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Executive Summary

This deliverableresentghe lastresults concerning the more advanced algorithms studiPiB. In
particular, itconstitutes thdastinput for system level evaluation in WP%his deliverable includes
specifications angherformance results achieved. These algorithms correspond to the work performed
in the work package WP3 KFY layer algorithns) duringthe project.

The reference systems mainly addressed by CODIV for the evaluation and validation of the proposed
cooperative diversity techniques are the emerging standards WiMAX and LTE.

We cannote that preliminary algorithm descriptions andf@anance resultsvere provided in
previols WP3 deliverables [D3.2a], [(#], [D3.3a] which weredelivered during the project.
Moreover, to limit the size of this document D3.3b, it was decided not to include all algorithms and
results already in previsudeliverables. In particular, some advanced algorithms described in [D3.3a]
and for which the study was considered to be finished are not included in D3.3b. The reader is invited
toread [D3.3a}o have a complete view about the algorithms studied in @@dject.

The algorithms studiedin D3.3b addressthe following items, in the framework of cooperative
communications:

1 CooperativeRelay assisted schem@hapter2)
T MU-MIMO (chapter3)

Thesechapters @ and3) intend to present practicalgorithms and schemes that will allow to increase
performances by the use of cooperation between different nodes (user terminals and relays, dedicated
or not). Each item includes a framework pressitn, an algorithm description amah evaluation of

the performancesMoreover,in order to diow system shulations in WP5the way to adapt the
general methodology to derive astraction model will be praded for someof the algorithms

These abstraction models shall allow faBER calculation from the channel characteristics.

Chapterl provides a very general introduction to this document.
Chapter2 addressethe cooperative relay assisted schemes.

Section2.1 describs a novel data precoded refagsisted (RA) algorithm, which can achieve full
spatial diversity, obtaining a coding gain in comparison withetiévalent distributed SFBCs scheme
andmaintaining the same spectral efficiency of the equivalenicooperative system.

Section2.2 provides a study of channel estimation algorithms designed for downlink distributed
SFBC RA schemegroposed in [D3.3a].

Section2.3 deals with a new code design for LDPC coding schemes distributed over a source and a
relay.

Section2.4 presents and analyzes the spectral efficiency performagmoeggled by a set of LDPC
coded configurations which use different cooperative algorithms, different coding rates and different
QAM modulations on the component links of the cooperative transmission

Section2.5 describes angresents some BLER performance evaluation of DIRBC cooperation
algorithm that is connected to the ratatching mechanism used in L&

Section 2.6 presents and evaluatdsetperformancesbtainedby the combined employmenf two
cooperative approaches, namely the Distributed Spemguency Coding (DSFC), uséd VAA
schemes, and the DFEC coding
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Chapter3 addressethe MU-MIMO algorithms.

Section3.1 concernsa new MU-MIMO scheme, called double SEFBC, which we proposed for the
uplink of 3GPP/LTE. A complete theoretical analysis was madéhtodecoder design, especiadly
precise calculation of the LLRSINR measurement results together witldidnal resultson the
abstract model confirmed the validity of the theoretical development.

Section3.2investigats a cooperative communication scheme where two user ternfuigdy each of

them equipped witlone ortwo transmit antennas, communicate in the With the BS equipped with

two tofour receiveantennas, andhen the SNRs of the users are unbalanitésiproposed the use of

transmit precoding at the UTs and linear decoding augmented with successive caneelth&oBS

and it is shown that this combination can support simultaneous parallel transmissions while
preserving al most intact the quality of the indi
and frequency resources.

Chapter4 (Conclusions and future worlgonclude this deliverable with a detailed review of the
different contributions
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1 Introduction

The main goal of the CODIV project is to investigate and develop technologies that would enhance
the performance of wireless communication systems, employing the inherent diversity of radio
channels (channel diversityly considering as welthe cooperation between users (multiuser
diversity) or the diversity offered by dedicated relayfie expected improvement in the performance

of radio systems pursued by CODIV technologies will come mgeasf higher bit rates and spectrum
efficiency, and decreased (enhanced) power consumption, as well as coverage extension and fairness.

In short, this deliverable along with igeliminaryversion D33a(monthM21 of project) ag-igure
1-1 shows, aimsat presenting advanced PHY layer algorithms and resultsviiallow improving
communication performances by use of cooperatiorand multiuser diversity. Moreover, for a
selected set okey physical algorithms studies in WPB aims at producinghe set of inputs and
starting points needed feystem level shulations in WP5

Mx, indicates thenonth of
information transfer through
deliverables
I_ — — — — — — — — — — — — — — — — — ﬁ
] M20 |
|
: l
[ < | w2 WP5 :
I o e System Level Evaluation
W |
(@]
| D | g w2 A T w20, m27 I
1 g8 S <
s T O MAC and Network | 3
T 118 9 M21; pM27 algorithms and I o
1|32 protocols 7
> 22 v WP3 ‘ 8
é | =S M2 PHY layer I g
® 1|82 v algorithms =
3 o a 1 S
o l | oo M13; M20
= 2| Mll;lMZO l |
= ;
| S | M2 |
| o WP6 I
| @ — Prototyping and Demonstration
| |
| |
|
e o e e e e e e e - — a

Figure 1-1: WP interdependencies

To meet all these goals, the rest of this document is structured as fallbagster2 addresses the
cooperative relay assexd schemes. Chapt& addresses the MMIMO algorithms. Finally, the
deliverable is concluded in Chaptemwhere the work is summarizeddetails
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2 CooperativeRelay assisted schemes

2.1 Data precoded relayassisted systems

2.1.1 Scenario

In this section we describe a novel datacpded relayassisted (RA) algorithm, which can
achieve full spatial diversity, obtaining a coding gain in comparison withethevalent
distributed SFBCs scheme, maintaining the same spectral efficiency of the equivalent non
cooperative system. This algim was referred previously ifD3.3a], however it is now
extended to the case of the 2 considered relays having either 1 or 2 antennas. We also derive
anal ytical pairwise error probability (PEP)
case asvell as the theoretical gain expected in comparison with distributed-gpgoency

block codes (SFBCs). Numerical results are presented for realistic scenarios, according to
LTE parameters. Part of this work has been submitted to [Teo].

In cooperative sstems, transmission of a data rate equivalent to that of a modulation
technique withm bits per symbol in the case the direct link would be available from the BS to
the UT would require the use of a constellation withtts per symbol, because of thefhal
duplex constraint at the relays. This would imply a penalty in the power efficiency.

In order to get both full spectral efficiency and diversitg, propose a novel algorithm where

the data symbols are precoded, RNs. ©he datao t h e
information received and transmitted in each time slot is exemplifi€dbie2-1, for the case

of single antenna RNSRA Precoded 2x1X1 Precoding was chosen so that diversity can be
achieved without the need afact duplication of the signal. In this cooperative algorithm for
the2ant ennads rRAPracpded 2s2the signalq transmitted by the 2 antennas

are spacdrequency encoded using the Alamouti coding. Assuming uncorrelated antenna
channels, aiversity order of 4 can be achieved.

Table 2-1: Transmitted (lighter cells) and receiveddarker cells) signals corresponding to each
node of the RA Precoded 2x1x1 scheme.

T. [1]|2]3

& o

Also there is no need to transmit through the direct link, in alternative to thertimgonal
algorithms proposed previously. This is benefiftal most scenarios, since the direct link is
usually most strongly affected by path loss or shadowing. In this algorithm, we perform
precoding of the data symbols prior to transmission, and posterior decoding at the UT by
using Viterbi algorithm.

The sysem considered consists bBS, 1UT and 2 RNs. BS is equipped with 2 antennas and
UT with a single antenna, whereas RNs hslventennas each, withl | {12} , being referred
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as RA2xMx1 (Figure2-1). Channels are modelled by Rayleigh flatling channels and are
represented by, .. for the link formed between thg antenna of BS and thd"” antenna of

RN, andby h, ., for the link between thel" antenm of RN and UT,with g=1,2,1=1,2 and
m=1,...,M.

br qlm

'AV Pruam

2

Figure 2-1: System model for the RA scheme with 2 RNs ard antennas at each relay (RA
2xMx1).

We further assume that each retayde is capable of deciding whether or not it has decoded
correctly. If a RN decodes correctly, it will forward the BS data in the second phase, otherwise
it remains idle. This can be achieved through the use of cyclic redundancy check codes. This
performance can also be approximated by setting a sigrabise ratio (SNR) threshold at

both RNs; the RN will only forward the source data if the received SNR is larger than that
threshold Jin06].

2.1.2 Algorithm description

Let us assume that the source producegquence of symbolswd, each one carryingn
information bits. The BS transmitter precodes successive pairs of symiols:], using a
bijective functionF (X, Xx+1). The precoded symbols,, are alternately transmitted to the two
relays, allowinghat each symbol reaches the UT through two independent links. When one of
the links fails, the bijectivity allowsecoveringthe original symbols QPSK, as shown in
Figure2-2.

RN,

F(X()! Xl) F(X21 X3) F(X41 X5) /

F(x1, X2) F(Xs, Xa) F(Xs, Xg
L2 8 <+——RNj,

Figure 2-2: Pairs of symbols alternately transmitted to each relay, according to a bijective
function F(xk, xk+1).

In the case that original symbols are QPSK, one can use a simple precoding operation that
relates QPSKand 16QAM, obtaining the symbols transmitted by the BS given by

16/127



COoDIv D3.3b

3 1
SoTash N (2.1)
o 2

wherex is thek™ QPSK symbol of the original sequence information, with unitary poler;
is a normalization factor, so that the average transmitted power be 1, in this case

beinga =2/\/§ From (2.1), we can easily recognize thaach symbols is a 16QAM

symbol. However, the receiver will interpret it as a sum of 2 QPSK symbols, allowing,
because of the fact that each QPSK symbol is received through two paths, to bring the
performance close to the one that would be achievatkifQPSK symbols were transmitted
continuously.

In the proposed precoded algorithm, while BS transmits data continually to the RNs, relays
transmit and receive alternately: Ridansmits in even time slots, or symbol duration, while
RN, receives; RMtrarsmits in odd time slots, during the reception period of RMdble2-1).

At the UT, we use the Viterbi decoding algorithm to separate the QPSK data symbols, since it
is the optimal decoding method. In the following the signal esgions and methods are
presented in detail, separately for each scheme.

A. RA scheme with 1 antenna at relays

The received signals at UT, when we have a siagtenna at each relay, in time sloksa2d
2k+1, are given by

_ a 1 o}
Yo =@M, 11 6%(2« 1 "'é Xx (')';ﬁzk

, (2.2)

~

_ a 1 o}
Yorss =@My 20 % +183(2< "E X 1 0 My

— =) == (]:

whereh, ., =a/b|1hff, « represents the cooperative channel for linksARNT; h? ., is the
complex flatfading Rayleigh channel realization for time dtptvith unit average power and
b, representing the loagerm channel powerp,, ., and n, ., are the zero meacomplex

additive white Gaussian noise samples with variancg’of

It is easy to see that the proposed scheme has a trellis structure for the transmission of the
QPSK symbolsx, . As the code is linear we massume that symbel(algebraically as (0,0))

is transmitted. An error event can be recovered in two steps as shdwiguie 2-3. The
distance for the path that erroneously will recoxenstead of0 is given ly (2.3), where

d(O, x) is the distance between the QPSK symifiodsndx. The minimum distance between

two diverging paths is

2

(2.3)

(3-1)1k

2 2
(dz)RA-PreczaZdz(o' X);huzk‘ -H]U
¢
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Figure 2-3: Trellis code for RA Precoded scheme between symbols 0 and x.

As the error events can start at an odd or even time slot, the minimum distance is given by

O

gw

where dmePSK is the minimum distance of the QPSK constellation.

2

hrullk

(driin )RA-Prec =a zdniinstK % 'H} 31)1k
¢

3—Ilk

(2.4)

QR QA

Assuming that we use the RA scheme with Alamouti [Ala98], th@rmim distance of the
received QAM constellation, is given by

a%d? . , X
2 — mingpsk
(dmin)RA-AIam B T%ﬂr}u 11 +hu'(3|)1

Let r be the ratio between the minimum and maximum of the channel power gains, i.e.,

mln%u Ilk‘
max%lu Ilk‘

Then, when the channel power gains exhibit an asymmetry with ratithe asymptotic

channel coding power gain of the proposed scheme, relative to the distributed Alamouti, is
given by

(2.5)

u,(3-1)1k !

(2.6)

(3 1)1k

G :1OIoggéL+—4r . (2.7
C 1+ r

Therefore, the proposed scheme asymptotically achieves the perfermia@PSK, in the
case of high SNR and when the channels have equal average power gain, i.e., an improvement
of 4dB relatively to 16QAM; taking r to O, the performance will be that of distributed

Alamouti, as we have only one pateducing to a 2AM demodulation situation.

The gain, as a function of the channel power gains ratio is represerigdrnie2-4.
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Figure 2-4: Coding gain obtaned with RA Precoded in relation to RA Alamouti, for 2x1x1
system.

The trellis code of the proposed scheme is representégumne 2-5. According to(2.1), we
have defined four states, | U, U ={(0,0)5(1,9 { 0.} { 1.}, which are basically the QPSK
symbols, whereas the transmitted QPSK symixplare simply the scaled bipolaersions of
u,, so that they have the required power.

The weight associated with a state transition frgm to u, is defined as/ k_l(uk 1 uk). As

we have alternate tramgssion through RNand RN, the weights depend on the instland
are given by

OV l _
/k—l(uk 1 uk) = éhru,u,kgék 1 "'é U, (2.8)

with 1=1 if k is even and=2 if k is odd; u, represents the QPSK ssfymbol associated with
u, i.e.,

L 238 (1) v (2) L
U, = 28uk(1) +u, (2) 5 (2.9)
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/2k-1(u2k x u2k) ! 5 (u2k’ U2k+1)

»
>

RX

(7 %""
XK
AV

Figure 2-5: Trellis code for precoded algorithm.

For each state, there afebranches arriving at each symbol. The Viterbi algorithm is then
used to find the most probable sequence [Vit67], with the Euclidian squared distance given by
2

n(uk’ uk+1) :‘ Yo - 4( U, L&i)‘ (2.10)

B. RA scheme with 2 antennas at relays
For the case of RNs being equipped with 2 antenkla), the signals transmitted in each

relay are encoded in spatequency using Alamouti code. The received signals at UT, in
time slotk, for adjacent subcarrigrandp+1, are given by

%(Sﬁlhﬂ,uk 'iﬁi h‘l.zk) "Tf

e,r
$yk
i 1 , (2.11)
Ykpﬂ:ﬁ(szf b2k +§-1hﬁ,|1;<) #*

—_—) =)

with I=1 in odd time slots antk2 in even time slots, wher? represents the complex

u,Im,k
flat-fading cooperative Rayleigh channel of th8 antenna of RNand UT, on time slok ard
p" subcarrier position. Channels are considered flat for adjacent subcarriers, i.e., the

subcarrier separation is significantly lower than the coherence bandwidth of the channel.

At the UT, the SFBC decoding is performed, using coefficigyits = xﬁhf’ as follows:

u,Im,k?

?ﬁ) = gffk Yo +d5k ¥

oo o r s ot (2.12)
1% = 95 % LY
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The obtained decoded symbols, expegsas
. 2 2\a 1 o .
24 :a( hrE,Il,k‘ -{-hE,IZK‘ )8\9&?1 '5 X 9\/5( s PP HJ)JZK)’ (213
are then object of Viterbi decoding used to find the nposbable sequence, similarly to the

previous scheme, with the corresponding trellis code weights for timk gieén by(2.14),
and withu, represented i(2.9).

/kp(ulf,ulfﬂ): a(

C. Error Probability and Diversity Gain Analysis

hrz,u,k‘z }Lhﬁ,m,kf)g&p %T{p (2.14)

Let us compute the probability of an error event as showigire2-3, i.e., assuming that the
transmited symbols correspond to the-adlro path, the probability that in decoding an
incorrect path is taken at tinkeand remerges at time-2. This represents a lower bound on
the actual probability of error, which is accurate for medium to high SNRs. Dopgqr

simplicity the subscriptsu,m,kin h,, . and assuming without loss of generality? h,, the
minimum distance between the two segments is given by

2 _ 5242 2 2
dmin =a dminQpSK (| h.| /4 +I}| ) ' (215)
whered,;, .. =2|/E is the minimum distance for QPSK modulation.

The PEP for general QPSK modulation armherent detection [Gol05], under perfect
synchronization, is given by

o

_E a dmin
P = 5 erfc%—\/l\l_O : (2.16)

¢

2 +° . .
whereerfc( 2) =—= # e" duis the complementary error function.

R

Replacing in(2.16) d_, by the expression irf{2.15), we obtain the conditioned error
probability forM=1

al.. 2 2
4 O
Pe|r1,hz :%erfcga Eb (| h!\lf +| hZ| ) _—é erf(( fnl -yZ) , (217)

(; o

(@]}

-10:0: O

where n1=|hl|2%, n,=lh|* ¢ and g= éNE. The variablesn, are i.i.d. and follow an
0

exponentialdistribution with with meansz, :Z and 77, = ¢ and the respective probability

density function (pdf) is
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m, ! . (2.19
0, n <o

For the proposed scheme we then get the unconditioned probability of error as the following
expression

A effdm +g) £, ( pf,( e ds (2.19

which, by replacing the pdf expressionsmfandn, in (2.19), can be simplified to

2+n+n an+ B

R R iy +a)e ¢ d.a,. (2.20)

Integrating the previous equation, the final expression for PEP of the proposed scheme is
extracted:

18 4[ g 1| ¢
P="a2 — = . 221
T8 \/1+g 3\/4+g (2:21)

Expressing the error probability expression as a function=ofy *, a simplified expression is
obtained

P== ._( x) 2 _(-1 4x)|-2 (2.22)
Expanding this expression as a Maawurin series up to order &.22) reduces to
P :% € (%), (2.23)

wheee r, (x) is the remainder term of order 2 [Jam01].

For the high SNR regime, i.e., fgg- ©, we obtain an approximated expression for the
proposed error probability

3
o Z2g2, 2.24
29 (2.24)

Diversity order, which is an important measure that we ultimately also need to keep track of,
has been definedsdhe absolute values of the slopes of the error probability curve plotted on a
log-log scale in high SNR regime [SimO05]. Frqth24) we can see that the ermprobability
decays agy >, which means that our scheme achieves diversity order of 2.

2.1.3 Performances

A. PEP Analysis Validation
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The analytical PEP derivation is corroborated by the BER performance obtained through
Monte Carlo simulatio for Rayleigh channels, for the RA scheme with 1 antenna in each
relay, assuming error free transmission between BS and the RNs. Theoretical and simulated
BER curves are shown Figure2-6, including the theoretical upper bouderived previously

for high SNR regime. The simulation curve has approximately the same behaviour as that of
the lower bound provided i2.21), only differing for low SNRs. In real situations and at low
SNRs, error events may correspond to paths that are not corresponding to the minimum
distance, which results in the differences between the lower bound and simulated curves.
These are anyhow lower thardB andnegligible for E /N, 2 12 dB. We can also observe

that the simulated curve has the same linear decay as the asymptotic curve ¢A/24) byr
high SNRs, confirming the diversity order of 2.

0
10 &=
- »\§ == Theoretical lower bound
9. --€-- Asymptotic high SNR
\& —8B— Simulation
TN,
TR - G
NG S
\bﬁ\a‘~¢
\\, :s
RN N
o - Y
w 107 > ‘Q
'\.:
O,
\.\t
10° R
10" \

0 2 4 6 8 10 12 14 16 18 20
E, /N, (dB)

Figure 2-6: Theoretical and simulated error probability for RA precoded scheme with M=1.

B. Assumptions and Conditions

In order to evaluate the performancetioé presented RA schemes we considered a typical
pedestrian scenario, based on LTE specifications [ITE2]. Namely: FFT size of 1024; number

of available carriers set to 300; sampling frequency set to M-B6 useful symbol duration

is 66.6¢ s ; priefsiblesycbverall OFDM s ¢¥mhocksriecbur at i
separation is 1kHz; number of OFDM symbols per block is 12; the velocities of the UT and

the RN were set to @n/h.

We used the International Telecommunication Union (ITU) pedestrianneth model B
[ITE2], with the modified taps delays according to the sampling frequency defined on LTE
standard. Concerning the MIMO model, we used the same spatial transmitter and receiver
correlation matrixes for all the taps also defined in [ITE8pme assumptions were
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considered for this work, such as: perfect CSI at the relays and at the UT; the transmitted
power per time slot normalized to 1.

In order to characterize propagation aspects as a whole, including the effects of path loss,
shadowing, scatting and others, we considered different link quality combinations,
qguantifying it in terms of SNR, given by t
power. We define different SNRs for the sectwgh cooperative links: Ry UT and

RN,A UT, referred to as SNR and SNR,, respectively; and for the direct link (the
alternative link between the BS and the UT of the-cooperative systems) as SNRor
simplicity and also assuming that the relays only forward BS data if decoding is correct, we do
not refer to SNR differences in the first cooperative hop.

Three propagation scenarios were accounted
Table2-2. In Scenario 1 we assume that all the links haveséime quality conditions, i.e.,
SNR=SNR:;=SNR:2. We also include scenarios where the cooperative links, i.eA RN

and RNA UT, have higher quality than the direct link. The choice of these scenarios derives
from the fact that, in most real situationtse tooperative link has higher transmission quality
conditions than the worse alternative direct link, since selection of relay nodes takes the
transmission quality of both cooperative hops into account. We then define Scenario 2 where
the link between RNand UT has a SNR 1dB higher than the other two links, i.e., SR

SNR:; andSNR.;=SNRy+10dB. Scenario 3 is our best quality cooperative scenario, where the
entire cooperative path has better transmission quality conditions than the direct path, i.e.,
SNR, =SNR, =SNR+ 10d..

Table 2-2: Propagation scenarios considered for Monte Carlo simulations.

SNR, SNR,, SNR,,
Scenario 1 SNR, SNR, SNR,
Scenario 2 SNR, SNR,+10dB SNR,
Scenario 3 SNR, SNR,+10dB SNR,+10dB

In all considered systems, two information bits are transmitted per symbol interval, and thus
all of them have the same spectral efficiency. In systems where afsggoency code is
needed for 2 transmitting antennas, the akebbwn Alamoudi coding is implemented
[Alam98]. In systems with 4 antennas transmitting simultaneously, we implement the QO
SFBC code proposed Gyrkkonen, Boariu andiottinen (TBH)[Tir00].

The schemes considered in our evaluations are presented next, where thebidiete
includes the proposed ones and the following others are used as references:

1 Hereby proposed scheme, with precoded QPSK and Viterbi algorithm decoding, for 2
relays with 1 and 2 antennas (RA Precoded 2x1x1 and RA Precoded 2x2x1,
respectively);
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1 Distributed SFBC for 2 relays with 1 and 2 antennas usin@AB modulation (RA
Alamouti 2x1x1 and RA TBH 2x2x1, respectively);

1 Non-cooperative 4x1 QPSK with QOFBC code with a continuous link available
(Non-coop TBH 4x1);

1 Noncooperative 2x1 QPSK Alamouti dmg with a continuous link available (Non
coop Alamouti 2x1).

The results of the cooperative and romoperative schemes are presented in terms of bit error
rate (BER) as a function &i/Ny of the direct link used for reference, whé&igs the received
energy per bit at the UT amd/2 is the bilateral noise power spectral density.

C. Scheme with 1 Antenna in Each Relay

Cooperative and reference systems performances for the case of 1 antenna in eadhXelay (
are shown irFigure 2-7 for Scenario 1. In this case, the reference systems presented are the
noncooperative Alamouti 2x1 and RA Alamouti 2x1x1 ones.

9 9 9 T
=-=¢=-= Non-coop Alamouti 2x1 |7
—0— RA Alamouti 2x1x1
—©— RA Precoded 2x1x1

T

BER

g N,
10 s \S NG \'\ -
. .
AN N\
10" 2
0 2 4 6 8 10 12 14 16 18 20

Eb/N0 of direct link (dB)

Figure 2-7: BER of cooperative systems with 1 antennagp relay and of reference systems for
Scenario 1.

When comparing the RA precoded scheme against RA Alamouti, we observe an improvement
of 2.2dB, for BER=10". This, in turn, derives from the precoding used in the proposed
scheme, which mitigates some betpenalty resultant from the halfiplex constraint at the
relays, avoiding the use of a higher modulation order.

The proposed cooperative scheme outperforms the reference for high SNRs, i.e., 2x1 QPSK
Alamouti coding with a continuous link available. $hs justified by the correlation between

the channels of etocated antennas in the reference system, contrarily to the RA schemes with
independent channels in the cooperative links.
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In Figure2-8, the performancef the same schemes in Scenario 2 is presented. In this scenario
conditions the proposed precoded scheme outperforms the equivalerdapanative system.
Improvements of 8.8B is obtained in comparison with 2x1 Alamouti, for BERZ1The
coding gain btween the precoded scheme and the RA Alamouti isd&f &r the same BER
conditions, which is higher than in the previous scenario.

T 9 9 T
=-=¢=-= Non-coop Alamouti 2x1 [
—O— RA Alamouti 2x1x1

A
10 = — —B— RA Precoded 2x1x1 [
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\ \\.
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\. s,
N, Neq
AN kY N
N\, N\ e
LN \\:\
\Q
\'ﬂk
10° N AN
. \. N
AN \\
AN AN
AN N

0 2 4 6 8 10 12 14 16 18 20
Eb/N0 of direct link (dB)

Figure 2-8: BER of cooperative systems with 1 antenna per relay and ofference systems for
Scenario 2.

In Figure2-9, both links between relays and UT have SNR&lBMhigher than the direct link
(Scenario 3). In this case, the cooperative schemes have the same resulting behaviour as in the
previous scenarios, although the cooperative schemes achieve better performances, as
expected. The difference between ftmoperative 2x1 and the RA precoded schemes is now
more than 13IB, for BER=10".

Comparing with the distributed RA Alamouti, we have an imaproent of about 2.@B in
using the proposed code, for BERZ]@hich is the same difference than in Scenario 1.
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Figure 2-9: BER of cooperative systems with 1 antenna per relay and of reference

systems fo Scenario 3.

D. Scheme with 2 Antennas in Each Relay

For the scheme with 2 antennas in RN&2), the same study was made, for the same
scenarios. In this case, the chosen reference systems are: tb@operative Alamouti 2x1
and TBH 4x1 systems; and, tR& scheme with the TBH code applied to the relay nodes.

In Figure 2-10, all the links have the same transmission conditions. In this scenario case,
higher coding gains are obtained with the proposed algorithmnhégure2-7, as expected,

since we have now 2 antennas in each relay. An enhancement of ali®dig dchieved with

the precoded RA scheme, compared with the cooperative scheme using TBH code, for
BER=10°. Compaing with the norcooperative systems, the proposed scheme outperforms
the noncooperative system 2x1 by about 8, for the same BER. The performance of the
new algorithm also overpasses the4gooperative system 4x1 for high SNRs, specifically for
Ew/No>8 dB. This happens because, not just because of high correlation betweeated
antennas, but also because spgane codes for 4 antennas are not fully orthogonal, not
achieving full diversity.
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Figure 2-10: BER of cooperative systems with 2 antennas per relay and of reference systems for
Scenario 1.

For Scenario 2 (results Figure2-11), as expected, the difference between the RA and non
cooperative systemis higher than in the previous scenario. The precoded RA scheme has
improvements of 8B and more than 12dB in comparison with the necpboperative 2x1

and 4x1 systems, respectively, for BERZ18s in the RA 2x1x1, the difference between the
algorithns used in cooperative schemes is higher than in the first scenario, differing by about
7.8dB, for BER=1C".

For Scenario 3 (irFigure 2-12), even higher coding gains are obtained with cooperative
systems, in compeon with the nofcooperative ones. For example, the proposed algorithm
in comparison with the equivalent nonoperative 4x1 system has a gain higher thadBL2
The difference between both RA schemes is similar to the one in Scenario 1.
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Figure 2-11: BER of cooperative systems with 2 antennas per relay and of reference systems for
Scenario 2.

T T T |9
*= Non-coop Alamouti 2x1 [T
107 EiSimae =-=#=-- Non-coop TBH 4x1
o S —&0— RA TBH 2x2x1

R —B— RA Precoded 2x2x1

AN
4
1

PR |

.\0 i »
107N X o

BER
/
G
*
/
/
’

N AN N Y
\ \ p’ S

*x, ~

\0 \~

\! \ - ™
3 . N
10 £ °s
N\ \, °s, s,
N\ AN ~ ~.,
N\ N\ KN
N\

\ R .

\ N

~

0 2 4 6 8 10 12 14 16 18 20
Eb/NO of direct link (dB)

Figure 2-12: BER of cooperative systems with 2 antennas per relagnd of reference systems for
Scenario 3.
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2.1.4 Conclusions

The proposed precoding mitigates some of the penalty resulting from thdupbdk
constraint at the relays. It brings the performance very close to the one achieved when a direct
continuous link isavailable and SFBC coding is used at the BS, outperforming it for high
SNRs due to correlation in docated antennas and to the rmthogonality of space
frequency codes for 4 transmitting antennas. Improvements are obtained for scenarios where
cooperate links have higher quality than the direct link, being more pronounced as the
quality of the cooperative links increases.

We observed that both precoded schemes outperform the equivalent distributed SFBC
cooperative schemes, achieving better performahee to the coding gain obtained with
precoding. Even for the most probable situation of asymmetric quality conditions between
cooperative links, results show that the proposed scheme is better than the reference
cooperative ones. In these cases, theréifilee between the 2 cooperative schemes is higher.
For example, it is of about 7dB for BER=10’, considering the case M=2.

We also observe that the extra antenna in each relay leads to a considerable improvement in
the overall system performance, whiis at least of 8B for BER=1C. Furthermore, the
performance difference between the precoded schemes and the respective equivalent
distributed SFBC schemes are higher for the case of having 2 antennas in each relay.

From the presented results, it isar that the proposed cooperative schemes can be used to
extend the coverage mainly in scenarios where the quality of the direct link is poor, as is the
case of clutteredrban environments.

2.2 Channel estimation techniques for RelayAssisted systems

2.2.1 Scenaio

This section provides a study of channel estimation algorithms designed for downlink
distributed SFBC RA schemes proposed in [D3.3a]. We consider the use of an antenna array
at the base statiomith M antennasnd a single antenna at the user termiviathe relay node

we consider either single antenna or an antenna aitayL. elementsThe different antenna
configurations are referred aglxLx1l The relayassisted (RA) protocol considered is
equalizeandforward. The proposed scenario requires bothdd a considerable number of
parameters to perform optimal channel equalization at receiver side. We propose a time
domain pilotbased scheme to estimate the channel impulse response. AeNB&hannels

are estimated at the RN and the information abot c hannel 6s ampl i tude
sequence. At the UT a time domain (TD) MMSE estimator estimates the equivalent channel
from source to destination, taking into account the Alamouti equalization performed at the
RN. The CSI estimation scheme wensider operates in the time domain because of the
reduced complexity when compared against its implementation in frequency domain [Rib07].

Figure 2-13 shows the corresponding block diagram of the envisioned scenario, with
indication of channel estimation at the different points. The supers¢ifptand ()® denote

the firstand the second phase of the EF protocol, respectively. In the different variables used,
the subscriptsu, r and b mean that these variables are related to the UT, RN and BS,
respectivelyThe pilot symbols are multiplexed in data and the BS broadcasts the information
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x((i)) (data and pilot) to the RN and UT. The information follows the direct and the relay paths

and arrives at the UT and RN. This processing corresponds to the phase | of the EF relay
protocol.At the UT, the direct channels are estimated and theadet&8 FBC denapped and
equalized. These two operations are referred asdsofsion which the result is the soft

decision variable, in this casefj,lv%k). At the RN, pilots and data are separated; based on pilots,
the channels B& RN ae estimated and the safécision is performed. The result is the soft
decision variables),. Then, the new pilot symbols are multiplexed #fl,, and the
information x((f)) is transmitted/ forwarded to the UT via RN UT channel. This second

transmission corresponds to the phase Il of the EF protocol. At the final destination, the
required channel is estimated and the-detftision is conducted in order to obtain the-soft

decision variablesfji)k) After the second protocol phase the UT has thevsoiable provided
by both the BS and RN. These varia#dee combined and hadkcoded.

n

u
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Data || Hard |,
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S1) Combiner Decision |1 =

p 0 U, () !

i (2) o

X(l) :: Su'(k) ::

(k) h Estimator n

~mz=z=z=z=z==j===========> o Soft_DeCISIOn < EE

3 SFBC : : 3

=1 ; 1 a 2)

1] mapping | i :: t Yl |

v 0 BS: n Estimator h

=zzzzzzzf=z=z=z=zz=z=z===zY :: UT n
ol

Soft-Decision &0 ng(z) hrul,(k) "’(‘?‘
) (k) & (k)

Estimator v

Figure 2-13: The block diagram of the relay-assisted scenarioMxLx1 scheme.

2.2.2 Algorithm description

According to the scenario previously described and presented in detBiB.Bg| there are
two direct channels BSUT to be estimateh,, , and h,, , which should be estimated at

the UT during the first phase of the relaying protocol. These channels correspond-to-point
point links thus conventional estimators can be used. THgR$ link, the channelsy,, ,,

and hmz’(k), also corresponds to poitd-point channels and they can be estimate by

conventional estimators at the RN. However, for thedARN link, and since the EF protocol
is used, it is necessary to estimate a versiaghethanneRNA UT, which dependsn ay

and G, the equivalent chanrela,Gyh, . for 1=12. Note that the UT has no
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knowledge ofa,, and G, . These dctors are dependent dm, ., which the UT has no
knowledge as well. However, at the RN the chanhglg, are estimated, and based on that,
the factora G, is calculated. Therefore, we jmse to transmit the factar G, at the
pilot subcarriers as pilots, according to the pilot pattefigare2-14.

Frequency

: Subcarriers
: Symbols
: Data

: Pilot Subcarriers: antenna 1 RN

©00=z£Z

: Pilot Subcarriers: antenna 2 RN

N N Time
t

Figure 2-14: Pilot allocation at the RN.

Consequently, the new pilots are no longer constant and that may compromise the
conventional TBMMSE performance, since this estimator was designed assuming the pilots
are unit with constant values at the destination. Although our appeoadties the destination

had knowledge of the neconstant pilot(a(k)G(k)), the result of the convolution between the

received signal and these pilots, would result in the overlapped replicas of CIR, according to
Figure2-15.

Frequency Domain Time Domain
*
I NN N
_ | N, N, N; Equispaced pilots with non-
Pilot Data T . constant and undesirable
N; TT T 2 PT samples between them
<>
. ) ) ] » LA
Equispaced pilots with T ’ ???I: LI U il Data samples overlap with
non-constant values L) le T? + ‘Ove ap pilot and undesirable
? 3 samples
‘o of . I?
T X® xii X

As result:

The replicas of CIR
are spread

Convolution by the
pulse train in TD

Figure 2-15: Pilots with non-constant values result in the overlapped replicas of the CIR.

However,a,, depends on the noise variam:él) ,

2

1 13,

ay = T where ¢ ;%Ebrl,(k)

’ ‘hlE (2.25

br2(K)
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and the produca(k)G(k) tendsto one for a high SNR value, according(&6). Also, (2.26)
suggests that the factm(k)G(k) varies exponentially according to the SNR, as depicted in
Figure2-16, where the RN is equipped with a single antenna.

a 1 6 & 0
2 o] & o]
249Gy 2G, + oo 4% =g o o0 (2:26)
RCw * & T N
1r— . . . . . . ;,,,,,;77—;/ —
0.95- e
C v
0.9| ”
O}
CU =
0.85F-
0.8f /
7 Y 2wG0| ]
0.75 | P

o 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Figure 2-16: /)Gy, vs. SNR.

Other behaviourof the factora,,G,, can be demonstrated in terms of SNR and subcarriers,
as presented iRigure2-17. These plots show that in the first caS&§R=20dE, the a(k)G(k)

factor presents an amplitude closeltavith some negligible fluctuation. However, in the
second caseSNR= 2dE, the result is likely different to the previous one: Q‘QG(I() factor

presents an amplitude also closd tiout the fluctuation is not negligible.
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Figure 2-17: a,,G,, per subcarrier.

The results irFigure2-17 emphasize that transmit the factm(rk)G(k) in the pilotsubcarriers,
may degrade the estimator performance and the causes are:
1) Pilots with some fluctuation in amplitude:

A As the amplitude ahe pilots at the destination are constant and equal to one, the
result of the estimation is a spread of the replicas of the CIR.

2) Decreasing the amplitude of the pilots:
A The SNR of the pilots is decreased as well.
3) The MMSE filter depends on the statistof the channel BSRN

Despite we are considering the “-NIMSE estimator in our analysis, the causes presented
previously degrade the performance of any other estimator scheme as well. In order to
quantify how these effects can degrade the estimatarpehce we evaluated the impact of
both of them, separately, in a SISO system, since thg B$ and RM\ UT channels
correspond to poirtio-point links.

First, we evaluate the case when the pilots have some fluctuation in amplitude. We consider
that the pilds (originally with unit amplitude) had their amplitude disturbed by a noise with

2
zero mean and variance equal 4§, = I%‘l ) (k)¢}. s?2, quantifies how far the factor

a )G(k) would be from the pilots wh unit amplitude. We can expres$, as:

Sac =1+ {‘é % (G)CF} 2{ &} (227)

Therefore, the pilots are no longer constant and unit. They have some fluctuation in amplitude
which depend ona(k)G(k) and they are equal tq:)s% = 1 #, wheren has a normal

k

distribution with zero mean and powes’,. The performance of a SISO system with the
pilots values given byp_, is shown inFigure2-18 (dash line). For reference, we also include
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the SISO performance for unit pilot®,. Since we are focused on the degradation of the

estimator performance, the results are presented in terms of the normalized mean square error
(MSE) andE, /N, , where E, corresponds to the energy per bit received at UTdnds the

power spectrum density of the total noise which affects the information angveignals.
The normalized MSE, for a generic chanheis given by:

e )
— .
B}
For low values of SNRLO- 4] , the major difference in performance between the two results

Is approximately0.5dB, which is not a noticeable degradation and the estimator performance
iS not compromised.

MSE = (2.29)

_12‘ ——
)
z
L <
0
=
24 - S
| —< SISO, R .
r aG S B
7 —4&— SISO, R S ]
0 2 4 6 8 10 12
Eb/NO (dB)

Figure 2-18: Channel estimation MSE performance.

The second effect to be evaluated is the decreasing of the amplitude of the transmitted pilot. In
order to evaluate this effect we also consider a SISO system, for which the transmitted pilots
assime different constant values, and consider different values of the f:%l@(l;() as pilot.

The normalized MSE is given I§2.29). The result is shown irFigure2-19 and for reference
we include the SISO performance for unit pildgs, as well.

E[“ﬁk) SF <k>@‘2}_
E{‘am %h‘z}

MSE = (2.29)
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Figure 2-19: Channel estimation MSE performance.

The results show a constant shift in theBABhen the amplitude of the pilots is not unit. The
shift presents in all results is not a real degradation it is caused by normalization presents in
the MSE in(2.29). In fact, assuming a MSE without normalization the results are all the same.

Transmit the factora(k)G(k) as pilot does not bring any noticeable degradation in the TD

MMSE performance comparing to transmitting unit pilots. frregor degradation occurs only
when the pilots have some fluctuation in amplitude, as showv#gure 2-18, and solely for
low SNR values.

The conventional MMSE filter is implemented to improve a channel estitfiatden the
required channel correspondsho However, according to our cooperative scheme, we need

estimate an equivalent chanrtg ., =&, @h, for 1 =1,2. Since the fator aG does not

rul

depend orh,,, the MMSE filter input correlation matrix for the chanrig] referredR

s
is expressed byE{theq :RaGa(}; o s N/ while the filter inputoutput cross
correlation, referred aﬁa&ﬁ; is given byE{hqu#_‘;q} ?if}sRﬁuﬁu’ both Rr’theE and R_ 3

Q)o

are£\|— NC matrices. Thus the MMSE filter, wheﬁgq is to be estimated, may be express
f

as:

7

1
Riacinn B NC/N) '

Wismse, hg R (2.30)

(@ A, (
As we shown previously i(R.26) the factora(k)G(k) tends to one for high values of SNR and

examining (2.30), which depends on f% it is clear that (230) tends to

-1
R & (RF}h sl N/ Ny ) for high values of SNR as well. In order to show that several

simulation were performed by taking into accodﬁ% ¢ and the noise variance; Rl

qeq
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According to theFigure 2-20 the results show that the maximum value in Be_-matrix is

q heq

close to-40 dB for high values of the noise variance.
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Figure 2-20: Maximum value in the cormrelation matrix vs. noise variance.

According to the results ifigure 2-18 and Figure 2-19 in terms of MSE, transmitting the
factor a(k)G(k) brings, inthe worst case).5dB of degradation reason why there is no need to

increase the system complexity by implementing the filt¢RiB0). We have shown that our
cooperative scheme allows the use of the MMSE estimator without compromising its
estimate. According t¢2.26) the behaviour of the &or a(k)G(k) does not depend on number

of taps of the channel, it depends only on the noise varlaﬁ?,e

(k)‘2

and a(zk)G(k) @ » for L=1 and L =2, respectively. These parametete required in the

variance of the total noisaccording to the following expression:

) FaiGy 'El(k) S

o < ,
fa Gtk ( (1) +$~2)’ L 2=

2

t, hYul k (2.31)

1.2 2
where G, > a

=1

=

rul (k)

Although the UT does not have individual knowledgehgf, ay and G(k) it has knowledge
of the second moment of the expected value of the chamneefsr all channeIsE{|h|2} 4

Thus, we propose the use of the noise variamo®nditioned to the channel realizatiay,,
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instead of its instantaneous vaIs% . Therefore,s? is referred as the expectation value

t{ ,(k))
of the variance of the total noised follons the expression:

1 peT E{ & 12 forL 1=

e G}

I s A2 forL 2
(g} o P EF

Also we consider that the channels have fidah statistics,i.e. sf(l) = :72“) = $3, for a

2

s (2.32)

—_—\—) —) ©—) - :

single antenna at the R&* can be numerically express as:
€1 a9, 49 | o
, @11.5+sf(2) "
s; @
|

TS+21-2'(‘2) 2520+ §7, L =2

(2.33

If we consider the premise of the cooperative transmission, high SNR compared to the SNR of
the direct link, we haves*? < 4.5 and after some mathematical manition (2.33) may be

approximatelyexpresdy s 2 @g £ forL=1.

To assess the validity of using the averaged noise variance insteadconttitioned one we
plot in Figure2-21, the BER versugk, /N, performance assuming perfect channel estimation

is available at the receiver but considering the cases where the noise vasedds the
conditioned one and the averaged ones.

10"
—
@\
-2
10 ~e
[a -
L 10° \\@\
m |
E: %sf: 2x1x1 ~
8 2 .
“ +S(n,h ).2x1x1
10 I ru, (k)
oA sZaxext
r 2
| —— S 1 2x2x1
(n’hru.(k))
105rr
0 2 4 6 8 10 12
Eb/NO (dB)

Figure 2-21: System performance.
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The performance penalty by using the averaged noise variance is less8dBrwhich is a
tolerablepenalty to pay in order to obtain the variance of the total noise regarding the low

complexity implementation. Therefore we consider the uss ofn our scheme.

2.2.3 Performances

A. Simulation parameters

In order to evaluate the perfoance of the presented RA schemes we considered a typical
scenario, based on LTE specifications [ITE2]. In the simulations we used the ITU pedestrian
channel model B at spead=10kny h. The transmitted OFDM symbol carried pilot and data

with a pilot separatiorN, =4 and N, =1.

We focus our analysis on the 2x1x1 and 2x2x1 scenarios and the simulations were performed
assuming that the channels are uncorrelated, the receiver is perfectly synchrbomitte

2x1x1 and 2x2x1 schemes we use theMMSE to estimate all theequired channels and

noise variances as well.

The results are presented in terms of BER and MSE, both as functid/df, . The

normalized MSE is defined accang to (2.28). The MSE performance of the cooperative
channel is evaluated by averaging the MSEOGS
direct chanel corresponds to a MISO its MSE is obtained also by averaging the MSE of the
BSA UT channels, both normalized. The MSE of the relaying channel corresponds to the
MSE of the equivalent channal, G,h,, y which is calculated according (2.34).

_ E“‘fm Bk 9 o8

" ) E{“"’(k) G 2}

(9 Gl
Thus the resulting MSH,e. the MSE of the cooperative channigy the 2x2x1 scheme is
given by:

]
, forl = 1,2 (2.34)

_1el 1 g
MSE _53_2( MSE, . * MSE’buzck)) 4Lz( MSE qynuy  MSE, ‘Fahmz‘a) | (239

B. Performance evaluation

In order to validate the use of the proposed scheme, some simulations were performed using
the TDOMMSE estimator Figure 2-22 depicts the BER attained with perfect CSI and the TD
MMSE estimator when the RN was employing the proposed pilots. The difference of
performance is minimal in most of the cases and in the 2x1x1 scheme which is in the worst
case this differencs 0.5dB.

Figure2-23depi cts the nor mal i z eXklxMSHedeIhege eesultso r ma n «
show that the proposed pilot allocation, at the RN, according to s@cfdhallows the TD

MMSE satisfactory estimate the required channel. When comparing the channel estimator for

the link with relay against the one of the direct link, there is some penalty which accounts for
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the additional noise added at the relBlye relative penalty decreasesgg N, increases and
can be verified to converge t®.2dB which is the factor of5/3 that relates the total and

individual noises in the asymptotic casfehigh SNR. According td-igure 2-24, this penalty
is smaller in the 2x2x1 scheme, since the faglgG,, presents a flattésehaviour
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—a~ §
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10 | —— Perfect CSI: 2x1x
| —5— TD-MMSE: 2x1x1
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Figure 2-22: System performance: RA2x1x1 and RA 2x2x1 schemes.
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Figure 2-23: Channel estimation MSE performance: RA X1x1 scheme.
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Figure 2-24: Channel estimation MSE performance: RA 2x2x1 scheme.

2.2.4 Conclusions

We considered two problems of channel estimation in a-ssaisted scenario using the EF
protocol. The channel estimation scheme was based on tHAMEE which leads to a
significant complexity reduction ken compared to its frequency domain counterpart. We
proposed a scheme where the estimates of t#AgE¥$Ilink are inserted in the pilot positions

in the RNA UT transmission. For the channel estimation at the destination of the
BSA RNA UT equivalent channel wanalyzed several simplifying options enabling the
operation of channel estimation namely the use of averaged statistics for the overall noise and
the impact of the fluctuations in the amplitude of the equivalent channel. In the RA 2x1x1
scheme is shown than the asymptotic case of high SNR, and equal noise statistics at the
relay and destination the penalty in the estimation equivalent charmetizrelatively to the

case of a direct link using the same pilot density. This diffaxren performance is smaller in

the RA 2x2x1 scheme since the equivalent channel presents aliédtssiour The resulting
estimation was assessed in terms of the BER of the overall link through simulation with
channel representative of a real scenand the results have shown its effectiveness with a
moderate complexity.

2.3 Distributed LDPC coding over the singlerelay cooperative channel

2.3.1 Scenario

This work deals with a new code design for LDPC coding schemes distributed over a source and a
relay. Thecooperative transmission system implements the demod&rward protocol, in which the

relay first decodes the received signal, and then computes a new packet of parity bits which is
forwarded to the destination, as illustratedigiure2-25.
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Figure 2-25: Distributed LDPC coding in a SourceRelay-Destination scheme

Thus, such a distributed coding scheme is closely related to incremental redundancy, and some
approaches have beaiready proposed in the literature, which are mainly based either on serial or
parallel code concatenation. From the code design point of view, the serial or parallel concatenation
of LDPC codes has intrinsic limitations, mainly because patigck matries used for decoding at

the relay and the destination are included one in the other, resulting in inappropriate matrix topologies
(density on nofzero entries, column and row weight distributions, cycles, etc.).

The proposed code design aims to createeimental redundancy for LDPC codes, while avoiding
both code concatenation and code puncturing. It is basedsplit-and-extendapproach, which can

be seen as the A cdvidéandgonquerad mgeputso .of Afttheer decodi
signal,the relay computes extra parity bits by splitting pacitecks of the initial code. Hence, each
extra parity bit is the sum of some subset of bits participating in the samegbarity of the initial

code. Then the relay transmits these new parity thitgards the destination. The whole process
amounts to create a new matrix, whose rows correspond to-phaeitks involving both old and new
parity bits. These paritghecks are therefore distributed over the relay channel, in the sense that part
of checkel bits are received on the soutoedestination link, and another part are received on the
relay-to-destination link. Consequently, this new matrix can be used at the destination to jointly
decode the received signals from both the source and relay.

The poposed code design is introduced in SecBdh2 In Section2.3.3we show that the proposed

design can be advantageously applied to existing codes, which allows for backward compatibility
while addressing cooperation issues for evolving standards. In S&&Bohwe pr opose a fAcc
perspectived analysis of cooperative systems. W
derive density evolution equationsrfSplitExtended (SE) LDPC codes over the Gaussian relay
channel. Numerical results are shown in Sec?i@band Sectior?.3.6concludes this work.

2.3.2 Algorithm description

The basic idea of the Bpextend design can be resumed as follows. Hgt be the paritcheck

matrix of the LDPC code broadcasted by the source to both relay and destination. Hence, broadcasted
bits satisfy paritycheck equations corresponding to the rowshb, . After decoding the received

signal, the relay computes extra parity bits by splitting these parégks, as illustrated &igure

2-26-(a). The paritycheck in the middle corresponds to a rowkdf. In the left example, a new parity

bit €, is created by djiting the original paritycheck into two sulthecks. Precisely, this means that

the set of bits connected to the chackle is partitioned into two subse#®)d the parity bite, is
generated as the sum of the bits of either one of the two subsets. In the right example, two new parity
bits € and e, are created, by splitting the original pardiyeck into three parichecks. Precisely,

the set of bits connected to the chedkle is partitioned into three subsets, &nds generated as the

sum of the bits in the first subset. Subsequerglycan be generad either as the sum & andof
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the bits in the second subset, or as the sum of the bits in the third subset. The total number of extra
parity bits depends on the number of rows-bf and the number of extra bigenerated for each row

of H, (which may vary from one row to another). The sequence of all the extra parity bits, denoted
by E= (q,e2,2 ) is then transmitted from the relay to the destination. The métrigbtained by
the splitextension of H, (i.e. the incidence matrix of the spéiktended graph) verifies

H C'QX, E)t =0, where X denotes the codeword broadcasted by the source. Theréforgn be
used at the destination in order to jointly decode the received signals from both source and relay.

A more general example of spéktension is illustrated &igure2-26-(b). The original checkode is
split into several suohecks, and extended bits are generated in a rapeainulate manner. Such a
split-extension will be referred to aspeataccumulate spliextension

ol
'f!.’?;' (&)
T

split !
— AN
‘\‘_‘;h.;"/ ‘extend extend DY extend }»f/ \\,\</ ™ \/
(&) = =5 &) (& ORNC (&)
(a) Basic examples (b) Repeaticcumulate SptiExtension

Figure 2-26: Split-Extension examples

2.3.3 Performances of SplitExtended WiMax LDPC codes

This section highlights an interesting property of the proposed design: it can be advantageously
applied to misting codes, which allows for addressing cooperation issues for evolving standards,
while maintaining backward compatibility with a reduced impact on user equipment. To illustrate this,
the LDPC codes from the IEEE.802.16e standBtBEB02.16¢ with codng rates 1/2 and 2/3 have

been splitextended, such that the number of generated extended bits be equal to the number of
information bits. Thus, for coding rate 1/2, each row of the patigck matrix has been split into two

rows; while for rate 2/3, eaaow of the paritycheck matrix has been split into three rows (Sigeare
2-26-(a)). Splitting has been performed by a dedicated algorithm that searches for short cycles in the
parity check matrix, then splits rove® asto bre& as many short cycles as possible. Base matrix of
the QuasiCyclic (QC) LDPC WIMAX code with rate 1/2 and the corresponding-gptiended matrix

are shown irFigure2-27 (i 1's entries of the base matrix are represented by asaagh

Clearly, splitextended matrices can be used to address cooperation issues for uplink transmissions, in
a completely transparent way for the user: the user encodes the transmitted signal by using the
original parity check matrix; the relay decodfs signal, then computes and sends the sequence of
extended parity bits to the base station, which will use theesgkinded matrix in order to decode the
received signals from both user and relay. Hence;axiégnded matrix is only needed at theyedad

the base station. For downlink transmissions, if the user terminal is equipped wibxspided
matrices, the situation is symmetric. Otherwise, the relay can only repeat the sequence of information
bits, which, however, provides the user withesmergy gain on the information sequence.
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Figure 2-27: Base matrix of the QGLDPC WiMAX code with rate 1/2 (top) and the
corresponding splitextended basematrix (bottom)

Simulation results over the AWGN ssl channel, with QPSK modulation, are showrrigure 2-28

and Figure 2-29. The source broadcasts either the WiMAX code with rate Hiu(e 2-28) or the
WIMAX code with rate 28 (Figure 2-29), and the SNR on the sourtterelay link is fixed to 2.5 and

4.5 dB, respectively. Both figures compare the performance of two cooperation scenarios: the relay
generates and transmits extended bits in thedamario, while in the seconi forwards the (error
corrected) sequence of information bits. Plotted curves represent SNRs required ortosource
destination and relap-destination links, so as to obtain a target frame error rate either-af 1E
(dotted cures) or of 1E4 (solid curves). The Seorrected MirRSum algorithm [Sav08] is used for
decoding at both relay and destination. The gap between the dotted and solid curves is determined by
the slope of the frame error rate curves in the waterfall regiomeMer, for the second scenario
(repetition of the information sequence) the increased gap between the two curves for smgll SNR
values is justified by a frame error rate error floor abovel1Note also that only SNR pairs with
SNRkp > SNRyp are likelyto be encountered in practice. The SNR gain between the two scenarios
can be measured either as the horizontal distance (for the $outestination link) or the vertical
distance (for the relago-destination link) between corresponding curves. It @aoliserved that split
extended codes achieve a significant SNR gain, in order of several dBs, over the repetition scenario.
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Figure 2-28: Split-Extend vs. Repetition coding for WiMax code with rate 1/2
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Figure 2-29: Split-Extend vs. Repetition coding for WiMax code with rate 2/3

2.3.4 Asymptotic analysis of SELDPC codes
We denote byE(/,r) the ensemble of LDPC codes with edugrspective degree diitution

d-1

polynomials/ =4 ¢x** and r =a £x** [Ric01H. It is well known that when the code length tends
d d

to infinity, (almost) all the codes of the family behave alike, and they exhibit a threshold phenomenon,
separating the regn where reliable transmission is possible from that where it is not [RicOla].

Consider some channel model depending on a parametsuch that the channel conditions worsens
when s increases (for instance, twise variance for the AWGN channel, or the error probability
for the BSC channel). Tharesholdof the ensembIeE(/ , r) is defined as the supremum valuesf
(worst channel condition) that allows transmission wittagbitrary small error probability, assuming
that the transmitted data is encoded with an arbdeargth code oiE(/ , r).
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The above threshold phenomenon can be extended to the relay channel, but the following must be
taken into account:

1 the channel is modeled by three parametgetg, S, and Sp,, corresponding, with
obvious notation, to the three links between source, relay, and destination;

1 the ensemble of SEDPC codes depesdnot only on/ and r , but also on thesplitting
distribution

[Channel assumptionsfince we are strictly interested on code analysis, the following assumptions
will be made:

1 when the relay fails to decode theceived signal from the source, it does not transmit any
information to the destination,

1 the relay channel is degraded, in the sense that the above parameters must satisfy

SSR <SSD andsRD <SSD

[Distributed code]A linear dstributed code of dimensioK is a vector subspac€ E F2N13 F2Nz :
such thatC and its projection orF,"* are both of dimensiorK . The distributed rateof C is by

- aK K@ .
definition (rl,rz) = %T,—g. Hence,r, ¢1, butr, can be greater than 1. The overall coding rate
c'™M N, *
K _ nn

is defined asr = . The idea behind is that the fir, bits of a codeworc:i C

Nl + N2 r-1 + r.2
are broadcasted from the source to both relay and destination and, in case that the relay manages to
decode the received sighat computes and transmits the Idd} bits toward the éstination .

[SE-LDPC ensembleslet H, be the paritycheck matrix of the LDPC code broadcasted by the
source, and lety 2 2. For each paritgheck of H, , assume that:

1 the set of bits connected the paritycheck is partitioned int@ subsets of (almost) regular
edg

&gt

7 AN

. : ) _éd
size; that is, each subset contains eltggrl\J or

H

bits participating in the paritgheck,

whered denotes the paritgheck degree,
1 extended bits are generated in a reeaumulate manneFigure2-26-(b)).

The resulting distributed SEDPC code will be referred to as havisglitting degreeg. We denote
by Eq(/ , r) the ensemble of repeatcumulate SEDPC with splitting degreey, obtained by split

extending LDPC codes with edgerspective degree distribution polynomidlsand 7 .

1 Thus,this definition is dependent on the above channel assumptions.
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2.3.4.1 SE-LDPC ensemble thresholds

Given an ensemble of SEDPC codes, our intention is to separate the region of paramestggs (
Ssps Sgrp) Where reliable transmission is possible from that wilieis not.

Let 5.(/,r) be the threshold of thé&E(/,r) ensemble. Ifss, >5.(/,r), the error decoding

probability at the relay is lower bounded by a positive constant. Consequently, reliable cooperation
cannot le achieved, as the relay does not transmit any information to the destination when it fails to
decode the received signal, and the destination cannot reliably decode the signal received from the

source, Sinc& ¢, >Sgz >S5, (/,r)

From now on we considehat s, <sl*(/,r); hence, we may assunegror free? transmission
between source and relay. We will also use the following notation:

1 S =5y, (we drop subscript RD), which will be referred tonaése parameter

S , , ,
1 d==3221 which will be referred to ashannel discrepancy
SRD

The threshold functions;,v, :[L +D[- A associates with each discrepancy valiethe noise

thresholds , ,

small error probability, assuming that the transmitted data is encoded with an afbitchy
distributed code frorrEq(/ , r). This definition makes sense only under the implisguanption of a

fidi stri buted concentration theor emo, whi ch can
the concentration theorem in[Ric01a]. The threshold function can be efficiently computed by tracking
the density evolution of messages exawhwithin the iterative decoding, as explained in the next
section.

(d), defined as the supremum value$fthat allows transmission with an arbitrary

2.3.4.2 Density evolution

Throughout this section, we assume biraput AWGN relay channel. We combine a nmugtige
approach [Ric04] and the Gaussian approximation method proposed in [Chu0tdier to derive

density evolution equations for the $BPC code ensembIEq(/ , r). We separate the set of -bit
nodes of the spliéxpanded graph into two subsets:

1 typel bitnodes, which correspond to bits received by the destinationtfr@source,

1 type2 bitnodes, which correspond to extended bits received by the destination from the
relay.

We distinguish between tygeand type2 edges, according to whether they are incident to-lype
type2 bit-nodes. Moreover, cheelode degreesra also defined typwise. Hence, we say that a

checknode is of degredd,,d,) if it is connected tod, type-1 bitnodes andd, type-2 bit-nodes.
From our definition of SEDPC ensembles, it follosvthat the typ@ degreed, is equal either to 1
or 2 (sedrigure2-26-(b)). Finally, for each typé =1,2, we define:

1 /[,j] is the fraction of typet edges connected to hitodes of degred ,

2 With arbitrarily small error probability, as the code length tends to infinity
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1 r([fl],dz is the fraction of typet edges connected to ches&des of degreéd,,d,) .

It follows that /B =/,, /=1 (/=0 for d, 2), while r}} and ri3 (i=12) can be
computed as follows:

[1] — rdq+1 2] /Trd,l
ri,=d a k Fgi=—7—\
S g 2d(g.1)
-1 L
[1] _ q. rdq+j 2] _ /’/’d’Z
ri,=d g k. -, I = ,
d,2 o j.2 dg+ | d,2 d(q- 1)
where 7 = 1; is the average chegtodedegree of the original (unsplit) graph, and
r’:]r(x) dx

€0, if 2¢j¢qg-1

| e . )
:‘1], if j=lorj=-g+1, kj,ZZCI'|J|'
b2, if -g+1<j¢o0

Now, under the beliePropagation decoding, Iemé[ﬁ denote the mean of outgoing messages from

) &
my; Q
type-t bit-nodes at iteration?. Let also r?[t] =1- E%anh?[%g, where E denotes as usual the
(; -
expected value operator. Define:
(=1~ an ¢ = au, (1(0)=1)
flx)=1- ——=pntanh= e % du, (f(0)=1
2/ X A 2

h[ll(X,y):a/[jl]fa 2 +(. ) fll.)/( ip-1 |2)
i

atd i

|-O0O

W(x,y)= & /2% +(i- D rly beye)g
i ?5 1.2 -

Then, under the assumption that the messages exchanged during the iterativer8gdightion
decoding are ndependent and symmetric Gaussian distribuﬂéﬁand r?[z] can be recursively
computed by:

(i, ef2)=(n" (1- rf.1-rd) W0 e a- rf)

with initial values cEl], r[z] ggd 92 geg

. The above recursion holds as long7as less
S A

|- O%%z

than half the girth of the graph, which goes to mfinity with the dedgth, and the successful
decoding condition f oErq(/,a)ncanr"bé expressed te(g[l]o r?[zlk-o(ﬁi.e from
Therefore, the threshold fumah defined in the above section, can be computed by:

s;/’r (d) :Suds ‘ !,"Tl r‘[l] rrg 9[2] = 0}

[
?-
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2.3.4.3 Theoretical limit

In order to evaluate the performance of an ensemble of codes, we would like to compare its threshold
function with thecapacity functioninferred from the chanel capacity.

Capacities of various relaying strategies have been computed in [Cov79, Kho03, Kra05], and depend
on the capacities of the three links. Since we assumed that $owstay transmission is error frée
we only consider the two other linkset gRD(s) denote the information rate capacity of the refay

destination channel with parametex, and let gSD(s) be defined in a similar manner. The
information rates are considered by transmittiedthus botthD(s ) gSD(s)i [01] We also assume
that the noise parameter| [O, +ﬁ[ and gRD(s), gSD(S) are continuous decreasing functions, such

that gro(0) = 95(0) =1 and im geo(s) = lim geo(s)=0.

Now, let (rl,rz)i [0,1]3 [0,+0[ be a target distributed coding rate. The capacity function
9. :[:L +0[- [0, +D[ is defined byg, (d) =5, wheres is the unique solution of the equation:

2old 3, Gls) _,

r1 I’2
Note that for s =0, we havegSD(o)+gRD(o) 1,11, 1, and lim gSD(dé+gRD(s) =0,
£ > h nn ssFon Fi

thus such a solution always exists and it is unique, due to the above assumptions.

The meaning of the capacity function is the following. Assume that we wargnsmit information

with distributed rate(rl, r2) over some relay channel. The rates chosen according to the quality of

the channel between source and relay, such that to ensure error free transmission beteEmeth

rate r, is generally chosen according to the delay constraints of the cooperation system. The question

is to know if there exists a distributed code with distributed r(zqerz) allowing error freé
transmissia. The answer is as follows. If the discrepancy and noise paran(etesré of the relay
channel verifys <g, (a’) then such a distributed code exists. However, note that a code allowing
error free transmission for some péﬂ,s), might not be suitable for some other pair of parameters
satisfying the above condition. I >gr11r2(a’), then reliable transmission with distributed rate

(rl, r2) is not possible.

2.3.5 Numerical results

We assme BFAWGN relay channel throughout this section. The following degree distribution pair,
with designed coding rate 1/2, was designed by exact density evolution, and its tBrestiotde Bi

AWGN channel iss~ =0.9649 [Ric01b].

% In practice, the channel need not be erroe;ftte assumption is that ti&g, noise is belovthe threshold of
the code broadcasted by the source.

4 Arbitrary smallerror probability when the codength goes to infinity

5 Note that the threshold calculated ®gussian approximain is 0.9459.
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/ (x) = 0.2199 +0.2333¢ +0.0206¢ +0.0854¢° +0.0654¢°

+0.0477 +0.0191° + 0.0806x"® +0.2280¢"°
r(x)=0.6485¢" +0.3475¢ +0.0040¢

First, we consider the SEDPC code ensembleEz(/ , r). The designed distributed rate is
al .G : ,

(rl,r2)=%,18, meaning that the source broadcasts a code with rate 1/2, and the relay generates a
(; -

number of extendebits equal tolte number of information bits. If the standard deviation of the white
Gaussian noise on the soutoerelay link is less than the above threshaidor, equivalently, the
signal to noise ratio is greater th&NR =-2.70 dBS, we can assume error free transmission

between source and relay. From our definition of the discrepancy, the signal to noise ratios on the
sourceto-destination and relagp-destination links, are related by:

SNR., =SNRg, +D,

where D:1OIoglo(d2) is the discrepancy value in dB. The ensemble threshold and the capacity
functions are plotted ifigure2-30. We can observe that the gap between the two curves is relatively
small (between 0.7 and 0.3 dB) for discrepavaues Di [0, 8.5], and it begins to increase starting
from this point. Hence, if a discrepancy valde> 8.5 dB is not likely to be encountered in practice,
the above SEDPC code can be used to achieve reliable communicédiochannel parameters
(a’,s) very close to the capacity.

[Remark] HARQ systems with incremental redundancy represent another possible application of the
proposed SEDPC codes. In this case extendsts are transmitted by the source msrémental
redundancy, whenever the destination fails to decode the originally received signal. In such a case, the
discrepancy is expected to take on relatively small values.

10

E5(A, p) threshold function -

(r;=1/2. 1,=1) capacity function
'E;(A, p) threshold function wvvee

(r;=1/2.1,=1/2) capacity function =s=sssses

Signal to Noise Ratio SNR, (dB)

.....

o1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Discrepancy A (dB)

Figure 2-30: Threshold vs. cacity function

6 Note that the theoretical limit is at 2.82dB.
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Figure 2-30 shows also the threshold function for the-ISBEPC code ensemblég(/ , r), whose

. i 114
designed distributed rate (sl,rz) :%,58. We can observe that the gap between the threshold and
o -

the capacity curves is between 1 and 0.4 dB for discrepancy vlalhé@, 20]. This proves that split

extending good codes for poitt-point communications results in good distributed codes for
cooperative communications.

2.3.6 Conclusions

We propsed a new coddesign method for LDPC coded cooperation, which is based on -asglit

extend approach. First, we showed that the proposed design can be advantageously applied to existing
codes, which allows for addressing cooperation issues for evolémglagds. Subsequently, we
introduced the concepts of threshold and capacity functions, and we derived density evolution
equations for sphextended codes. Some ensemble thresholds have been presented, showing that
codes optimized for poiftb-point commuications can be spléxtended, so that the corresponding
distributed codes perform close to the capacity of the relay channel for a wide range of discrepancy
values. Finally, besides advantageous applications for cooperative transmission systemgosieel pro
design can also be used for communication systems employing HARQ schemes with incremental
redundancy.

2.4 Performance comparison of some distributed LDP&oding algorithms
in cooperative transmissions

2.4.1 Introduction

The following distributed FEC codindgmrithm using turbocodes were presented and performance
evaluated within the CODIV Project:

1 Repetition Distributed FEC CodiigR-DFEC in section 6.4 of deliverable D5.2 [D5.2];

9 distributed coding with incremental redundaidir-DFEC in section 2.5 ofaliverable
D3.3a [D3.3a];

9 hybrid distributed coding HIR-DFEC in section 2.5 of deliverable D3.3a [D3.3a].

In order to improve the spectral efficiency performances provided by these algorithms in the uplink
connections of the cooperative transmissionsséhalgorithms were combined with a simple Network
Coding technique (XOR based coding) generating the Separate Network and Channel Coding (SNCC)
and Joint Network and Channel Coding (JNCC) algorithms, which were described and evaluated in
sections 3.4 an®.6 of deliverable D3.2a [D3.2a]. Section 3.5 of deliverable D3.2a contains the
description of a lowcomplexity variant of the SNCC, L-6NCC.

All these cooperative coding algorithms were built using convolutional tutdes (CTC).

The performances provideby an adapted version of the SNCC and JNCC algorithms in therawo
relay channel (2wRC) transmission structure, to transmit both in the DL and UL directions, were
studied in section 3.7 of deliverable D3.2a [D3.2a], employing turbocodes, and irearalintote
[INO20], using LDPC codes.

Another type of cooperative coding algorithm studied were the cluster codes, which combine the
cooperative network coding in the cooperation cluster with the channel coding of each component
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link. Two cluster codes we presented and evaluated in section 2.6 of deliverable D3.3a, [D3.3a], one
using the XOR as NC technique, while the other one used a$#echon code as network code.

Though the cooperative DFEC algorithms built in a-R®@ channel provide great spettra
efficiencies, their insertion in the LTE and WiMAX systems, which are considered by the CODIV
project, would require modification which would decrease significantly their spectral efficiency
performances.

The cooperative coding algorithms which inclugetwork coding techniques, namely the SNCC or

the INCC, and the cluster codes, using either XOR or RS codestasN(jues, provide better BER

and spectral efficiency performances than the algorithms using only cooperative distributed FEC, but
due to caosiderations regarding the clustssignment and maintaining algorithms and to
implementation issues, these algorithms are less likely to be used in these systems, at least in a first
phase.

Therefore, for performance evaluation and inclusion the sylesh and celevel simulators we
considered only the cooperative DFEC algorithms, namely {BERC, IRDFEC and HIRDFEC.

The studies performed showed that the BER and spectral efficiency performances of DFEC codes
depend on the qualities of the chalsridat compose the cooperation cluster. These studies showed
that these algorithms provide their best performance within different SNR domains, and therefore they
should be used in an adaptive manner. This fact brings a new dimension to the adaptivity in
cooperative transmissions, besides the adaptive use of the modulation and coding scheme. The main
goal of this section is to establish the SNR domains of the composed cooperative channel, within
which each of the IDFEC, RDFEC algorithms (using LDPC cosleand the direct necooperative
transmission, provide the highest spectral efficiency, while still observing an imposed target BLER.
Some considerations will be made about the cooperative SReghéging (SR), which currently
considered in the two systemmentioned above for extending coverage.

2.4.2 Description of the distributed coding algorithms employed

2.4.2.1 Repetition Distributed Coding Algorithm

The performances of the repetition distributed codinBFEC algorithm, presenteid [D5.2] in a
variant that usesonvolutional turbocodes, are evaluated in this section using random LDPC codes for
channel coding. For convenience, its brief description is presented belowigureé 2-31 shows
schematically its operation.

Sour ce Node Destination Node
Data | ||| ppc Encoder Modulator . SiR | Demodulator
generator Np channel Np
Input
y LLRs
STR Ri D .| Demodulator
channel > channel n,
Demodulator | | LDPC | JJ LDPC | i Modulator Decoded Datar—ppc
Ny Decoder Encoder n 1 Decoder
Relay Node

Figure 2-31: Operations performed by repetition coding algorithm.

This cooperative coding algorithm has two phases:
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1. Broadcast phasethe coded block transmitted by the source is received by both the destination and
the RN.In this phase the RN decodes (and corrects) the received block, while the destination node
demodulates it, and stores thelbiig-Likelihood Ratios (LLR) obtained after soft demapping.

2. Relaying phaseithe RN reencodes the received info bits with thensacode and transmits it on its

own radio resources to the destination node. The destination node computes the LLRs of the received
bits, by using soft demapping, and then combines the two setsldfRst by addition, to obtain the

data flow which is fedo the LDPCdecoder. There should be noted that this approach provides
diversity to the bits applied to the decoder.

2.4.2.2 Simple Relaying algorithm

The SimpleRelaying (SR) algorithm is a particular case of thBFREC algorithm, where the direct
sourcedestina i on | ink is not considered at receiver 06s
set of null bitLLRs to the bi{LLR received on the Riestination link.

2.4.2.3 Incremental Redundancy Algorithm

The performances of the {BFEC cooperative algorithm, dgfbed and evaluated in [D3.3a] for

CTCs, are evaluated in this section using LDPC codes, instead of turbo codes. The latter required
puncturing of a mother code in the RN for obtaining the additional control bits, transmitted over the
RN - destination likk. For the LDPC transmission, additional redundancy is obtained by employing
serially concatenated codes, by performing a successive encoding in the source and relay nodes, as
shown inFigure2-32. The two phases of the algorittare presented below:

1. Broadcast phasethe data block encoded, with co@g, by the source is received by both the
destination and relay nodes. The destination node demodulates the coded block using soft de
mapping, while the relay node demodulates @ecbdes the coded block.

2. Relaying phasethe RN reencodes the entire block received from the source with a different code,
C;, and transmits only the resulted check bits. In the destination node, an iterative decoder is
employed to obtain the informah bits from the messages received on the direct salgstination

and RNdestination links.

Destination Node
Sour ce Node
Data N LDPC Encoder N Modulator - Si D .| Demodulator
Generator Cp Ny Channel Np
Codeword C,
A
Si R Channel —» Ri D Channel > Dem"r?”'am’
cr
Modulator
A Ne v
Demodulator LDPC LDPC
M 1 Dec.Co, [€] Dec.c, [€
Extract control i) - T
bitsn
X = | Decoded Data
L DPC Decoder .| LDPC Encoder
Cp “1 C;
Relay Node

Figure 2-32: Operations performed by the IR-DFEC algorithm using concatenated LDPC
codes.
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2.4.3 Encoding and decodimg of concatenated LDPC codes for the IDFEC algorithm
2.4.3.1 LDPC Codes Employed

All links employ random LDPC codes, i.e. the paritgheck matrix is generated according to a
pseuddr andom al gorithm. The informati onlycbnstant ks | e
and the codeword lengths were obtained according to the ratecafdbe

The decoders in the destination and relay nodes emploWé#ssagel Passing(MP) algorithm
[Kay99], which performs a predefined number of iterations to decode a catlewo

2.4.3.2 Encoding and decoding of concatenated LDPC codes

The operations that should be performed in each cooperative node in order to implement the
concatenation of the LDPC codes are briefly described below.

Source node:the source encodes constant lenigfiormation blocks with cod€,, of rateR, and
lengthNy,

Relay node:it first decodes the coded block received from the source, on the broatiaasiel,
obtaining N, decoded bits. This sequence is fed to the relay node endadesjth rate R, and
codavord lengthN,. In other words, the coded data block received from the source becomes the
informational block for the relay node encoder. From the new codeword obtained witlS,codéy

thenc, check bits are modulated and transmitted over thé Békthation channel.

The global coding rate of the cooperative transmission employing concatenated LDPC is computed
according to(2.36), wheren; is the informational block lagth, nc, andnc,, the number of check bits
of the broadcast codg, and, respectively the relay co@e

+
R=— "1 SRS L R= R (2.36)
n+n M n #®& n g g+
Destination decoder:the destination node combines the blocks received on the broadcast and relay
links in order to obtain the information transmitted by the source. The decoder employs the two
separate paritgheck mérices corresponding to cod€s andC, , and its main steps are shown in
Figure2-33.
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Figure 2-33: Processing performed by the iterative LDPC decoder in the destation node.

The soft demapping algorithm provides the #it Rs for theC, codewordandC6 s check bi t s,
are ordered to recompose tecodeword. Then it storesthe LLRs oftG®@ s bi t s and f eds
oftheCyd s b i tCsdecbder. Tthik éexlers provide the updated LLRs which are used to compute

the extrinsic LLRsofth€,6 s codewor d bits

These LLRs are concatenated with the oneGrab build the update, codeword, which is fed to

the C; decoder. It provides both the updated LLRs ef@codeword | LR, and the extrinsic LLRs

of its bits,LLR. decC..

TheLLR, set is used for the bit decision (Bayes), followed by a syndrome check. If the syndrome is
nul | the information bits are del équabze®,dheas de
extrinsicLLR.decC,ar e sent to the decoder 6s input to star

Actually during a pass through the decoding process, the decoders pBrfomB, MP-iterations
respectively, so that during a pd&st+ B, MP-iterations are peoirmed by the two MP decoders.

The algorithm stops when the syndrome equals zero or after a predefined number of passes. Note that
a pass includes two MP decoding processes, whigaotes one of the two decoders. Both decoders
perform the same number itdrations.

2.4.4 Performance metrics

The metrics used to evaluate the performances provided by the two DFEC algorithms in cooperative
transmissions are the bleekror rate (BLER) and the spectral efficiency. The block error rate and the
bit-error rate, dependhesides the qualities of the involved channels, on the MP algorithm employed
to decode the LDPC codes and on the codeword length employed. Since the bit and block error
probabilities provided by the MP LDP@ecoder cannot be expressed in a close forra fiven code
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construction, in terms of the qualities of the involved channels and codeword length, the BLER values
provided were obtained by computer simulations.

As for the spectral efficiency, its computation is affected by a particular aspect imppsad b
resource allocation algorithm. This algorithm allocates for the transmission of the codeword QAM
symbols that do not occupy fully the subcarriers in the transmission frame. They are spread over
several subcarriers, but do not occupy the same nunit®@FDBM symbol periods. Moreover, the
broadcast and the relay transmissions might employ different modulations. Therefore, a metric
equivalent to the spectral efficiency would be the average number of bits/QAM symbol, which will be
used hereinafter for penfmance evaluation. This approach was discussed in section 5 of deliverable
D5.2 [D5.2] and willbe summarized bellow for convenience.

2.4.4.1 Spectral efficiency of the RepetitionDFEC and of SimpleRelaying algorithms

To evaluate the tim&equency resourceslatated to a UT within the transmission frame, there
should be considered that not all the OFSWnbol periods along a given saarrier are allocated to
that UT. Then, we denote By the number of subcarriers allocated to uséry No; the number of
QAM symbols allocated to useon subcarriej, by Noy the maximum number of QAM symbols on a
subcarrier in the transmission frame, which equals the number of-€yANol periods of the frame,
and byNq, the total number of QAM symbols allocated to ths¢m Hence, the total number of QAM
symbols is expressed by the first term(287). But, considering that the number of QAM symbols
allocated to userris constant for &lthe subcarriers where it gets resourcesNg .= Nq for all j, we

get the second expression(2{37)

Ngc . . .
NQt— a NQ], YN :NQ M), i Ngj Ng forall j 1,.5Ng (2.37)
j=

Then, the frequency bandwidth occupied by that user during the broadcast phase should be computed
by multiplying N'sc., the @uivalent number of fully occupied subcarriers, by the frequency separation
between subcarriefs The equivalent frequency bandwidth occupied by ugegiven by(2.38):

oo Mg 239
QM

The two transmitters, source and relay, migt different number of bits/QAM symbol, considering
the qualities of the souragestination and sourgelay channels on one hand, and redagtination on
the other hand. So, we will denote hy,, the number of bit/fQAM symbol transmitted by the source
iNnAbr oadc ast ongythé @as teansaitied bylihg RN in the relaying phase.

Considering that the numbers of bits that should be transmitted, far, usére two phases are equal,
repetition coding, then the number of QAM symbols required fordlaging phase is different from

the one required in the broadcast phase. If we considered the same numbers of QAM
symbols/subcarrier allocated for the messldgethen the total number of fully occupied subcarriers
required for the two phaseN¥ge, is:

% MM (2.39)

i
Nsct e=Ngc-e n
RM

and the occupied equivalent frequency band would be obtasied(2.38) and(2.39):

FB; = Nsct e G I\‘lEsc- eaé M"‘ =1 i_nBM O f (2.40)
+ QM ¢rM
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Then the throughput provided by the cooperative transmission that uses repetition coding for a generic
useri is given by(2.41), wheref: denotes the frame rate.

Qc=Tr By ndh R @ (1 BOER; () @24y

In (241) R... denotes the coding rate of theDREC cooperative transmission, WhiBLER;
denotes the coddalock error probability provided by the-BFEC after the final decoding in the
destination, which depends on the qualities of the three channels involved. Note tBaERg
should be smaller than or equal with a target vBILER imposed by the apmation.

The spectral efficiency is computed by dividing the througlip4tl) to the total frequency barfeB,
(2.40), while taking into account the expressiorNgf given by(2.37), i.e.:

_ fF CNQM r@M RCQC (l E—E% -rc)

o

a n 0,.
a+ M o

¢ "Rm =

(2.42)

brc

The spectral efficiency of the SR algorithm has a similar expressi@#®), but the BLER.. should
be replaced by thBLERsgprovided by this algorithm. The BLERapproximately equals the sum of
the BLERS provided by the two links, sg53), but for negligibleBLER:gr BLERsga BLERxnur-

2.4.4.2 Spectral efficiency of the Incremental RedundanaDFEC algorithm

Considering that the number of information bits in a codewond,is the numbers of its/QAM
symbol of the broadcast and relay transmissionsi@r@ndngy and that the coding rates used in the
two cooperation phases dreandR,, the total numbeNsqur 0f QAM symbols required to transmit
the messages of one user during the two cotiparphases can be computed using a similar
reasoning as above and is expresse(2i4p):

Ni — Ni.rjfo +Ninfocélu R1) Ni %OnBMI R:ng R‘I)
RGN R Y R (243
i Ninfo
No ===
R. Qg

Then, the throughput provided by this algorithm is expressg@.84), whereBLER,; is the block
error rate after the destination decoding ensured by HRFFIRC:

G =T ngt rBQ R @D BCE%: ir) (2.44)

The equivalent frequency band occupied by this transmission can be computed simi24i§) to

The spectral efficiency provideby this algorithm is computed by dividing the throughput to the
equivalent frequency band and is expressed by:

=fF MNom "B Rccél BLER, ir)
LY %Q;n R) %SO

NRM

b, (2.45)

O g e
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The difference between the spectral efficiencies of the two algorithms lies in the additional factor at
the  RDFECO6s denominator, whi ch shows that only <c¢h
phaseand depends on the two coding rates, and in the BLER values provided by the two algorithms.

2.4.4.3 Spectral efficiency of the direct transmission

For comparison, we consider the direct transmission that should enBuiERasmaller or equal to
BLER. Then it slould use a different modulation and coding, according to the sdestaation
channel, by usingq bits/QAM symbol and aR, coding rate.

Denoting byNqy the total number of QAM symbols required to transmit the coded block and
consideringNom symbols pe subcarrier, the number of fully occupied subcarriers required in the
transmission frame is:

Notd = Nom Slscq (2.46)
The throughput provided by the direct transmission would be:
Qu = fr Rgu nORy @ BOERy) (2.47)

where the parameters should be chosen to eBlER; < BLER.

The number of fully occupied subcarridMgq required to transmit the codeword is determined using
(2.46) and hence, the frequency bandwidth required would be:

Notd

FBgq = Nscg (f)s NQM

f, (2.48)

Then the spectral efficiency provided by the direct link transmission is:

_fr MNow ™ Re{l BLER))

b

(2.49)

2.4.4.4 Average number of information bits correctly transmitted by a QAM symbol

Analyzing the expressions of the spectral efficiencies provided by-DEET, IRDFEC algorithms

and by the direct transmissior{g,42), (2.45) and(2.49), it can be noticed that they share a common

factor =Aow / fo) whi ch i s characteristic to t he fhost |
employment of a cooperative algorithm or of the direct-oooperative transmission should be

decided by comparintheir spectral efficiencies provided on the given set of channels, and selecting

the one that provides the greatest spectral efficiency.

Comparing the three spectral efficiencies and removing the common factor W25t where
{SNRs} denotes the current set of values of the SNRs on the sdestieation, RNdestination and
RN-source channels, while BLER denotes the blexckr rate of the respective algorithm for the
current set of SNRs.

The expressions in the last term(8/50) represent the average numbers of informationrijig that

could be correctly carried by the respectiv@nsmission configuration (modulation, code type and

coding rate, cooperative algorithm or direct transmission). This is proportional to the spectral
efficiency, but it is more convenient to be used in Link Adaptation algorithm, because the common
factorment i oned above is a constant of the Ahostingo
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max (&, &, a§U

{SNR}
: 0
e R.(1 BLER, . (1 BLE 0
U max %r:]BM CR;( _ %' Ir)N, BMm Ip-rco( 8,_, FC) e % (1 -BLE%) 8(250)
(SNRSR, new B AL R)) O TSV :
% NRM Ry s C m = 0

={g'1\laRx¥(nb/sQ ir'Mb/sQ-re:Mb/sQ Q

If we considered now that the transmission configuration selected should ensure a BLER smaller than
BLER and that the target BLER is small enough, BIgER < 1 A, ten all factors containing the
BLER could be approximated to 1 without affecting significantlyrig values, anq2.50) becomes:

a 0

& .. . 0

b A AU e NgM CRc =Y R i p eR, O
{gl]\lan(;s( o R o {?ﬁé‘%ﬂsm B® RO Ay rhgo% 3(2.51)

ec MR Rn +G RM - + k2

o
maX(nb/s ir:Mb/sQ-rc:Mb/s ()
et Q Q Q

In this case, each term represents the average number of information bits/QAM symbalilthaiec
correctly transmitted while ensuring that BLER is smaller than an imposed target value, on the given
set of SNRs.

Each of the configurations considered would ensure the maximin different SNRdomains of

the channels involved. Therefore anfiguration composed of modulation, code and coding rate and
cooperative algorithm (or direct transmission) should be selected adaptively by the Link Adaptation
algorithm. Note the new dimension of adaptivity brought by the selection of the cooperatidiialg

(the direct transmission is a particular case when no cooperation is used). This approach has the
advantage of a common management of the resources allocated for the broadcast and relaying phases.

2.4.5 Comparison between the spectral efficiencies provideby the DFEC algorithms
and norrcooperative transmission

Inspecting the expressions of timgsq provided by the three configurations analyzed or their
approximate values, both expressedarb2), there could be seen that their values depend on the
modulations used on the broadcast and relaying phases, on the coding rates and on the BLER
provided. But the BLER provided by the Mfecoder for the LDPC codes cannot be deteechi
analytically, in terms of the SNRs, and therefore, the comparison between the spectral efficiency
performances would be made using computer simulations.

If a small enougiBLER is imposed, the SNR domains where each configuration provides the greatest
Nwsq (Expressed by the approximate values(262) would be determined also by computer
simulations. Nevertheless, a qualitative comparison of the approxmmaje@rovded by the three
types of configurations, for BLER smaller than a low eno®JItER, shows that the direct
transmission provides the greatest values, followed BERFEC and by RDFEC. There, should also

be noted that the direct transmission is expectecedaire the greatest SNR values to ensure the
highest nyso the IRDFEC would provide the maximum spectral efficiency, out of the three
approaches, for medium SNR values, while thBFEC would be the best option for small SNR
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values. Also, note that thepectral efficiency provided by the-BFEC, when it would be the best
option, is expected to be smaller than the one provided by tBéEZT, in the SNR domain where it
would the best option, which at its turn would be smaller than the spectral effipenggied by the
direct transmission in the regions where it would be the best option.

em e (b BLER, if) o ngm Re

Ny / sQ- ir =— - - S " )
2+ MBM %Ql R) o 1o0Bm R 410 R
LY Ry +  ¢MrRM Rq
_NBm R re (I.j BLER, -rC) oNBm Re- rc (2.52)
Ny/sQ rc™ A n ~ an "B
aé"' BM 5 1 BM P
C NRM = ¢''RM -

Nb/sq d=Nd Qg (LOBLER) mny°Ry O

2.4.6 Considerations regarding the code¢block error probability
2.4.6.1 Effect of the BLER on the sourceRN link

The employment of the cooperative algorithms with distributed coding, i.e. BEEBR and IR
DFEC, in a cooperative link is schenually represented idrigure 2-34 for the downlink (DL)
transmission. We denote BBLER,,, the codeeblock error probability at destination (UT) if we
consider sourc®&N (BSRN) link errorfree, and byBLER, the codeeblock error probability at
destination in real conditions (iBLERkiI 0) .

The analytical derivation of the global packetor probability BLER,, is affected by th8LERsz on
the BSRN link and by the BLERSs of the RNT and BSUT links.

Base Station Base Station
Q - PERgy Q PERGy
PERgg =0 PER¢=PERcomn PERBR\\ ~PERg =PERGoms*PERer
Relay Node Mobile station Relay Node Mobile station

Figure 2-34: Schematic representation of the cooperative link.

The computation of thPERsr is depending on the QAM constellation employed, the coding gain of

the code employed, on the decoding algorithm and on the coded block Emgitoding gain and the

decoding algorithm affect the BER vs. SNR, but the decoding algorithm also affects the distribution

of the errosbits within coded blocks (the binomial law is no longer valid for tezbovolutional and

LDPC codes!). Moreover, theombining performed before the decoding in the UT in case of the R

DFEC algorithm, i.e. the addition of LLRs received on the two links for each bit, complicates the
BER.,m»andPER,,mpcomputation vs. SNRs, especially for the case when two differentetlatisns

are employed on the two linkag{, | ngyv). Additionally, it is hard to evaluate the effects of the erred

bits on the BSRN link upon thePER,,p» Indeed such errebits would lead to the transmission of two

di fferent messages, one 0 g eUTandRNUT linkspadd hencecthefi mo d i f
probability of delivering a correct message at t

A simplified approach would consider that if a coded block is erred on tHeNBISk, it will then be
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erred by the combined decoding perfornred desti nati on, the UT. Act ue
approach, since some of the surhed coded blocks might be corrected either due to the errors that

might occur on the RNJT link or due to the combined decoding algorithm at the UT. But the
probability of this event is assumed to be very small and therefore it might be neglected.

Then we may consider that a coded block is correctly decoded if it is correctly decoded over the
BSRN link (1-BLERsg) and if it is correctly decoded by the combine@aténg of the two copies
received by the UT on the BST and RNUT links, (1:-BLER,,y. This leads to the expressi@h53)

of the global BLER ensured by the cooperatimk lising either FDFEC or IRDFEC algorithms.

BLER; = BLERR +BLERyyp -BLERR BLER,, °BEERR BLER, (253

The approximatio given by the last term ¢2.53) is tighter for the RDFEC algorithm, which employ
usually a smaller coding raf... and thus theBLERsR is likely to become negligiblenaking the
BLER,. to equalBLER..mp As for the SR algorithm, the BLER comb should be replaced BLER
since the destination receiver does not use the signal of the direct link.

The IRDFEC algorithm is more sensitive to errors on the sedestinaion link, BLERsg not very
small, due to the fact that it uses only one of the concatenated codes on this link.

2.4.6.2 Effects of the codeeblock length

As mentioned above, the adaptive use of transmission configurations means to select the
configuration that prades the greatest,so While ensuring BLER smaller than a target value. But

the BLER value also depends on the cediedtk lengthL. To circumvent this dependency, the BLER

is linked to the BER provided by that transmission configuration for a givegihlesf the coded

block.

If we considered either convolutional, or tusbonvolutional or LDPC codes, the distribution of the
errorbits throughout the coded block leads to a smaller BLER than the BLER provided by the
binomial law, for the same BER and cdd#dock lengthL, i.e.:

BLER<1 {1 BER)" BLEF (2.54)

But instead of computing the valuesRBER corresponding t@LER for all possible values df, we
consider théBER that corresponds to the longest possible coded block.

This approach is used in the 802.16j standit&E802.16jPartlp which lists the SNRhresholds
required by each pair mathtion + coding rate to provideBRER= 1°A 10

Considering now the coded block lengths provisioned in the AMiMtandard, i.e. 32, 16, 8 and 2
subchannels with 48 subcarriers/subchannel times 6, 4 or 2 bits/QAM symbol, we get lengths
ranging fromLa = 9216 tol,in = 192 bit/codeeblock.

For aBER<BER = 1'6Athd)_blockcoded error rate, computed usifab4), ranges fronBLER, =
1 A4 fOr Ling, t0BLERy,=2 A, fOr Lo,

This means that in order to select the configurations that should be used, f@&tiprshould be
applied only to the configurations that are ablerovideBER< BER=  1%o1 the given channels.

This would simplify the selection of the modulation and coding, because the target BER required
would only be depending on the SNRs and would not be depending on the coded block length.

2.4.7 Computer simulation results

This section presents timgso, (average number of information bits/QAM symbol correctly decoded),
performances provided by the direct link, and by thiBFEC and IRDFEC algorithms in terms of
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the SNRs of the source (B8gstination (UT) and RN destination (UT) channels. As shown in
section2.4.5 the adaptive employment of each configuration requires to establish the composed SNR
domains ENRsut, SNRnut @and SNRsry) Where that configuration observes the cdndiBLER <

BLER. Therefore, the performance present evaluation focuses ampdfperformances and on the
composed SNR domains where the BLER condition is observed. It also presents a brief comparison
between the BLER performances of the three trangmnissigorithms. The SNR of the sourB&

link is assumed to be high enough to ensure a #h&Rsz and make the effects of this channel upon

the global BLER be negligible, s@et.6.1

The modulations considered are 4, 16 &4dQAM and the number information bits of the coded
block was set to 1152, to be an integer multiple of the Radio Resource Unit (RRU) used by the
Resource Allocation block described in deliverable D4.4, [D4.4]. The coding rates employed are
specific to eale cooperative or nenooperative transmission scheme and will be specified in the
corresponding subsection. The lengths of the coded blocks were also chosen to be a multiple of 1152
bits for the same reason as above.

2.4.7.1 BLER and nysqperformances of the diret non-cooperative transmission

The performances provided by the LDE&ded direct notwooperative transmissions are studied for

the transmission structure described above. The LDPC random codes employed in simulations over
the direct sourdadestination (51 UT) link are presented imable 2-3. The number of information

bits in a coded block was chosen tolbel152 bits, in order to be a multiple of the transport capacity

of the Radio Resource Unit (RRU) defined in deliverabledDB.4.4].

Table 2-3: Coding rates and codeword lengths for BSUT link

Rate Codeword length No. Control Bits
3/4 1536 384
2/3 1746 594
1/2 2304 1152
1/3 3491 2339

2.4.7.1.1 BER and BLER Performances

The BLER anl BLER performances provided by the employed LDPC codes on an AWGN channel
and using QAM, are shown irFigure2-35 andFigure2-36

The coding gains ensured by these codes, considekiiggor rate threshold BER = 10°, can be
derived fromFigure2-35 andFigure2-36 assuming that a necoded 4QAM transmission requires an
SNR & 13 dB t o ‘eandsare presenB&TRble2-4.1 A1 0

Table 2-4: Coding gains for the LDPC codes employed for the BST link

Coding Gain [dB]
R=1/3 R=1/2 R=2/3 | R=3/4
10.5 9.5 8.25 7

As explained ir2.4.6.2 i mposi ngwao uBER<ehA (O e ”far thddodeRklengthsl A1 0
considered.

Note that the BER performances are inserted only to indicate the performance of the codes
consideredwhile the BLER performance would be of interest only to estalishSNRs domains
where the BLER ensured by a configuration would be smaller than the target BLER.

62/127



COoDIv D3.3b

10°

————R=3/4; 4QAM (3
—%— R=3/4;16QAM |1
"R=3/4; 64QAM
—&— R=2/3; 4QAM
—8— R=2/3; 16QAM |]
P R=2/3; 64QANM [
—e— R=1/2; 4QAM [
—&— R=1/2; 16QAM
R=1/2; 64QAM []
—+— R=1/3; 4QAM
—— R=1/3; 16QAM |3
—=— R=1/3; 64QAM |]

10™
107

107

BER

10° L

10° i i ich 4 3
s 0 5 10 is 20 25 30

SNR [dB]

Figure 2-35: BER variation for BS-UT configurations (coding rate and QAM constellations)
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Figure 2-36: BLER variation for BS -UT configurations (coding rate and QAM constellations)

2.4.7.1.2 nysoVs. SNR performances

As shown in sectio2.4.4.4 the average number of informatibits correctly decoded/QAM symbol
is a metric equivalent to spectral efficiency, but independent of the transmission scheme parameters.

The number of correct informational bits/fQAM symbol is computed according to the method
described ir2.4.4.3and2.4.4.4 and is expressed 1§2.55), whereny denotes the number of bits/QAM
symbol transmitted over the direct linRy, the coding rate anBLER;, the block error rate obtained
from simulations for the configurations presentedable2-3.

no/sQ d= nd éd (10 BL-ER,) (2.55)

The configurations chosen for analysis and their nominal spectral efficiencies, ngsghalues for
BLER Y 0, A@able25gi ven i n

Table 2-5: nysofor the configurations considered (modulation, coding rate and config. no.)

| ReZ naY | 2 | 4 | 6 |
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3/4 1.5(1) 3(2) 4.5(3)
2/3 1.33(4) 2.66(5) 4 (6)
1/2 1(7) 2(8) 3(9)
1/3 0.66(10) 1.33(11) 2(12)

Figure 2-37 shows the variation of the spectral efficiency curves computed using rel2&&h and
the BLER values obtained from simulations, presentddguare2-36. The figure also shows the SNR
thresholds above which the BLER provided bgreaonfiguration is greater th&LER =

Number of correctly received bits/QAM symbol

=
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Figure 2-37: nysqVs. SNRssyr for the direct link configurations.

1°A10

Out of the configurations presentedTiable 2-5 andFigure2-37, one should select the configurations

that ensure the maximungso for each SNR domain and a BLER smaller tBa&kER. The analysis of

these results indicates that three pairs of configuratiomelya(11l and 4), (12 and 8), (9 and 2),

provide respectively the same nominal numbers of bits/QAM symbol. Therefore, the ones that provide
BLER< BLER = 1A 1% for a wider SNR domain, i.e. would ensure lower SNR threshold values, will

be selected in the set, while the other three, nafriel}2,and9, will be removed.
2.4.7.2 nysqperformances of the RDFEC cooperative algorithm

As described in sectiof.4.2.1 the repetition distributed coding {BFEC) algorithm employs the
same coding rateR;, both during the broadcast and relaying phase, but it might employ different
QAM constellations, according to the SNRs of soeircedestination and RMestination channels.
Denoting byngy the number of bits/fQAM symbol of the constellation used in the broadcast phase and
by nrv the one used in the relaying phase, we mapengy.

The performances provided by theDREC algorithms were evaluated using random LDPC codes
with the coding rates 3/4, 2/3 and 1/2 definedlable 2-3.The R, =1/3 was not used because by

repeating the whole o d e d

bl ock

t he

transmi ssionos

very small spectral efficiency provided by this algorithm.

redundan

The average number of bits/QAM symbol correctly decoded by this algorithm is derived in sections
2.4.4.1and2.4.4.4and is expressed [{$.56), whereR, represents the coding rate ang andngy are

the number of bits/QAM symbol on the B&JT and RNi UT links.

nem Re- rc (Ij BLER, —rc)

No/sQ rc™

n
n
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The factorngy / nry indicates the redundancy inserted by repeating the same coded block, but using
either the samengy = ngry), or different fgw | rM) constellations in the two cooperation

R
phases, qay = _“_Titﬁ - (1 — BLERg.)

ORM

The nominal spectral efficiencies ensured by the configurations chosen fol@XRE® algorithm are
presentedn Table2-6. The table contains theimber of the configuration in italics.

Table 2-6: Number of bits/fQAM symbol for the repetition coding configurations considered
(QAM constellations and coding rates on the B&®T and RN-UT links)

ngmY 2 4 6
R.Z NrmY 2 4 6 4 6 6
3/4 0.75(7) 1(8) 1.125(9) 1.5(14) 1.8(15) 2.25(18)
2/3 0.66(4) 0.88(5) 1(6) 1.33(12) 1.6(13) 2 (17)
1/2 0.5(1) 0.66(2) 0.75(3) 1(10) 1.2(11) 1.5(16)

Out of the 18 configurations dfable 2-6, there are four groups that provide the same spectral
efficiencies respectively, i.€4,2), (6,8,10), (7,3), (14,16 herefore, the ones that provideER <
BLER = 1% dr @ wider {SNRsur ; SNRwut} domain, i.e. would ensure lower SNRréishold
values, will be selected in the set, while the others will be removed

The results presented in the next section assume a quadireeraourceelay link (BSRN for DL).
The impact of the coded block error probabiBlyERsr on the sourc®N link is discussed i2.4.6.1

2.5.7.2.1 Effect of the different number of bits/QAM symbol on the RMlestination link

As shown in(2.56), by using agreater QAM constellation on the RNUT link, we get on one hand,

an increased nominal spectral efficiency (number of information bits transmitted on each QAM
symbol), and on the other hand an increased bit error probability, hence the effective vglug of
(number of information bits correctly decoded in each QAM symbol) decreases. This fact is shown in
Figure 2-38, which presents the variation ofsq vS. SNRsyr and SNRnyt for the three possible
values ofngy and for ngligible values oBLERssgrn. Therefore, the increase nfjso on the RNUT

link would ensure greater efficiencies (with up to 50%), only if the SNRs on the two channels were
above certain threshold values.

Considering that we should use configurations #rsureBLER< BLER (e.g.BLER = 10?) for the

given channels, it is of interest to establish the SNR domains where each configuration provides such
BLER values. The variation of theSNRsyt ; SNRnut thresholds, for which the configurations of
Figure2-38 ensureBLER< BLER, are shown ifrigure2-39.

The analysis of the simulation results shows that the threshold &Ny ranges in a wide
domain, ¢5; 4) dB for theSNRyyt ranging from 25o -5 dB, and that th&NRsyt threshold takes
smaller values for smaller modulations. The resultSigéire 2-38 andFigure2-39 show that in order
to provide the highesh,sq and still observeBLER < BLER the configurations should be used
adaptively according to the values of the set of SNRs.
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Figure 2-38: NysqVs. SNRssyut and SNRry.uT; R—I?FEC R.=1/2,ngy = 2 andngy = 2, 4 and 6.
BERssrn©O 40

T T
Rc = 1/2; BS-UT 4QAM; RN-UT 4QAM

: Rc = 1/2; BS-UT 4QAM; RN-UT 16 QAM
20k B e rorts s ntn Rc = 1/2; BS-UT 4QAM; RN-UT 64QAM

SNR BS - UT [dB]

Figure 2-39: Variation of the SNRssyr threshold for Ry = 1/2;ngy = 2 andngy = 2, 4 and 6 for
SNRkniut between-5 and 25 dB; RDFEC.

2.5.7.2.2ny5q performances of the RDFEC configurations

This section pesents the variations of the numimggg of correctly decoded information bits/QAM
symbol provided by the cooperative configurations definethainle 2-3 and Table2-6 when they use
the RDFEC algorithmwith LDPC codes.

Configurations with ngy = 2

The performances provided by the configurations that «QA&M in the broadcast phase, and 4, 16
and 64QAM in the relaying phase are shownkigure 2-40, while the limit values of thSNRsyr
thresholds, foSNRy.ut Varying between-B; 25]dB, are shown iRkigure2-41.

The nine configurations ensure only six different values of nominal spectral efficiency, because
configurations 4 and 2, 7 and 3 and 8, 8wea the same nominal spectral efficiencies of 0.66, 0.75
and respectively 1 bit/QAM symbol. By using larger constellations on thdJRNhannel, the
nominal spectral efficiencies increases significantly, but the SNRs on the two channels should be
higher.The variations of th&NRsyr thresholds for which the configurations eigure 2-40 ensure

BLER smaller thalBLER = 1 %are 8hown ifFigure2-41 for SNRynyut Varying from-5 to 25 dB.

66/127



COoDIv D3.3b

RC =3/4; nRM
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Figure 2-40: NysqVs. SNRry.ut @and SNRssyt for R; = 3/4, 2/3 and 1/2; withngy = 2; gy = 2, 4
and 6; BERgsrn < 10% R-DFEC.
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Figure 2-41: Variation of the SNRssyr threshold for Ry = 1/3, 1/2 and 2/3ngy = 2 andngy = 2, 4

and 6 for SNRxniuT between-5 and 25 dB; RDFEC.

It should be noted that the influemn of the SNRywyt upon the SNRsyr value for which a
configuration might be used, while observiBJER< BLER = 107is significant for all coding rates.
This behaviour indicates that, for very low SNRs on thelHSchannel, a simple relaying scheme,
which would not combine the direct link at the receiver, might bring similar or even lower SNR
thresholds. As expected, a smaller coding rate leads to lower valuesSdifer threshold.

As for the pairs of configurations which provide the same nomadakg ofn,sq the curves oFigure

2-41 indicate that the respective configurations should be used in diffeBMR{,r; SNRnuT}
domains, where they ensure BEER< BLER condition as well.

Configurations with ngy = 4

Thevalues ofnysqcan be increased by usingy = 4 in the broadcast phase. The variations ohthe
vs. {SNRsut ; SNRnuth provided by the six configurations dfable 2-3and Table 2-6 which have
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ngy = 4 are presented Figure2-42.
Np/sQAM

Doz
15 Rnc = i’g;
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Ngm = 4

0.5 iﬂ (f]? ( FilcR; 3/3;

0 - ,])’
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’fh
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Figure 2-42: nysqVs. SNRrnut; BS-UT for Rc = 3/4, 2/3 and 1/2; withngy = 4; nrw = 4 and 6;
BERgsrn < 10°% R-DFEC

The values ohysq increasecompared to those provided by the configurations haming= 2, but the
SNR domains where thegsonfigurations ensure tHBLER < BLER condition are placed at higher
values, due to the employment of Q&N in the BSUT link, as shown ifFigure2-43

25 T T T T
: : : E 2 : ————Rc = 2§3; 16QAM;16QAM
23 : > : 2 5 : —— Rc = 2§3; 16QAM; 64QAM
———Rc = 3/4; 16QAM; 16QAM
Rc = 3/4; 16QAM; 64QAM

8 : : H —Rc = 142; 16QAM; 16QAM
17 B S T e ——— — Rc = 142; 16QAM; 64Q0AM

SNRRN- UT

1 i
15 17 18
SNR BS-UT

Figure 2-43: Variation of the SNRssyr threshold for Ry = 1/3, 1/2 and 2/3ngy = 4 andngy = 4
and 6, for SNRkyiuT between-5 and 25 dB;R-DFEC

Configurations with ngy = 6

The variation of thenysqVs. {SNRsut; SNRnut} provided by the configurations defined Tiable2-3
and Table 2-6 which usengy = 6, see are presented kigure 2-44. The values ohysq increase,
reaching 2.25, but the SNR thresholds above which the BLER requirement is observed also are

greater. The influence of tf@NRnut upon theSNRsyr threshold, shown ifigure2-45, is similar to
the case witmgy = 4
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Figure 2-44: nysoVs. SNRrn.ut; BS-UT for Rc= 3/4, 2/3 and 1/2; withngy = 6; Nnry = 6; BERss
sy < 10% R-DFEC
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Rc = 1/2; BS-UT 64QAM; RN-UT 64QAM
Rc = 2/3; BS-UT 64QANM; RN-UT 64CQAM
Rc = 3/4 BS-UT 64QAM RN- UT 64 0QAM

L L
-5 l] 5 ll:l 15 20 25
SNR BS - UT [dB]

Figure 2-45: Variation of the SNRss 7 threshold for Rg= 1/2, 2/3, 3/4ngy = 6 andngy = 6 for
SNRkn.ut between-5 and 25 dB; RDFEC

2.4.7.3 nysqperformances of the SR algorithm

Since the SR algorithm is particular case of thEHL algorithm as shown i8.4.2.2 its gectral
efficiency should be computed similarly to the one of thBFEC, see2.4.4.1 and thenysq is
computed using an expression similar(2&6), but usingBLERss which equals the sum &LERsr
andBLER:nyt. But as shown i2.4.6.1 if BLERigkd 0 we BigE&kequallBaBR:yyr.

The variation of thewsqvs. SNRn.ut, provided by a SR configuration that us&sngy andngy, is
approximately equal to theysq provided by an FDFEC configuration with the same parameters,
consideringSNRg,r = -5 dB, i.e. very poor. This is because, the lack of the direct link is equivalent to
a very poorSNRsyt, smaller than5 dB, and in this case the 1iLRs of the direct link message are
distributed with a very small variance around zero. Sor #aition to the bitLRs received on the
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Figure 2-46 shows the varion of nysq vS. SNRnut for an SR configuration and for anBFEC
configuration with the same parameters, 8NRsyr = -5 dB. Both curves were obtained for B3
quasi erroffree links. This figure and other comparisons performed showed that thistovay
approximate theysq performances of the SR algorithm provides very good accuracy.

Number of hits correctly received/QAM symbol

SNRBS-UT=-5dB

SR; R=1/2; nBR=nRM = 4;
R-DFEC; R=1/2; nBM=nRM=4;

i
8.5 9

95

10
SNR RN - UT [dB]

10.5

11 11.5 12

12.5

13

Figure 2-46: nysqVs. SNRrn.ut provided by the SR and RDFEC (SNRssyr = -5 dB) for
Nguv= NRrMm = 4, RC =1/2

2.4.7.4 nysqperformances of the IRDFEC cooperative algorithm

Unlike repetition coding, the HRFEC algorithm employs different coding rates on the seurce
destination and relaglestination links. The parameters of the LDPC codes employed for simulations,
as wellas the number of bits transmitted over each link are preseniable2-7. The global coding
ratespresented in the table are computed ug28p).

Table 2-7: LDPC coding rates, codeword lengths and number of bits transmitted on each link

R Rcp Rer Code length | Code length | No. bits transmitted | No. bits transmitted
9 | (BSUT) | (RN-UT) BS-UT (C,) | RN-UT (C) on BS-UT link on RN-UT link

2/3 3/4 8/9 1536 1728 1536 192

1/2 2/3 3/4 1746 2328 1746 582

1/3 2/3 1/2 1746 3492 1746 1746

Table 2-8 presents the nominal spectral efficiency values for the incremental redyndan

configurations, computed usitg.57), including those employing larger QAM constellationg on

the RNU T

i nk.

The

number

n i tnddx.i c

represents

Table 2-8: Number of bits/QAM symbol for the IR-DFEC configurations considered (rates of
codes and QAM constellations)

R | Ro | ReZ Naw-NeuY 2-2 2-4 2-6 4-4 46 6-6
314 | 8/9 2/3 1.23(7) | 1.35(8) | 1.4(9) | 2.45(14) | 2.6(15) | 3.68(18)
213 | 34 1/2 1(4) | 1142(5) | 1.2(6) | 2(12) | 2.18(13) | 3(17)
213 | 112 1/3 0.66(1) | 0.88(2) | 1(3) | 1.33(10) | 1.6(11) | 2(16)
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- em Re » BLER (257)
r"O/ sQ 24_ nBM 8; cél R’]) 8@ F%I‘)
¢ NRM Ry =

The factoru=R (@ R) /R is equivalent to the ratio between the addiocheck bits of cod€;

transmitted over the RINIT link (N,) and the number of bits transmitted on the-BBS link. This

factor shows the increased efficiency of theDREC algorithm as compared to theDREC, see
2.4.7.2 dueto the smaller number of bits transmitted over theRNIlink. This can also be remarked

by comparing the values of the number of bits/fQAM symbol delivered by the two cooperative
algorithms which are provided imable 2-8 (IR-DFEC) andTable 2-6 (R-DFEC). Out of the 18
configurations presentdd Table 2-8, only two pairs ensure the same number of bits/fQAM symbol,
i.e. configurations3 and4, and configurationd2 and 16. They should be used in the SNR domains
where they ensur&(L)ER O B(L)ER. The results presented in the next section are obtained by
computer simulations, assuming, like for repetition coding, a quasifeeeBSRN channel.

2.4.7.4.1 Effect of the different number of bits/QAM symbol on the RN-destination link

The employment of a larger QAM constellation on the IRNT link, leads, on the one hand, to the
increase of the nominal spectral efficiency (number of information bits transmitted on each QAM
symbd), but on the other hand it would also increase the bit error probabilitf2&% and hence

the effective spectral efficiency (number of information bits correctlpded in each QAM symbol)
decreases. This fact is shown Higure 2-47 which presents the variation ofsq vS. {SNRsuT;
SNRywutt for the three possible values mfy and for negligible values BLERssgn, S€€2.4.6.2 So,

the increase of the number of bits/QAgvimbol on the RNUT link would ensure greater efficiencies
(with up to 20%), only if the SNRs on the two channels were above certain threshold values.

Since the Link Adaptation requires tamployment of configurations that ensieER< BLER (e.g.

BLER = 107, it is of interest to establish the SNR domains where each configuration provides such
BLER values. The variation of theSNRsyr ; SNRnutt thresholds, where the configurations of
Figure2-47 ensureBLER < BLER, are shown irFFigure 2-48. The results oFigure 2-47 and Figure

2-48 show that in order to provide the highagtqand still observeBLER< BLER the configurations
should be used adaptively according to the values of the set of SNRs.

Np/soam B
1.4 ~piTT

Rg=1/2;
Nrm=6

25

SNR RN-UT SNR BS-UT

Figure 2-47: NysoVs. SNResyr and SNRen.ut; Ry = 1/2,ngw = 2 andngy = 2, 4 and 6;
BERssrn < 10°. IR-DFEC
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Figure 2-48: Variation of the SNRssyr threshold for Ry = 1/2;ngy = 2 andngy = 2, 4 and 6 for
SNRkniut between-3 and 25 dB.

2.4.7.4.2 nysqperformances of the IRDFEC configurations

This section presents the variations of the nunmggg of correctly decoded information bits/QAM
symbol provided by the cooperative configurations definethainle 2-7 and Table 2-8 when they use
the IRDFEC algorithm with concatenated LDPC codes.

Configurations with ngy = 2

The performances provided by the configurations that « @AM in the broadcast phase, and 4, 16
and 64QAM in the relaying phase are shownhigure 2-49, while the limit values of th&NRsyT
thresholds, foSNRyut Varying between-B; 25]dB, are shown iRigure2-50.

The results of these figures show that the use of higher order modulations on-the IRi% can
increasenysq significantly, but requires greater SNR values on the direct link. The rather small values
of nysq Up to 1.4 info bits/QAM symbol, are due the small valuesQf= 2. Note that the influence of

the SNRynuT UpON theSNRysyT Value br which a configuration might be used, BtER< BLER =

102, is smaller for medium coding rates, but it gets greater for small coding rates.

Np/sQAM / Rc=2/3 Ngm = 6

o Ro=2/3 Ngm = 4
4— Rc=2/3ngm =2

Rc=1/2 ngm = 6
Re=1/2 ngm = 4

Rc=1/3 ngm =6
Re=1/2 Ny =2

Re=1/3 Re=1/3
Ngrm = 2 Ngrv = 4

Ny =2

SNR RN-UT SNR BS-UT
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