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Abstract

In this paper, we propose a practical implementation of tlyadnic Decode and Forward (DDF) protocol
based on rateless codes and HARQ.

We define the macro diversity order of a transmission fronesshvintermittent sources to a single destination.
Considering finite symbol alphabet used by the differentaes; upper bounds on the achievable macro diversity
order are derived. We analyse the diversity behavior of re¢velaying schemes for the DDF protocol, and we
propose the Patching technique to increase both the madréhanmicro diversity orders. The coverage gain for
the open-loop transmission case and the spectral efficigaicyfor the closed loop transmission case are illustrated

by simulation results.
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. INTRODUCTION

Relays have been introduced in wireless communicatioresysin order to improve the transmission’s
quality. Indeed, the combination of a source and a relay soamvirtual Multiple Inputs Multiple Outputs
(MIMO) scheme providing diversity and robustness to fadinjwo main relaying protocols can be
distinguished in the literature: the Amplify and Forward=)#protocol and the Decode and Forward (DF)
protocol. For the AF protocol, the relay transmits an amgadiftopy of the previously received signal. The
main drawback of this protocol is the noise amplificationindsa DF protocol, the relay sends a decoded
version of the previously received symbol. In this case, rflay can introduce decoding errors which

can lead to error propagation. Azarian et al. proposed]intfj&] Dynamic Decode and Forward (DDF)
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protocol (or Sequential Decode and Forward[ih [2]) to avaithbdrawbacks. In the DDF protocol, the
relay switches into a transmission mode only after havimgeotly decoded the message from previously
received signals. As the source-relay link is perturbed byaredom short-term fading coefficient, the
instant of correct decoding at the relay is unknown or, ireotiords, dynamic. The DDF protocol was
widely studied in the litterature according to theoretio@trics: diversity multiplexing trade-off ir_[3],
[4] and capacity region in[2].

In this work, we focus on the practical implementation of BI@F protocol using error correcting codes
and space-time codes. We study open-loop transmissioakjagéed according to the outage probability
in which no feedback is allowed between the destination &edsburce. We also consider closed-loop
transmissions, evaluated according to the system spegftiaiency in which feedback is allowed. Our
proposed protocol is taking benefit from rateless codesr8l]tybrid Automatic Repeat reQuest (HARQ)
[6].

The well-known diversity order achievable by a cooperaseaeme is calleanicro diversitywhich
is generated by short term fading coefficients. Another lohdliversity, calledmacro diversity can be
obtained by observing several long term Signal-to-NoiseoR4SNR), [7], [8], [9]. The main contribution
of this paper is to define a macro diversity order for DDF peote and to show the improvement provided
by the exploitation of the macro diversity. Moreover, wealkand expand the so-called Patching technique,
we have proposed in [10], in order to improve the achievabdenm and micro diversity orders.

In Section[dl, the considered system model and the assungptce described. Figures of merit are
presented in Sectidnlll. In SectignllV, the macro divergitger achievable by a transmission is defined
for DDF transmission in a network containing multiple redayrhe proposed DDF protocols are then
designed and improved for the single-relay case. The miwersity order is also improved in Sectiéd V
by using the Patching technique and/or space-time codeallfisimulation results are given in Section

VIl

[I. SYSTEM MODEL AND COOPERATIVE PROTOCOL

We consider a wireless system comprising a source S, an id kmeption/transmission half-duplex
relay R, each carrying a single transmission antenna, artndtion D carryingV, reception antennas.
A relay is said to be half-duplex when it cannot transmit agckive at the same time and is said to be an
in band reception/transmission relay when it receives amusimits on the same physical resource as the
source [[11]. We further assume in some cases that the sar@day-unaware This assumption avoids

the need of pilots or control signals dedicated to relayingttee source-relay or relay-source links and



allows autonomous relay configuration. We propose a pidatiesign for DDF protocols based on HARQ
transmission schemel[6][5]. The source generates a frarbe toansmitted to the destination according
to the process illustrated in Fig.1.

The K information bits contain Cyclic Redundancy Check (CRC3} l@ilowing for the destination to
check the message correct decoding. We assume that the nofmd@ded CRC bits is negligible when
compared to the number of message bits and neglect the fadstitvp CRC events. Thes€ information
bits are then encoded by a channel encoder, for instance avitite matching algorithm, in order to
generateV,,,, sub-frames of coded bits. The concatenation of these suhels is called a frame, and the
resulting channel coding rate is denoted The bits of the concatenated sub-frames are then modutated
form symbols from a finite alphabet, such ag8"&-QAM. Thei-th sub-frame is composed @f symbols
or T;ymg coded bits. All sub-frames of symbols are separated in tim@rder to allow a processing delay
at the receiver side as for classical transmission with HARQe codeword transmission is limited by
the transmission o " T; symbols.

By definition, we assume that during the first phase of the DBd#togol, the relay tries to decode
the message intended to the destination after each sule-fi@msmitted by the source. As soon as the
relay has correctly decoded this message, it switches itt@namission mode, which defines the second
phase of the DDF protocol. Assuming perfect synchronimatibe relay then transmits a signal on the
same physical resource used by the source, according to foine @roposed relaying scheme such as
Monostream DDF, Distributed Alamouti DDF or DDF with Patetyj further detailed in Sectiofis IV and
VI During the second phase, if needed, the relay transmitiscaleed control and pilot signals to the
destination. We denotg; and L, the number of coded bits transmitted by the source durinditsteand
second phase respectively, while the relay transijisbits using a2”#-QAM. The frame structure is
presented in Figl2.

The destination attempts to decode the message after eagheaw sub-frame according to the phase of
the DDF protocol. After a correct decoding, the destinasitops listening, and sends an acknowledgment
(ACK) to the source or not, depending on the transmissionanéa further described in Sectiénllll, the
source stops or not the frame transmission, depending otrghsmission mode.

We consider quasi-static Rayleigh fading channels, ine,fading coefficients remain constant during
at least the transmission of a frame and are independent dreframe to another. The fading vectors
hsp between the source and the destinatiogp between the relay and the destination, are vectors,of

complex-Gaussian distributed, zero-mean and unit vagiazandom values. A complex-Gaussian noise of



zero-mean and variandg, per real dimension is added at each reception antenna. Thved power at
the destination side from transmitté&; is denotedPx,. It represents the transmit power affected by the
path loss, the antenna gains and the shadowing. More pisecidg = Ps is the received power at the
destination side from the source, aflj is the received power at the destination from the relay. & th
following, the values of the long term signal to noise rattwe denotedS N Rsr, SN Rsp = Ps/(2Ny)

andSNRgp = Pr/(2Ny) for the source-relay, source-destination and relay-dastn links, respectively.

[Il. CHARACTERIZATION OF THE EFFICIENCY OF ADDF SCHEME

In this Section, we define the figures of merit for open-loog elesed-loop transmissions with HARQ.
When using the DDF protocol detailed in Sectloh I, the muinformation observed after the-th

sub-frame by assuming that the relay transmits from theno@gy of the M/-th sub-frame is defined by

(n,M) _ 7(n,M) (n,M) .
In"™ =15 p +I{S,R}_>D withl <M <n (2)

(1) _ Ig pXii' T

weighted by the ratio between the length of the first phaselaatbtal codeword length. It depends on the

is the mutual information's ,p observed when only the source transmits,

spectral efficiencyngs of the QAM modulation used by the source, thi& Rsp and the fading coefficient

I Yiem T
hsp between the source and the destination D. The mutual intooma ") — {SR-D==n is

{S,Rl—=D T
observed during the second phase of the DDF protocol andndspenms, SN Rsp, hgp but also on

the relay-destination linkK N Rgp, mg, hgp and on the relaying scheme. We denote the fact that the
relay does not transmit during thesub-frames, i.e., when no correct decoding occurred atelag,rby
M = @. Thus,

157 = Is,p. )

Similarly, Is R is the mutual information observed between the source amdetlay and depends on the
spectral efficiencyng of the QAM modulation used by the source, thé&/ Rsr and the fading coefficient
between the source and the relay R.

The destination D is in outage after receiving theh subframe knowing that the relay begins to
transmit during sub-framé/, if the mutual informationIgL’M) is lower than the data rat&, used by
the source. Because the number of CRC bits is neglected wirapared to the number of bits in the

message, we define the data rate as follows:

Ry = i 3)



Thus, the outage probability observed at D after receivimgri-th sub-frame, knowing that the relay

begins to transmit during th&/-th sub-frame, is defined as:
P()(Zt]g = Prob (I5""" < R,). (4)

After averaging on the instant of correct decoding at thayethe outage probability observed at D after
receiving then-th sub-frame is
(n) (n,M) (M-1) (n—1)
Pout,D o Z Pout,D PISt,R + Pout Dpout,R (5)
M=2
WherePlst ) is the probability that the relay correctly decodes the mgssafter receiving thé/ — 1-th

sub-frame and not before, i.e,

Pl(j‘flgl) = Prob (Ry_1 < Is ,r < Ru—2) (6)
and

o(ZtFle =1- Z " Rr = Prol{/s g < Ry1). 7)
Similarly, IZ M) s the probability that the destination correctly decodes message after receiving the

n-th sub-frame and not before, knowing that the relay beginsansmit during the\/-th sub-frame, and
is defined by
Py = Prob (R, < 1§ < R,y ). 8)

A. Figure of merit for open-loop transmissions

A broadcast (or multicast) system is a practical example mckv open-loop transmission occurs.
In such a system, a source sends a common message to sewi@tons. Thus, it cannot adapt its
transmission neither to each destination nor to any relay Would be in the system. Moreover, this
illustrates a particular case in which the assumption ochyeinaware source is particularly relevant.
Thus, the modulation, the coding rate, and the frame lenggthchosen to meet a required Quality of
Service (QoS) in the worst wireless link conditions, whidgfides the system coverage. For a given data
rate, the coverage is improved by decreasing the outagelpitdi which is directly linked to the QoS.

(N'mau

In the following, we will considerP as the figure of merit for open loop transmissions.



B. Figure of merit for closed-loop transmissions with HARQ

When HARQ with incremental redundancy is considered, thexal/spectral efficiency is improved by
allowing the destination to acknowledge the correct dewgpdf the message after each received sub-frame.

The spectral efficiencysy aro of our practical DDF scheme can be expressed as

Nmax n—
_ (n—1) p(n,2) (m) p(n,m)
SHARQ - Z Ry Pout,R P1st7D + Plst,Rplst,D ’ (9)
n=1 m=1

IV. MACRO DIVERSITY ORDER OFDDF RELAYING SCHEMES

In a system comprising several highly separated sourcesriiing the same signal, the SNR observed
at the destination is improved by a higher received poweraadiyersity on the path gain when compared
to the single source case. The path gain encompasses theggtthe random shadowing and the source
and destination antenna diagram gain. Our target is to imeptbe system for all possible destination
positions. By considering a random variation of the desmaposition, the SNR becomes a random
variable and the performance averaged on its probabilibsithe function is improved by increasing the
macro diversity order 8], equal to the number of sourcesnd SNR link is low, other links are observed
to support the transmission.

Let us consider a system comprising a destination obseevisignificant path gain from both a source
and a relay. When the relay never transmits, the macro diyensler observed at the destination is equal
to one. When both the source and the relay transmit the whataef, the macro diversity order is two.
However, the random activation of the relay in the DDF protomakes the number of sources vary
through time, and the relay only sends a fraction of the caddwA definition of the achievable macro
diversity order is needed in this case.

The definition of a macro diversity order achievable by a eystomprising several relays is given
in Section[IV-A. In Sectiorl IV-B, we describe the equivaléanhg term SNR channel experienced by
a Monostream DDF transmission, and we derive a macro diyeosder upper bound. Solutions for

improving the macro diversity order are then presented irti®@&IV-C for the single relay case.

A. Definition of the macro diversity order

DefinitionGiven a figure of merit/ function ofn long-term SNR<p, - - -, p,) and increasing according

to each variable, taken separately; given a target vallig the macro diversity orded for the target



value U, is defined by

d= min ||Q| lim Ulpr,--,pn) <U | . (10)
Qc{lin} Vi€Q,p;—0
Vig¢Q,p;—+00

Thus, the macro diversity order is defined as the minimal remab links to turn off so that the target

U, is not longer asymptotically achievable through the remngininks. Note that the figure of merit

could be, for instance, the spectral efficiency or the proipalhat the transmission is not in outage.
By definition, the full macro diversity order is achievabfedi = n. Consequently, the system is full

macro diversity for the target valug, if and only if

v.] < {17 n} lim U( 707pj707‘ ’ 70) > U, (11)

pij—+o0
which means that every single link asymptotically allowsathieve the target.
As a remark, it is straightforward to see that, as soon asdlag transmits, a Gaussian input system
always achieve the full macro diversity order. However, wié show in the following how a discrete

input system limit the macro diversity exploitation.

B. Macro diversity behavior of a Monostream DDF transmigsscheme

By extending the system model to the multi-relay case, a DiaRsmission with a source (denoted
Ry) andn relays is composed of + 1 phases, the-th phase containing,; bits.

1) Equivalent SNR channel for Monostream DDF transmissidresie: Let's consider the simplest
relaying scheme called Monostream DDF [9], and also desdribh [5] whose extension to the multiple
relay case is straightforward. During their transmissibages, the relays send the same symbols as the
source on the same frequency and time resource. This rglagheme does not need dedicated pilots
between the relays and the destination whose decoder ceitypike kept low, and allows the source to
be relay-unaware. During a time-slbtof the i-th phase, the destination receiwes. given by

i—1
Yik = (Z P, hR,J:)) Tik + big (12)

j=0
wherez; ;, is the symbol sent during the k-th time-slot of the i-th phas®lb, ;. is the complex Gaussian

noise vector of zero mean and varian¥g per real dimension.
In order to decode the message, the destination computebitsofrom the likelihood ratios (LR) of

each received symbol. The LR of the symbol sent duringkthle time-slot of thei-th phase is
2

(| 2ig = 2y [* +2Re(b] (2, — win))) | - (13)

i—1

—|>_\/SNRg,phg;p

Jj=0

p(yix | 93;1@)
p(Yik | Tir)




The L; soft bits all are a function of the same realization of a carpGaussian fading law of zero
mean and variaan;;B SNRg,p. Consequently, regarding the whole codeword, a transomssith
Monostream DDF protocol follows the long term SNR channelspnted on Figl3. The equivalent long
term SNR channel is composedo#- 1 blocks, each one being characterized by a sum of long term SNR
random variables. The equivalent random SNR ofithel -th channel block is a coherent combination
of the equivalent random SNR of thig¢h channel block and an independent random variaWei, ., p.
Thus, the equivalent block SNR channel is a Matryoshka oblaas defined in_[12], and denoted ((n+
1,---,1), (Lpy1, -+, L1)), where(n+1,---,1) is the diversity order of each block sorted in a decreasing
order and(L,, .1, - -, L1) the number of bits in each block.

2) Macro diversity behavior of a Matryoshka SNR channé@lhen considering the long-term SNRs
as random variables, the diversity bound for discrete ifgotk fading Matryoshka channel, derived in
[12], can be direclty applied. Consequently, the macro rditye observed after decoding a rale-linear
code transmitted over A1(D, £) long-term SNR channel is upper-boundeddy(D, £) = D; wherei

is given by the following inequality:

i—1 N i
D Li<RY Li <) L (14)
k=1 k=1 k=1

Therefore, the macro diversity behavior is linked to the bamof bits contained in each phase of the
DDF transmission, which is a function of the relays randortivatton time, and the coding rate.

We have derived the bounds on the macro diversity order ferdiscrete input Monostream DDF
protocol for fixed relay activation configurations. Unfarately, the probability that the relay does not
decode the message before the end of transmission whilettieation does is non-null. This means that,
theoretically and in average, the full macro diversity ivereachieved. When this probability becomes
negligible, this artefact does not impact the average pmidace, and the analysis of the macro diversity

order based on fixed configuration holds.

C. Macro diversity order improvement for the single-relase

By applying the bound on the macro diversity order to a trassion with Monostream DDF and a
single relay, we observe that the full macro diversity ordesbserved only if the relay correctly decodes
the message early enough to sati&fy< L,. Furthermore, this implies that the coding rate cannot edce
1/2 to reach full macro diversity. In the following, we proposawtions for dynamically adapting the

system to the relay decoding time in order to take the bestfiihom the macro diversity.



1) Macro diversity improvement with modulation adaptati@onsidering only one relay in the system,
the full macro diversity order is achievable if and only ifetlsecond phase of the protocol carries at
least K bits. By allowing signalling between the source and theyretlae macro diversity order can be
improved by adapting the modulation size used by the sourddtee relay during the second phase of the
transmission. Both nodes then compute the séme K redundancy bits using the same encoder based
on the remaining number of symbols to be sent until the endh@fcodeword transmission. These bits
are then modulated and transmitted to the destination. Sdusalled Monostream DDF with modulation
adaptation can be extended to the multiple relays case bgtindathe modulation of all transmitting
nodes so that full macro diversity is achievable accordmghe number of remaining time-slots in the
frame after correct decoding at the last relay.

2) Macro diversity improvement with Patching techniq@onsidering the single-relay case, a Patching
technique proposed inl[9] and ]10] allows to improve the achble macro diversity order without any
signalling between the source and relay. Thus it can be ugdbebrelay even when the source is relay-
unaware. This technique is a combination of two steps. Tkedime is done at the relay by transmitting
combination of symbols already sent in the first phase andosigthe source is going to send in the
second phase. The second step is done at the destinatiomaogndignals received during these different
time-slots in order to build an equivalent transmissioneseé using higher cardinality modulation.

More precisely, during the k-th time-slot of the second ghdbke relay transmits, € 2"*QAM, a
combination of symbolgz; ;) with (k — 1)(mp/ms — 1) +1 < ¢ < k(mgr/mg — 1). For example, the
relay formsz, €16QAM from two QPSK symbols; , andz, ) sent during the first and second phase
of the DDF protocol, respectively. The respective signateived by the destination during the first and

second phase are

yl,i = T1;V Psth -+ bl,ia V(/{Z — 1)(mR/m5 — 1) -+ 1 S ) S k(mR/ms — 1) (15)
Yor = X2\ Pshgp + 2/ Prhrp + boy. (16)

For the particular case where the source uses QPSK symhelgonstruction of the”=QAM symbol

sent by the relay is defined by:

2 = flxr,20k), (K—1)(mg/ms—1)+1<i<k(mgr/ms—1) a7

mpr/mg—1 3 '
Ly = Z A;T15 + Omp/ms T2k, Qi = |/ i 122_1. (18)

i=1
This particular construction realizes a bijection betw#envector of combined symbols and the resulting

symbol z,. This property avoids rate deficiency for the decoding stejhe destination side.
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The destination then combines the received signals of ghaad 2 according to the symbol construction

at the relay.
Yi = [(yuiyer), (k—=1)(mg/mg—1)+1<i<k(mgr/ms—1) (19)
mp/ms—1
= ) aiyni+ Gngmg Yok (20)
i=1
= z(v/Pshsp + @y yms v/ Prhrp) + b (21)

where the resulting noide is a complex Gaussian noise of zero mean and variaiqeer real dimension.
This combination[(20), oPatchingoperation at the destination side, is done to rebuild the QAfhbol

zr making the decoding easier. The Patching operation geseaaMatryoshka SNR channel whose block
of highest diversity order contains more bits than the blobtained using Monostream DDF.

Assuming that the relay combines symbols in order to farfm QAM symbols duringp time-slots
of the second phase, the resulting long term SNR channekisepted in Figl4. It is composed of three
blocks, the first one linked t& N Rsp containingmaxz(L; — p(mgr — mg),0) bits, the second block is
composed of them  bits combined by Patching at the destination and thus experig a long term SNR
equal toSNRgp + @y, ms SN Rrp. The last block is composed of thein(L, —pmg, 0) bits transmitted
on both links without Patching and thus experiencing a loggnt SNR equal toSN Rsp + SN Rgp.
This channel is different from the one obtained without Riaig (Fig3). But, as the blocks characterized
by SNRsp + tpyp/mgSNRrp and SN Rgp + SN Rgrp have the same macro diversity behaviour, they
are part of the same SNR block according to the definition efMatryoshka channel. Thus, when the
relay patcheg time-slots of the second phase, the resulting long-term SN&nel is a Matryoshka
channelM((2,1), (L5, L})) with L}, = pmp + min(Ls — pmg,0) and L} = max(Ly — p(mgr — ms),0).
Consequently, considering a fixed frame length, the relayaziapt its modulation so that the remaining
block of diversity 2 contains at leagt bits, L), > K, and thus making full macro diversity achievable.
Note that, instead of considering the whole frame lengthratento decide if Patching should be used,
the relay could decide to guaranty that the full macro ditgiis achievable after receiving half of the
frame for improving the spectral efficiency of closed-loystems.

Unfortunately, the use of bigger constellation resultimgnf the construction of hyper-symbots
involves a coding gain loss. Consequently, the relay camige the performance by using our proposed
Patching technique with Minimal Use (MU) in which the numlrhyper-symbols and the spectral
efficiencies are minimized under the constrain of full madieersity. A generic optimization is out of

the scope of this paper, but particular examples are pradvidesectior V.
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Note that our proposed Patching technique cannot be eadéynaed to the multiple-relay case.

V. MICRO DIVERSITY ORDERS OFDDF RELAYING SCHEMES

In the previous section, we have designed practical DDFopad$ that exploit the macro diversity of
the system. In this section, we further improve the systerfopeance by exploiting the micro diversity

for the single-relay case.

A. Links between micro and macro diversity

Given an instant of correct decoding at the relay, for alayglg schemes whose equivalent fading
channel can be modeled by a block fading channel or a Matkgoshannel, as soon as a micro diversity
orderd is achievable, a macro diversity order of at le@slv, is achievable. Indeed, the micro diversity
is the minimal number of independent fading variables agldioherently in the performance expression

and each fading coefficient is weighted by a long term SNR.

B. Micro diversity behavior of several Monostream DDF schem

1) Micro diversity behavior of the Monostream DDF scheriée block fading channel created by the
use of the Monostream DDF scheme is composed of two blocks fattingshspv/Ps and hgpv/Ps +
hrpv/Pr, respectively. Each resulting fading coefficient carriedivaersity order of one. It is shown in
[9] that the micro diversity of this channel under discraiplt constraint is equal to the one of a block
fading channel with independent fadings. The upper bountherdiversity order of a coded modulation
transmitted on a block-fading channel of equal length bddtis been derived in [13]. Due to the dynamic
decoding time at the relay, we propose [inl[14] a generatinatif the Singleton bound on the diversity
order to unequal length block-fading channels. It resuienfthese bounds that the monostream DDF
scheme achieves full micro diversity if both blocks contaifeastK bits.

Consequently, the micro diversity order of the monostreddir[Bcheme is constrained by a block fading
channel while the macro diversity order is constrained byaripshka channel. Thus, in the single-relay
case, the block of highest diversity must contain at Iéadtits (L, > K) in order to guarantee full macro
diversity whereas each block must contain at |dgsbits (min(L;, L,) > K) in order to guarantee full

micro diversity.
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2) Improvement of the micro diversity order by using Moreetn DDF with modulation adaptation:
Channel coding and the frame subdivision is designed inrdiatethe relay to have access to enough
information after receiving the first sub-frame to corrgatecode the message. Thus, the condifigr>
Timg > K is always satisfied. The condition to be satisfied in orderuargntee the full micro diversity
order at the destination thus becomes> K. The modulation cardinality can be chosen accordingly by
the source and the relay during the second phase of the ptdtoeceach full micro diversity.

3) Improvement of the micro diversity order by using PatciMahostream DDF:When using the
Patched Monostream DDF relaying scheme, some symbolsniitied by the source during the first
phase are patched so that, in the equivalent channel aftehmipg, they are part of the block of highest
macro diversity order. Consequently, after Patching, a&tfawmber of symbols are part of the first channel
block: increasingl;, involves decreasind/. Consequently, if.| < K, the Patching technique is useless
for improving the micro diversity order. We will see in thelltving how to use distributed space-time

block code for always guarantying both the macro and micverdity exploitation.

C. Micro diversity behavior of several Distributed Alamio(DA) DDF schemes

1) Micro diversity behavior of DA DDF schemé:has been proposed in [15] to use Distributed Space-
Time Block Codes (DSTBC) in order to recover the spatial ditg offered by the virtual MIMO scheme
formed in the relay channel.

The DA DDF relaying scheme is proposed lin [3] and is shown tdeae the diversity multiplexing
tradeoff of the DDF protocol. Using this relaying schemeemits correct decoding, the relay builds all

symbols,{z,, 11, Tmio, - - -} With m = L, /mg concurrently sent by the source. Thus, the relay transmits

—xy .. If kisodd 22)
Ty .. If kiseven
wherek denotes the time-slot index of the second phase of the DD#e@wb As a remark, this protocol
also allows the source to be relay-unaware.

After the classical Alamouti receiver, the resulting faglicoefficient is| hsp |*> Ps+ | hgp |* Pr.
Thus, the transmitted frame’s equivalent fading channalNéatryoshka channeV{((2N,., N,.), (L, L1)).
The condition that should be satisfied in order to guarantéarficro diversity is L, > K, which also
involves full macro diversity. This condition only depenals the correct decoding time at the relay.

2) Improvement of the achievable micro diversity order gddA DDF with modulation adaptation:
As for the Monostream DDF scheme, the condition> K can be met by allowing a signaling between

the relay and the source and choosing the modulation céitgtiaacordingly.
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3) Improvement of the achievable micro diversity order g$tatched DA DDF:The Patching technique
combined with the Alamouti space-time codel[16] allows t@fkehe advantage of the low decoding

complexity and a relay-unaware source. Considetingz/ms time-slots, the destination receives the

signals:
vii = x1,\/Pshsp+by;, 1<i<2(mp/mg—1) (23)
Vo, = Zo;\ Pshsp+ zp;/ Prhrp +boj, je{l,2}. (24)

During the two time-slots of the second phase of the DDF madiaf the source transmits QPSK symbols,

the relay transmits a combination of symbols formitigz-QAM symbols:

mpg/mgs—1 3
1= ) Gt G T = | g2 (25)

k=1
mpr/ms—1 3
o z : * % * * _ k—1
ZR,2 - akxl,k—i-mR/mS—l - amR/mstl? ap = omp _ 12 : (26)
k=1

In order to build the Alamouti codeword, the destination emkhe following signals combination:

mpr/mgs—1 3
~ k_
y21 = Z kY1 k+mp/ms—1 T Qmp/ms¥2,1, Ak = \/ omp _ 12 1 (27)

k=1
mpr/mgs—1 3
~ / k—1
Y22 = ; AgYik + mg/msy2,2, Ak = oma _ 12 . (28)

After this combination, the resulting fading channel andRSthannel are Matryoshka channels
M((2N;, N;), (L, L)) and M((2,1), (L, L})) respectively, withL) = maxz(L1 — Ly(;22 — 1),0) and
Ly = min(Ly + LQ,LQﬁ—g). The relay adapts its modulation to satisfyny > KL—T in order to recover

full micro diversity and by inference full macro diversity.

D. Improvement of the achievable micro diversity order gdfatched DSTBC DDF schemes

We propose two other Patched DSTBC schemes [10] so as to e micro diversity order: the
Patched Golden Code [17] and the Patched Silver Code [18forAthe Patched Monostream and Patched
Alamouti, these Patched DSTBCs enable an adaptative cbbittee modulation by the relay in order to
guarantee full diversity and these enable the source tolag-vmaware.

These two Patched DSTBCs are used following the same schHeshelis consider the first two time
slots of the second phase ad@ng/mg) time-slots from the first phase of the DDF protocol. Firsg th

relay generates 2 symbols fron2&~= modulation combining symbols transmitted during the filsage
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of the DDF protocol:

mp/mg 3
z = Z apri  With ap =
k=1
2(mp/ms)
2o = Z Ak—mp/msT1k with a; =
k=mpr/mg+1

k=1 (29)

omn — 1

3

S 12]'—1 (30)

Then the relay transmits during the first time-slot of theosecphasezr, = fi(21, 22,221, 222) and
Zr2 = fa(21, 22, X217, T2 2) during the second time-slot. These functions depend ongheestime code to
be generated after combination at the destination sidey ahe given in Tabll.

The second step of the Patching technique is done at thendist side. It first builds the received

signals §11, ¥1,2) corresponding to the emission ef and z; by the source:

mg/ms 3
Vii = Z apyrr With a, = S — 12k_1 (31)
k=1
2mp/ms 3
Yi2 = Z Ak—mp/ms+1Y1e  With a; = my_l (32)
k:mR/ms—l-l

The destination then realizes a combinafimf the signalsy; = [ Vi1 Vi ] andY, = [ Vo1 Yoo }
in order to generate the desired space-time codewordseTdmabinations are given in Tab.ll for each

considered space-time code. They result in a signal of thma fo
Y =c [ hsp hgp ] Xsrpe +B (33)

in which ¢ is a constantX srpc is the generated codeword of the considered space-time awiB is
a matrix composed of Gaussian noise samples of zero meanrgingatiance.

Consequently, using Patched Golden code or Patched Sibel, 2(m g + mg) bits are transmitted
for each two time-slots of the second phase. The resultidindgachannel is a Matryoshka channel
M((2N,, N,), (L5, L})) with L} = max(0, L; — nﬁ—sz) and L = min(Ly + Ly, nﬁ—i(mg + mg)). The
relay adapts its modulation to satisfyrnz > ms(% — 1) in order to recover full micro diversity and by
inference full macro diversity.

As for classical MIMO schemes, the Patched Golden code atwh&@ Silver code has a higher coding
gain when compared with the Patched Alamouti, at the pric@nahcrease decoding complexity. Because
we are particularly interested in low complexity decod@nshe following, results are only given for the

Patched Alamouti case.
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VI. SIMULATION RESULTS

All presented performance are generated using mutual nrE&ton computation with finite symbol
alphabet whose performance can be achieved using speciflalation and coding schemes [19]. These
performance are all given for the single-relay case.

Considering the open-loop transmission mode, the coudl@sisp,SN Rgp) that allows to achieve
the target outage probability afo=2 are illustrated in Fig]5-Figl8 as a function of the block erd\/
after which the relay correctly decodes the message. Wdadmns codeword composed of 7 subframes,
the first one being three time longer than the others and icomgaonly information bits. The source
transmits QPSK symbols and the destination carries twgoteEseantennas.

In Fig[3, the relay transmits by using a Monostream DDF s&hdfrthe correct decoding of the relay
occurs before thd-th sub-frame, the resulting Matryoshka channels using ddtneam DDF guarantee
that the full macro diversity is achievable: they guararitest ., > K. This is illustrated by the fact that
even if theSN Rgp is low, it exists aS N Rgp achieving the required quality of service 4f~2 (horizontal
asymptote). When/ = 5 or M = 6, the SNR channel block of highest diversity order cont&hs 3
and K /3 bits, respectively. In both cases, full macro diversity & achievable and a minimal value of
SN Rgp is needed to reach the target outage probability (vertispgtote).

In Figl8, the relay transmits using a Monostream DDF schePagéched Monostream DDF, Patched
Monostream with MU, or Monostream with modulation adajiat\We are interested in cases in which full
macro diversity is not achievable with Monostream DDF & 5 or M = 6). Using Patched Monostream
relaying scheme, the relay sends combinations of symbiblhé transmission endZf, > K). In the
Patched Monostream with MU case, the relay adapts the nuofif&tched symbols so that = K. Note
that, for some frames configuration, Patched DDF and Patbiwdel with MU result in the same strategy
and thus achieve the same performance. If the relay corrdettodes after receiving theth sub-frame,
the resulting SNR channel with Monostream is\&((2, 1), (2K7/3,7K/3)) and the full macro diversity
is not achievable, which is illustrated by the vertical apyote; whereas using Patched Monostream in
which the relay forms symbols of a 16-QAM, the resulting SNRumel is aM ((2,1), (4K/3,5K/3))
thus the full macro diversity is achievable, which is illaed by the horizontal asymptote. If the relay
uses Patched Monostream with MU, the resulting SNR charsnal¥((2,1), (K,2K)). Thus, less 16
QAM symbols are transmitted guaranteeing a smaller codaig fpss which can be observed for low
SN Rrp when compared with Patched Monostream DDF. If the relayectisr decodes after th&eth sub-
frame, the resulting SNR channel with Monostream i$&(2, 1), (K/3,8K/3)), the full macro diversity
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is not achievable, whereas using Patched Monostream inhvthi relay forms symbols of a 64-QAM,
the resulting SNR channel is&((2, 1), (K, 2K)) thus the full macro diversity is achievable. Comparing
with Monostream DDF with modulation adaptation, full madiversity can be recovered fa¥/ = 5
and M = 6, and there is no coding gain loss anymore as the source alssntits symbols from higher
constellation. Consequently, the coding gain loss is aegogay for achieving a low signalling constrain
but occurs at very lows N Rgp, i.e. cases in which the relay is useless. Furthermore,diag can also
select to transmit only fo6 N Rgp values where a gain is brought by relaying.

In Fig[4, the relay uses Monostream DDF or DA DDF and deco@wents at the relay guaranteeing
full macro diversity { < M < 4) are considered. The gain achieved by DA DDF is $a¥ Rrp close
to SN Rsp. This gain represents the gain brought by the exploitatioth® micro diversity as DA DDF
brings micro diversity during the second phase of the pwatadich is not the case of the Monostream
DDF.

In Fig[8, the relay can use Patched Monostream DDF or PatoBeDDF. WhenM = 5, and M = 6,
using the Patching technique forming 16-QAM, and 64-QAMexsively, enables an horizontal asymptote
for low SN Rsp, illustrating the full macro diversity behavior.

For the closed loop transmission mode, we consider a trassoni using HARQ and slow link adap-
tation: the spectral efficiency is maximized over the awddlacoding rates (0.5, 0.6, 0.7, 0.8, 0.9 or 1 at
the end of the first sub-frame) in Hi¢.9 and Eig.10. In theserég, the considered codeword is composed
of maximum 3 sub-frames, the first one being 4 time longer tharothers. The source transmits QPSK
symbols, the destination carries 2 reception antennasSanfsr = 10dB5.

In Fig[g, the couples o6 NRsp and SN Rip achieving distinct target values of spectral efficiency
(0.6, 1.1 and 1.6 bpcu) are plotted for the Monostream DD&,Rhtched Monostream DDF with MU,
the Monostream DDF with adapted modulation and the perfoomachieved using Monostream DDF
with a Gaussian symbol alphabet. The performance achievéddavGaussian symbol alphabet are the
best performance achievable using Monostream schemeoWwd N Rsp, the Patched Monostream DDF
protocol enables to fill the gap between the performanceeseti using Monostream DDF and the best
achievable performance. But for lo$«V Ry, performance using Monostream DDF are better because the
Patching technique introduce a coding gain loss due to therggon of higher modulation. A selection
of the best scheme can be done according to the observed SKBsa slow link adaptation can be
done on the coding rate and on the relaying scheme. The peafame achieved with Monostream DDF

with adapted modulation enables to fill the gap between Rdtd¥ionostream DDF and Monostream
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DDF with Gaussian symbol alphabet. Consequently, if sigiacan be afford, as for the downlink of a
cellular transmission, the performance are maximizedgusionostream DDF with adapted modulation. If
signalling between source and relay is costly, as for thenkf a cellular transmission, the performance
are maximized using Patched Monostream DDF.

Note that because HARQ is used in these different figuresmidmamal achievable spectral efficiency
never can be achieved through the relay-destination lirlg. dndeed, the maximal spectral efficiency
requires the destination to correctly decode the messagerateiving the first sub-frame which can not
be transmitted by a causal relay.

In Fig[10, the couples o6 NRsp and SN Rrp achieving the target spectral efficiency 1.1 bpcu are
plotted for the Monostream DDF relaying scheme and DA DDRyielg scheme. The gain brought by
the DA DDF scheme is noticeable when the SNRs of the sourstrdéion link and relay-destination
link are close. Thus, an important gain can be brought ortintpinto account the achievable macro
diversity order prior to the micro diversity order. The macliversity order is thus a relevant metric for

the relay channel.

VIlI. CONCLUSION

In this article, we propose practical implementation of BF protocol, already known to achieve
good Diversity Multiplexing tradeoff, with channel coding/e consider both cases in which signalling is
allowed between the source and the relay, and in which theceas relay-unaware.

Upper bounds for finite symbol alphabet on the achievablerondiwersity order have been derived for
the Monostream DDF and the DA-DDF relaying schemes, thetadapodulation DDF schemes and the
Patched DSTBC DDF schemes.

In an open loop transmission, the Patching technique ingtbg outage probability by increasing the
achievable macro diversity order. In the closed-loop tr@asion mode, we have shown that the Patching
technique enables to fill the gap of spectral efficiency betwe relaying scheme not achieving full macro
diversity and the best theoretical performance obtaingti wiGaussian symbol alphabet. As Patching
technique is particularly efficient to improve the outagehability and the spectral efficiency of the
studied relaying protocol, it would be of interest to adams tconcept to other channels such as the

interference channel with relay and the multiple accessmblawith relay.
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Patched DSTBC| ZR1 ZR,2
a = 1+2\/5 a = 1+2\/5
a = 155 a = 1556
Patched Golden i%(l’Q,z +an)with{ ¢ = 14+i—ia %(xz,l +an)With{ ¢ = 14+i-—ia
¢ = 1+i—ia b = 1+4+i—ia
i? = -1 7 = -1
Patched Silver | —aj, — (=2SLEOE05 yith 2 = 1 why + SHEEOER0Z yith 2 =
TABLE |

SYMBOLS TO BE TRANSMITTED BY THE RELAY DURING THE TWO TIME-SLOTS OF THE SECOND PHASE ACCORDING TO THE

CONSIDEREDPATCHED DSTBC.

Patched DSTBC| Y Value of the constant
Patched Golden DY +¥5) 1
Vie2ta?)| V2
. S 147 —14+2 L
Patched Silver T; + Y2 7
i —(1+2i) (—149) |
TABLE I

COMBINATIONS DONE AT THE DESTINATION IN ORDER TO BUILD THE SPEE-TIME CODEWORDS ACCORDING TO THE CONSIDERED
PATCHED DSTBC.

0100100111...11 —>» CRC —> 0100100111...11010101 = —> Channel Encoder » Modulator — x1, X9, X3, ..., X,
<“—message—> <K information bits—» <«—frame—>
Fig. 1. Frame generation by the source.
S Sub-frame 1 Sub-frame M Sub-frame M+1 Sub-frame N,,,,
L; coded bits L, coded bits
R - :F ——————— Sub-frame M+1 Sub-frame N,
Decoding failures Correct LR_C_O;O_d_b_i t_o }

decoding

Fig. 2. A codeword, or frame, is segmented if{g,.. sub-frames, theé-th sub-frame is composed @ time-slots. The relay transmits,

on the same physical resource as the source, after cordmmtlyding the sent message.

SNRkzop SNRroo *SNReip | - | I SNRep | - | " SNRspp

| | | |
L1 L2 i Ln+l

Fig. 3. Long-term SNR channel of the Monostream DDF with raysl
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SNRsp SNRsp +aur/ms SNRrp SNRgsp +SNRgp

¢max(L;-p(mg-ms),0) p MR min(Ly-pmg,0)—>

Fig. 4. Long-term SNR channel resulting after Patchingme-slots of the second phase to genegdte QAM symbols.

—©— Monostream M=1
—20 1 —&— Monostream M=2 7

—%— Monostream M=3
—A— Monostream M=4
—%— Monostream M=5
—+— Monostream M=6
No Relaying

T

-20 -15 -10 -5 0 5 10

SNR¢,

Fig. 5. Couples of SNRs achieving an outage probability@f2 up to the instant of correct decoding at the relay, congides frame
composed of 7 sub-frames, the first one being three time iahg@ the others and containing only information bits. Thetthation carries

2 antennas, the relay uses Monostream DDF.
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—— Monostream M=5 -
—+— Monostream M=6 -
_ooH ® ' Patched Monostream MU M=5
—#— Patched Monostream M=5 -
—+— Patched Monostream M=6 Lg .

—+— ' DDF-FullSignMonostream M=6 4

—#— - DDF-FullSignMonostream M=5 |
No Relaying
-30 I I I I L * -

-20 -15 -10 -5 0 5 10

SNR¢,

Fig. 6. Couples of SNRs achieving an outage probabilitd@f> up to the instant of correct decoding at the relay, congides frame
composed of 7 sub-frames, the first one being three time iahg@ the others and containing only information bits. Thetthation carries

2 antennas, distinct schemes are used at the relay.
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_ooH ~ A~ Alamouti M=4
—©— Monostream M=1
—&— Monostream M=2
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Fig. 7. Comparison of the Monostream and Alamouti relayinbesne for different activation time of the relay in DDF proots for

M =(1,2,3,4). N, =2,ms =2, T1 = K/ms, andT1/T;>1 = 3, Target outage probability of0~—2.
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R D

10

-10

— # - Monostream M=5

_ogH = * = Monostream M=6

+ —#— Patched Monostream M=5
+ =+= Patched Monostream M=6 b
—#— Patched Alamouti M=5
—+— Patched Alamouti M=6
—»— No Relaying !
-30 I I I I L
-20 -15 -10 -5 0 5 10
SNRSD

Fig. 8. Comparison of the Monostream and Alamouti relayidigesne for different activation time of the relay in DDF anddhad DDF
protocols forM = 5,6. N, = 2, ms = 2, T\ = K/ms, andT1/T; >, = 3, Target outage probability afo~2.
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—6— Monostream DDF with adapted Mod.
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Fig. 9. Couples of SNRs achieving different spectral efficieare plotted up to the considered relaying schemes. Ensrtrission occurs
using HARQ and considering a frame composed of 3 sub-frathesfirst one being four time longer than the others. Slow &Adlaptation

is realized over the coding rates.s = 2, N, = 2, SNRsr = 10dB.

20

SNRRD

-5

—%— Monostream DDF
—+— Patched Monostream DDF

Monostream DDF with Gauss. Symb.
—O6— DA DFF
—A— Patched DA DDF
—»— DA DDF with Gauss. Symb.
T T T

Fig. 10. Couples of SNRs achieving a spectral efficiency dbflhcu, using HARQ and considering a frame composed of 3 isubefs, the

first one being four time longer than the others. Slow linkpddgon is realized over the coding ratess = 2, N, = 2, SNRsr = 10dB.
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