario, we can see in Fig. 5 that the

the receiver side, as in [26]. Although this does not haverectliphysical . ]
interpretation, it simplifies our discussions. lower and upper bounds converge in the low and medium SNR



regimes below a certain convergence threshold. Next, wle wil
show in Section IV-C that the optimized cooperative coding

1.0 onsnssame

scheme is capable of performing near-perfectly at the relay =~ | Decoding trajectory for Source-to-Relay link, SNR = -0.7 dB
nodes, despite having imperfect source-to-relay linkse Th — Decoding trajectory for Source-to-Relay link, SNR” =-21dB | _— 75}
substantial capacity gains shown in Fig. 5 may be achieved by KK/l
using successive relaying techniques instead of classéctdi 08| - , ] ey
transmissions, partially, because the factor 0.5 mubltiptp - ' =gy
loss of [22] is recovered. 0.7/ ’ e I AAAAAK ~ 8
/- : )
B. Joint Code Design at the Source and Relay Nodes 1 061 /- ’ M )
For the sake of near-capacity cooperative communications 0.5 |/ ~ ' e : Lo <
in the successive relaying aided network in this section, wé" e g

generalize the joint source-and-relay mode design praeedu 047
of [22] to suit our four-terminal network of Fig. 1, which is 034 '
summarised as follows: =
Step 1 Choose a specific average code rBtéor the IRCG 0.2 |

at the source and employ the EXIT curve matching algorithm ) :

. . L . . L/ N=2, N;=2, =1 bit/s/Hz
of [29] at the relays in order to obtain the optimized weighti 0.1 - o A URCHG2, SNRY = -0.7 dB (Ac=0.61)
coefficientsaj,i = 1,...,17 of IRCG, where a narrow but ) §RCC2 R B (Aem05)

marginally open EXIT-tunnel is created between the EXIT 0.0 *— ‘ ‘ ‘
curves of the inner amalgamated “SFORCs” decoder of 00 0102 03 0'4| 0'5_)0'6 0708 09 10
Fig. 3 and the outer IRC{ecoder at the relays. This implies A

that a near-capacity performance may be achieved for the SR

. . §| . 6. The EXIT chart curves of the URGZ;, the IRCG with optimized
links. Then we store the value of the corresponding transrwfighﬁng coefficients d1,...,a17] = [0, O, 0, 0, 0, 0.327442, 0.186505,

power required at the source. 0.113412, 0, 0.0885527, 0, 0.0781214, 0.0962527, 0.0B4@M346015,
Q436955, 0.0500168] and 17 IRCC subcodes for theJPSR link where

Step 2 Choo_se the same _transmlt power at Fhe source as sto&e SNF is the receive SNR at the relay,
in Step 1 Fix the optimized IRC¢ weighting coefficients
aj,i =1,...,17 obtained inStep 1 at the source. Then per-
form iterative decoding by exchanging extrinsic inforroati

between the amalgamated “SFORC;” decoder of Fig. 3 and

1.0

the IRCG decoder at the destination, until the further increase - N2, N, =N 2, Nyl Gy =Gy 28, Gy =, =2
=0.5, R =R,=0.5, 7=1.0 bit/s/H g
of the areaAg under the EXIT curve of the amalgamated 09|~ PN S Py /
“STCs-URCs-IRCGs” decoder of Fig. 3 becomes marginal. ¥ SPDIRCC,URC, G2, A:=0.37, Phasen>1
C " . ) N S->D IRCC, 5-URC,-G2,: Az=0.38, Phase n>1 I
Then stop this “inner” iterative decoding process. 08 |2  S>DIRCC,URC, G2, A=0.42 Phasel [l
. . . R->D IRCC,-G2;: Ag=0.28, Phase n<N+1 i
Step 3 Assume perfectly error-free DF relaying and the o R>DIRCC,G2: Ac=0.27, PhaseN+1
. . ====_Decoding Trajectory for Successive-Relaying
same transmit power at the relay as that of the source in 0.7 Scheme: SNR, = -0.7 dB

the second EXIT chart, which examines the evolution of the
input/output mutual information exchanges in the thresst 0.6 |
iterative decoder of the I-CSTC scheme. Use the EXIT curvé

matching algorithm of [29] to match the SNR-dependent EXIT, 0.5
curve of the amalgamated “STERCGC,” decoder of Fig. 3 — 04!
to the target EXIT curve of the amalgamated “STURCs-

IRCCs" decoder observed istep 2 If an open EXIT-tunnel 0.3 1
fails to appear, increase the transmit power at both thecesur
and the relays, until a narrow-but-open EXIT-tunnel emerges. 0.2 ¢

Obtain the optimized weighting coefficierfig, j =1,...,17 of

IRCG,. 0.1 ssisesm ;

Step 4 Repeat the operations outlined $tep 3for relayro. 0.0 ‘ ‘ ‘ 11ns f ‘ ‘ ‘ ‘
Step 5 Finally, choose the higher of the two transmit power 00 0.1 0.2 03 04 05 06 07 0.8 0.9 1.0
values obtained irstep 3and Step 4as the ultimate transmit I, —

power at the source and relays.
Fig. 7. The EXIT chart curves for the IRGQZRCs-G2s with various “inner”
: iterations, the IRCGG2 with IRCC; having optimized weighting coeffi-
C. EXIT Charts Analysis cients [By.....B17] = [0, 0, 0, 0, 0.233115, 0.0158742, 0.292084, 0.220065,

In this contribution, we consider the same average code rﬁt@l5%j108,T?{ 0, 06 0.0, 0% I()ég-@22375] afﬁd 17 St’)\lR-d]?P_eﬂmCrl-G%
o codes. The subscript o enotes the number of “inner” iterations
R= 0.5 for the IRCCs at the source and relays, and the spec@ﬁween the IRCCand “G2-URC.” decoders and the SNRepresents the

successive relaying aided network geometry associatedl Wituivalent SNR at the source and relays.
Gy, = Gy, =8 and Gy,q = Gr,g = 2. Hence, the effective



1

network throughput iy Rlog,4 ~ 1.0 bit/s/Hz, when 4QAM

is employed and the number of framisis sufficiently high. —

Since the network is geographically symmetrical, we will 10" T BN
not differentiate the relays; andr, for simplicity. Fig. 6 I X
depicts the EXIT chart of the serial concatenated IRCC 10°; ‘, S
URG-STBG; scheme of the SR link, whetg andlg indicate 1 \ |

pacity

the mutual informations between the information bits arel thy10° \\
a priori LLR values as well as the correspondiegrinsic &
LLR values, respectively. The EXIT curve of the outer IRCC 10*
having optimized weighting coefficients; was constructed
using the curve matching algorithm of [29] as shown in Fig. 645 L
and the Monte-Carlo-simulation based decoding trajegsori
are computed for a frame length of 250 000 bits. As seen from ;s
Fig. 6, a narrow but marginally open EXIT tunnel emerges for
the (2x 2) SR communication link. A receive SNR of about
-2.1 dB is needed in order to attain a decoding convergence-lp g geR versus equivalent SNR performance of both perfed
an infinitesimally low BER. As a benefit of the geometricalimperfect relaying aided I-CSTC schemes in the successilaying aided

gain of the SR communication link, the equivalent SNR at tHgtwork for a frame length of 250 000 bits, while the perfoncea of the
source can be expressed as: non-cooperative system is also depicted here for compariso

SNRE = SNR* — 10l0g; o(Gs)[dB] . (23) relaying aided Ir-CSTC schemes in the successive relaying
Hence, the minimum SNRat the source required for thea@ided network as well as that of a non-cooperative IRCC-
sake of obtaining vanishingly low BERs at the relay is -11.¢RC-STBC scheme in Fig. 8. According to the trajectory pre-
dB. Since we assume that the source and relays transmit atqif&ions seen in Figs. 6 and 7, for the cooperative space-tim
same power, we have SIfiR® = SNRE = SNR.. Following the coding scheme, the number of decoding iterations betwesen th
design procedure of Section IV-B, a ‘wider-than-necessatRCCs decoderr and the amalgamated “STHUIRC;" decoder
EXIT tunnef is created in the EXIT chart of Fig. 6 at theWas fixed tol" =11 at the relays. At the destination, the
receive SNR of -0.7 dB at the relay, which corresponds fimber of “inner” decoding iterations was fixed 16 =5,

an equivalent SNR of -9.7 dB based on Eg. (23) at tfyghile the number of “outer” decoding iterations between the
source and relays. Accordingly, it is clearly seen in thearallel amalgamated “STRARGs-IRCCs” decoder and the

i inati ; “ " i d_
EXIT chart of Fig. 7 at the destination that after 5 “inner@malgamated “STBGIRCC” decoder was fixed td; = 11.
iterations between the IRGQlecoder and the amalgamate®" the other hand, for the non-cooperative serial concmdn_a
“STBCs-URGs” decoder, the increase of the amg under the |RCC-URC-STBC scheme, we employ an outer IRCC, which
amalgamated “STBEURCs-IRCCs” decoder’s EXIT curve has the same We|ght|ng coefficierds as that of the IRCE
becomes marginal. The resultant matching EXIT curve of tfi@ the cooperative system. The number of decoding iteration
amalgamated “STBGIRCGC.” decoder is shown in Fig. 7, €xchanging extrinsic information between the outer IRCC
where the IRCE has the optimized weighting coefficierlg, decoder and the inner “STBC-URC" decoder was fixed to
as summarized in Fig. 7. Similarly, as discussed in [22], teon = 11 as well. Itis clearly seen in Fig. 8 that the perfor-
‘narrow-but-open’ EXIT-tunnel of Fig. 7 indicates the pess Mance of the perfect relaying-aided scheme matches the EXIT
bility of achieving decoding convergence to an infinitedina chart predictions of Fig. 7, while the imperfect relayinge
low BER at near-capacity SNRs for the Ir-CSTC schemssheme performs similarly to the perfect relaying scheme.
in the successive relaying aided network. This predict®n This is due to the fact that the source information is detkcte
verified in Fig. 7 by plotting the corresponding Monte-Carld/ithout decoding errors after a sufficiently high number of
simulation-based decoding trajectory, which indeed reactflecoding iterations at the relays. On the other hand, the
the (1.0,1.0) point of the EXIT chart. Furthermore, we alst"CSTC scheme employed in the successive relaying aided
plot the EXIT curves of the amalgamated “STBORCs- network outperforms the non-cooperative serial concadeha
IRCCs” decoder inPhase 1 and the amalgamated “sTRC RCC-URC-STBC scheme by about 2.2 dB, while maintaining
IRCC,” decoder inPhase (N+1) in Fig. 7, respectively. the same effective throughput. As portrayed in Fig. 8, the Ir
Since the tunnels iPhase 1 and Phase (N + 1) are wider CSTC scheme is capable of performing within 1.5 dB of the
the trajectories can traverse through the tunnels at a eedu€0rresponding successive relaying channel’s DCMC capacit

number of iterations to reach the (1.0,1.0) point.

\
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e |
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rect|S->D

* {Non-cooperative IRCC-URC-G2
+ {Successive Relaying Scheme, Perfect Relay
X i1Successive Relaying Scheme, Imperfect Relay

-9 -8 -7 -6
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VI. CONCLUSIONS

In this contribution, we have proposed a general irregular
In this section, we characterize the BER versus equivalefgoperative space-time coding scheme for the successive re

overall SNR performance of both the perfect and imperfeldying aided network. The CCMC capacity and the constrained
an o . __information-rate bounds of Alamouti's STBC scheme were
A ‘wider-than-necessary’ EXIT tunnel indicates the po#isybof reaching derived f h . lavi ided ch L

the convergence (1.0, 1.0) point for fewer iterations, Wwhievolves lower erve O.r t e successive relaying aided c anne: t \_Nas

complexity. observed in Figs. 4 and 5 that the factor 0.5 multiplexing

V. SIMULATION RESULTS ANDDISCUSSIONS



loss of the single-relay-aided network may be recovered ] B. Zhao and M. Valenti, “Distributed turbo coded divigysfor relay

the successive relaying protocol with the aid of an add#ion

relay, which is more practical and feasible than the fulf2el
duplex system. The generalized joint source-and-relayemod

design procedure advocated is capable of finding the optingd
cooperative coding scheme, which performs close to the ca-
pacity limit. Furthermore, the code design procedure is not

limited to a specific networking scenario, it is applicablé18

under virtually any network configuration. Moreover, it is
generically applicable, regardless of the specific chofah®

space-time codes at the source and relays as well as of the
irregular components, as exemplified by the family of irdagu 2

[19]

0]

low-density parity-check (LDPC) codes, etc. as long as the
inherent irregularity at the source and relays holds. Hinal
our numerical results seen in Fig. 8 demonstrated that the jol21]
source-and-relay mode design based on EXIT chart analysis
is capable of near-capacity cooperative communicatiotisan [22]
twin-relay successive relaying aided network. A more peatt
scenario, where the interference between the relays is1take

into account, will be considered in our future work. In th
scenario interference suppression is needed not only at

destination but also at the relays.
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