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Executive Summary

In an effort to find the most suitable channel @der the OPTIMIX system, diverse schemes were
investigated. Instead of purely relying on time-soming Monte-Carlo simulations, we subtantially edecated our
investigations by sifting through a large set ofdidates with the aid of Extrinsic Information Tséer (EXIT) and
then confirm the performance trends for the mostrsing architectures using Monte-Carlo simulatidnghis effort
3-D EXIT charts are used to design binary Self-Gtecated Convolutional Codes employing lterativeedaéng
(SECCC-ID), exchanging extrinsic information withet soft-decision demapper to approach the charaqgoity.
Recursive Systematic Convolutional (RSC) codes sekected as constituent codes, an interleaver ésl der
randomising the extrinsic information exchange loé tonstituent codes, while a puncturer helps twease the
achievable bandwidth efficiency. The convergendeakimur of the decoder is analysed with the aithibbased 3-D

EXIT charts, for accurately calculating the operrgtlEb / Ny threshold for our Sphere Packing (SP) aided tiaace
Our best system configuration is capable of opegatiithin about 1 dB from the channel capacity.

As another meritorious design option, we inveségae performance of ultra-sparse low-density paiteck
codes constructed from protographs. It is confirrtied these codes are capable of performing wihig a few tenths
of dB from the random coding bound for transmissmver the AWGN channel. Hence, they are capable of
outperforming diverse existing coding schemes,uiticlg state-of-the art turbo codes at the pricamfincreased
decoding complexity.

We also enhanced the achievable performance dfrexisrasure codes by extending their construdtamon-
binary Galois fields for potential employment inr@less Internet scenarios. Furthermore, we alspgsed a new non-
iterative Single-Error Multiple-Erasure (SEME) ddawg algorithm for the maximum likelihood erasurecdding of
Low-Density Parity-Check (LDPC) and Fountain codes.

We then inceased the attainable system capacity thi2¢ aid of different Multiple-Input Multiple-Outyp
(MIMO) schemes while considering the attainableedsity gains, multiplexing gains and beamformingnga
Following a brief classification of different MIM@chemes, where the different MIMO schemes are cesagl as
diversity techniques, multiplexing schemes, mudtipccess arrangements and beamforming technigeemtroduce
the family of multi-functional MIMOs. These multishctional MIMOs are capable of combining the besedt several
MIMO schemes and hence attaining an improved pedoce in terms of both their Bit Error Ratio (BER) well as
throughput. The multi-functional MIMO family coml#s the benefits of space-time coding, Bell Labseregt Space-
Time scheme as well as beamforming. We also inttedhe idea of Layered Steered Space-Time SpredHatg
combines the benefits of Space-Time Spreading, YBL and beamforming with those of the generalisedtiM
Carrier Direct Sequence Code Division Multiple Asse Additionally, we compare the attainable divgysi
multiplexing and beamforming gains of the differ&iMO schemes in order to document the advanta§é&seomulti-
functional MIMOs over conventional MIMO schemes.

However, the benefits of these novel MIMOs nodehe presence of the spatial correlation imposed for
example by the insufficient antenna spacing of cachjpandsets, especially in the presence of shéaldwg owing to
large-bodied vehicles, for example. As a radicaigle alternative, we hence created virtual MIMOshvthe aid of
cooperating single-antenna-based handsets, whipkriexce independent fading owing to their largéysucal
separation. This system-architecture should notitnaer impose an excessive extra complexity on the-gocket
sized handsets. Hence the employment of coherd¢etiin-aided relay nodes should be avoided, becdhs
estimation of the source-relay channel may imposégh complexity. This realization directed oureation to non-
coherently detected cooperative systems.

It is widely recognized that differential decodeddforward (DDF) cooperative transmission schemes ar
capable of achieving a cooperative diversity gathjle circumventing the potentially excessive-coexity and yet
inaccurate channel estimation, especially in mobileironments. Our new design finds the optimumdnait-interval
duration for the source and relay, which is commeate with their adaptive channel-code rate in ¢batext of
TDMA-based DDF-aided half-duplex systems for thkesaf maximizing the achievable network throughpie also
demonstrate from a pure capacity perspective, iat\whrticular scenarios the introduction of coopenais capable of
usefully improving the achievable throughput. Weoahnalyse the effects of power allocation in relagisted wireless
communications.

We then further refined our system design by iniatin of joint coding and modulation. More spezfly
we propose an adaptive Turbo Trellis Coded ModutafT TCM) aided Distributed Space-Time Trellis Qugl{STTC)
scheme for cooperative communication over quasiecsiRayleigh fading channels. An adaptive TTCM (AJM)

scheme is employed by the source node during thietfansmission period for reliably conveying toeirce bits toN
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number of relay nodes by appropriately adjusting tiode-rate and modulation mode according to thar-ne
instantaneous channel condition. The TTCM switchiimgsholds are chosen to ensure that the Bit Ratio (BER) at

-6
each relay node becomes lower tHHA "~ in order to minimise the potential error propagatimposed by the relay
nodes. During the second transmission period,l\lamntenna assisted Distributed STTC (DSTTC) scheyrwdated

with the aid of the aforementiondd single-antenna relay nodes. More specifically, merelay nodes are utilised to
form STTC codewords based on the re-encoded TTQibels of the relays for transmission to the desitimanode.
At the destination node, iterative extrinsic infation exchange is performed between the STTC ar@M @iecoders
for recovering the original source bits. It is stothat the proposed ATTCM-DSTTC scheme requireslB2 less

=3
transmission power in comparison to a standard TEEMeme when aiming for a frame error ratio-&F .
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1 Introduction

This document describes the current status of thamel coding module and the modulation moduleiodar
novel channel coding and modulation techniquestdied and proposed. This document is structusddlws.

In Section 2.1, we analyse the bit-based SECCCdBes and design flexible SECCC schemes that are
capable of near-capacity operation over both AW@N ancorrelated Rayleigh fading channels. Extrimsiormation
is exchanged across three concatenated decodes sind the achievable decoding convergence isestugiing 3-D
EXIT charts. It is demonstrated that the best SEQCRemes perform within about 1 dB of both the AW&N
Rayleigh fading channels’ capacity.

In Section 2.2, the performance of ultra-sparsedewsity parity-check codes constructed from pn@pls is
investigated. It is illustrated how these codes pariorm only a few tens of dB away from the randooding bound
over the AWGN channel, outperforming existing cagdsthemes (including state-of-the art turbo code#)e price of
an increased decoding complexity.

In Section 3.1, we provide a light-hearted perdpecon further research advances in the field oftimu
functional MIMO systems and demonstrates how dityermultiplexing and beamforming gains are achétg multi-
functional MIMOs. We elaborate on the design of tinuinctional MIMO schemes and describe the evolutdf the
idea of multi-functional MIMO systems. We also gtiinthe achievable performance of the differentMM@ schemes
and compare the different MIMO schemes in termtheir diversity, multiplexing and beamforming.

In Section 3.2, we deduce the optimum time resoaliceation (TRA) policy for the sake of maximigithe
DDF-aided cooperative system’s capacity, by utiizinformation theoretical tools, which become ukef the design
of near-capacity coding/decoding schemes conceiwed¢ooperative systems, since the code rate eragldy the
source and RS is directly related to their alloddtansmission duration, and may be adaptivelycseteaccording to
our proposed TRA scheme. In the interest of achgwai high spectral efficiency, we also identify geenarios, when
the introduction of cooperation becomes benefit@h a pure capacity perspective.

In Section 3.3, we propose an effective solution fisitigating the lack of temporal diversity, when
communicating over quasi-static Rayleigh fadingreteds. The adaptive coded modulation scheme wiéisedtifor
protecting the source-to-relay links, while thetrilimited space-time code was employed for enhartbiageliability of
the relay-to-destination links. It was shown thathite units equipped with a single antenna are lol@pastablishing an
energy-efficient wireless cooperative network.

In Section 3.5, some further developments in tleél fof relaying networks are presented. In pardicuive
analyse the effects of power allocation and reusence in relay-assisted wireless communicatioits wutual
interference.

In Section 4, several results on packet erasunectimg codes based on low-density graphs, inclydibPC
and Fountain codes. Specifically, the possibil@yehhance the performance of existing erasure caoaheer efficient
maximum likelihood decoding, by extending their staction to non-binary Galois fields, is illustdtin Section 4.1.
The basic idea is that the probability that a ranigogenerated matrix is full-rank and the decodsugceed-ability
therefore is an increasing function of the Gal@#dfover which the matrix is constructed. MoreqQube possibility to
include the correction of (sporadic) errors witkificient maximum likelihood erasure decoding of RO and Fountain
codes is considered in Section 4.2, leading tova(nen-iterative) decoding algorithm named SEMEe HEffectiveness
of the algorithm in lowering the error floor due uadetected errors is proved by both simulation @exkelopment of
tight performance bounds.

In Section 5, the brief description of physical mlted at the base station is presented in Sectihrirben, the
implementation of one optional channel codec (utagConvolutional Code) and its design proceduesilaustrated in
Section 5.2.
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2 Channel Coding

2.1 Near-Capacity Iterative Decoding of Binary S&oncatenated Codes Using Soft Decision
Demapping and 3-D EXIT Charts

2.1.1 Introduction

The philosophy of concatenated coding schemes wgsoped by Forney in [2]. Turbo codes, which were
developed in [3] constitute a class of error cdroeccodes (ECC) based on parallel concatenatedobational codes
(PCCC) of two or more constituent codes. They agh-performance codes capable of operating neaSti@non
limit [4]. Since their invention they have foundvdise applications in bandwidth-limited communioatisystems,
where the maximum achievable information rate baset supported in the presence of transmissiomsedue to both
Additive White Gaussian Noise (AWGN) and channélifig. Various bandwidth efficient turbo codes wpreposed
in [5], [6] and [7]. Serially concatenated convabual codes (SCCC) [8] have been shown to yieldeEopmance
comparable, and in some cases superior, to turdescdteratively-Decoded Self-Concatenated Coniaiat Codes
(SECCC-ID) proposed by Benedetto et al. [9] and ligee[10] constitute another attractive family @érative
detection aided schemes.

The concept of Extrinsic Information Transfer (EXIGharts was proposed in [11] as a tool for analyshe
convergence behaviour of iteratively decoded systd&fXIT charts constitute a semi-analytical tocdiso predict the
SNR value where an infinitesimally low bit-errotegdBER) can be achieved without performing timeswoning bit-
by-bit decoding employing a high number of decodtegations.

SECCC is a low-complexity scheme involving onlyiagte encoder and a single decoder. An EXIT chart
based analysis of the iterative decoder providessight into its decoding convergence behaviouwt hance it is
helpful for finding the best coding schemes foratirg SECCCs. An attractive approach to design Refpecumulate
(RA) codes using iterative detection and decodisgai EXIT charts has been proposed in [12]. The d®ée is a
serial-concatenated coding scheme where a repetitide is employed as the outer code and a bitittacbumulator is
employed as the inner encoder. By contrast the SEGCheme can be viewed as a parallel-concatenateitigc
scheme employing an odd-even separated turboeatest as discovered in [13]. Hence, the SECCC seligemot the
same as the RA code. Another major difference as the RA codes in [12] are irregular and hencg tead to be
more complex than our SECCC-ID scheme. Furthern®E€,CC-ID codes have not been characterised iliténature
in terms of their decoding convergence.

An SECCC-ID scheme was designed using Trellis Cddedulation (TCM) as constituent codes with the aid
of EXIT charts in [14]. The design proposed in [M&s symbol-based, therefore it had the inhereablpm of
exhibiting a mismatch between the EXIT curve and Hit-by-bit decoding trajectory. The main reason the
mismatch was that the EXIT charts were generategdan the assumption that the extrinsic inforrmatiod the
systematic information part of each TCM encodedtsyinare independent of each other, which had adumvalidity,

since both the systematic and the parity bits wargsmitted together as a sing?ft[;]-+l -ary symbol. More explicitly, the
coded bits in each coded symbol are correlated[[] hence they cannot convey the maximum possitfbrmation,
which is equivalent to an entropy-or capacity-lddsnetheless, we found that the EXIT charts of shmbol-based
SECCC scheme can be beneficially used as upperdbpsimce the actual EXIT chart tunnel is alwaydewithan the
predicted EXIT chart tunnel. Hence, the analysis sl valid, since it assisted us in finding thenvergence SNR.
The scheme proposed in [17] employs binary RecerSiystematic Convolutional (RSC) codes as constitcedes to
eliminate the mismatch between the EXIT curves tired decoding trajectory inherited by the symboleaa3 CM
design by proposing a bit-based SECCC-ID desigirdier to create flexible SECCC schemes. It wasestgg in [18]
that a symbol-based scheme always has a lower ogenvee threshold compared to an equivalent binelngrae. In
order to recover this information loss owing to éogng binary rather than non-binary schemes, wé demonstrate
that soft decision feedback is required betweerSiis®© MAP decoder and the soft demapper [19].

Against this background, the novel contributionttu$ part is the analysis of bit-based SECCC-IDesodnd
the design of flexible SECCC schemes that are dapsmear-capacity operation over both AWGN andasrelated
Rayleigh fading channels. Again we will demonstridu@t in order to recover the 'bit-correlation-imgd’ entropy- or
capacity-reduction owing to employing binary schepsoft decision feedback is required between HIBOSVAP
decoder and the soft demapper. Two-stage iteredisivers can be analysed using 2-D EXIT chartdewheir three-
stage counterparts require 3-D EXIT charts, wemp@sed in [20] and further studied in [21],[22],]J28/e will show
that 3-D EXIT charts provide a unique insight itih@ design of near-capacity SECCC-ID codes. Tooekb a little
further, in conventional 2-D EXIT charts a new EXdlirve is generated for each new channel SNR arnehanodel,
while our 3-D EXIT chart representation of the SEGID scheme is channel-independent and hence hde to
computed only once, regardless of the channel $MRce we characterise each SECCC-ID componentisidg two
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3-D EXIT charts, which can then be used for desigran iterative decoding aided system employing gemapper
type. Extrinsic information is exchanged across¢hiconcatenated decoder stages and the achievebbsling
convergence is studied using 3-D EXIT charts. Bnilis demonstrated that the best SECCC scheradserm within
about 1 dB of both the AWGN and Rayleigh fadingroels’ capacity.

The organisation of this contribution is as followfter presenting our system model in SectionZ.bur
results are discussed in Section 2.1.3, and ouclgsions are offered in Section 2.1.4. We discims decoding
convergence of the SECCC-ID scheme in Appendix A.

2.1.2 System Model

We consider a rateR:l/2 SECCC scheme as an example to highlight the v&regystem concepts
considered in this contribution. In all these ex@apve use both Set-Partitioning (SP) and Gray-¢d@eadrature
Phase-Shift Keying (QPSK) modulation. Both the AW@hd uncorrelated Rayleigh fading channels areidered.

The notationsp(') and L() in Figure 1 denote the logarithmic-domain symbababilities and the Logarithmic-

Likelihood Ratio (LLR) of the bit probabilities, spectively. The notation@ and € in the round bracketg') in
Figure 1 denote information bits and coded symhelspectively. The specific nature of the probéibdiand LLRs is

represented by the subscrigs, © and €, which denote in Figure 1& PO - a posterior 4 extrinsic
information, respectively.

Soft Demapper,| SECCC Decodert

P°(c) Pe(c) E;Deptincturer La(o)
Symbol td—=O—[LLR |={R;!
Bit Prob. i SISO
Convertel 5 LLR™! H

- 2
Puncturer, © "Puncturer  L%(c MAP
| o

Encoder
R=R/(2%Ry)

Decode

Figure 1. SECCC-ID System exchanging soft informatin with the Demapper

As shown in Figure 1, the input bit sequem%}{of the self-concatenated encoder is interleay&lding the
bit sequence ?2}. The resultant bit sequences are parallel-toaseanverted and then fed to the RSC encoder using

- - -17 =1
the generator polynomialsc:\(O =13G,=153G,=1 /)8 expressed in octal format and having a rateRbf_ 3 and

memory V = 3. Hence for every bit input to the SECCC encoderdlare six output bits of the RSC encoder. At the
=1

output of the encoder there is an interleaver ard & rateR2 3 puncturer, which punctures (does not transmit) two

bits out of three encoded bits1. Hence, the oveddlk rate, R can be derived based on [24] as:

R= Rl :1( 1 J:—l
xR, 2(¥3)) 2 "

Therefore, at the output of the puncturer the nundfeencoded bits reduces from six to two bits, agm
(ClCO) . Puncturing is used in order to increase the aabie bandwidth efficienc{]. It can be observed that different

codes can be designed by changirnigand R, . These bits are then mapped to a QPSK symb())ﬁ ESU(CLCO) , where

7 =Rxlog,(4)=1

() is the Gray-coded mapping function. Hence the waédtth efficiency is given by bit/s/Hz

! R, =2 is the puncturing rate, whe(y - X) bit(s) are punctured for every-bit segment. The

interleaverr, is before the puncturer in Figure 1, thereforeltite being punctured could be either
the parity or the systematic bit.

FP7 ICT Call 1 Key line 1.5 “Networked Media” Page 11/80



OPTIMIX FP7-ICT Grant agreement n°214625 project Deliverable D2.2c version 1.1

assuming a zero Nyquist roll-off-factor. The QPSKnbol X is then transmitted over the communication chankel
the receiver side the received symbol is given by:

y=hx+n @)

where h is the channel's non-dispersive fading coefficiant N is AWGN having a variance o?‘zi per dimension.
This signal is then used by the demapper for calimg the conditional probability density functi®DF) of receiving
y, when X" was transmitted:
2
_y-nr1

1
P(y| x= X") = ex ,
(yl ) - P N,

®3)

where X" = 1/(GG) is the hypothetically transmitted QPSK symbol me{O,l 2 :} . These PDFs are then
passed through the Symbol to Bit Probability Cotereof Figure 1, which performs the following thr&teps:

1. Calculating the posterioriprobability of the transmitted signal
P(y[ ¥ R}
P (x| y) =———+——,
P(y) (4)

where P(y) is a constant term and can be ignored. For a sybased system the probability of the

transmitted signalP(X) can be assumed to be a constant value. Howevex,bit based system

iterative decoding exchanging extrinsic informatioetween the demodulator and decoder can be
invoked based orP(X) .

2. From Bayes’ rule and assuming that lel{sand C, are independent, we have
P(M=Mcg)=Re¢l g Rg= Pp P& )
Therefore,
P(xI)=RYN 3RO R, @)
3. The symbol probabilities are then converted itoplobabilities. Thea posteriori probability of the

coded bitC = b is given by

allj
P°(g=bly= > (F(B’l 3 RP)}-
xCx(i,b) @)
where we havex(i,b) ={/(c,c) | ¢ [XO 1}} , which contains all the four phasor combinatioristte QPSK
modulated signaX . The bit index is specified by[1{0,1} and the value of the bit blp[1{0,1} . For higher order of
modulations the bits required at@=10g,(M), where M is the number of constellation points. The extdns
probability of C is then calculated as
allj
PG =bly= > (F(YI 3] RP)]-

xOx (i,b) j#

(8)

The extrinsic bit probabilities are then convertedhe corresponding bit-based LLRs by the blockoded as

LLR in Figure 1, which are then passed through adsgtincturer inserting zero LLRs at the puncturegbsitions.
The LLRs are then deinterleaved and fed to the-Bpfit Soft-Output (SISO) Maximum A Posteriori Padiility
(MAP) decoder [25]. The decoder of Figure 1 is lkcs@ncatenated decoder. It first calculates thieimsic LLRs of the

e e
information bits, namerL (bl) and L (bz) . Then they are appropriately interleaved to ytakla priori LLRs of the

a a
information bits, namerL (bl) and L (bz) , as shown in Figure 1. Self-concatenated decaaliageeds, until a fixed

e
number of iterations is reached. The extrinsic LldR¢he codeword denoted b§ () at the output of the SISO
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decoder are fed back to the Soft Demapper of Figurehich are interleaved b{/r2 and then punctured according to

a -
Rz. These are then converted to the a priori bit abdties R (©) by the block denoted aLR ! in Figure 1, to be
fed to the APP demapper, which first converts thieraymbol probabilities and then provides the impib extrinsic

e
LLR L*(c) of the codeword at its output, thus completing ¢tleter iteration between the SISO decoder and Soft
Demapper. Apart from having inner self-concatendtierdtions in the outer SECCC decoder, a fixed lmemof outer

iterations exchange extrinsic information betwdendecoder and soft-demapper to yield the decotﬂe@b.

2.1.3 Results and Discussions

The EXIT charts discussed in Section 3 were usefintb the best SECCC schemes 1165{2,3}

communicating over AWGN and uncorrelated Raylemtirig channels.

, when

The threshold predicted by the EXIT chart analydg$ailed in Section 3 closely matches with the alctu

threshold observed in the BER curve given by theciied Eb/ N value, where there is a sudden drop of the BER
after a certain number of decoding iterations,reswv in Figure 2 and Figure 3. Hence it becomesiplesto attain an
infinitesimally low BER beyond the threshold, prded that the block length is sufficiently long athe number of

decoding iterations is sufficiently high. AgainetBER versusEb/ No performance curves of the best performing

QPSK-assisted SECCC-ID schemes havi =1/2 and R2 =3/4

shown in Figure 2 and Figure 3. We considered éorrimation block length ofl 20% 10 bits per frame, forlo3

, recorded from our bit-by-bit simulations are

frames and the number of decoding iteratiohs @re fixed to 40. Figure 2 and Figure 3 show EI%/ Ny difference
between the channel capacity and the system opgratia BER of]-o_3 marked by dotted lines, which was recorded
for the best-performing SECCC-ID scheme the codenong of V = 2 The sp mapping scheme operates 0.47 dB
away from capacity, which is 0.35 dB better comgdcethat of Gray mapping scheme at a BEF’\LQ?.

As we can see by studying Table 3 and Figure 2Figuare 3, the BER thresholds are accurately predibly
the EXIT charts. Hence, the binary EXIT chart igfu$ for finding the best SECCC-ID schemes that@pable of

decoding convergence at the lowest possigle/ N, value. We apply the same method of calculating BldR
thresholds for a range of SECCC-ID schemes, afleltia Table 3.

For the scheme emponingV:2, R=1/2 and R,=3/4

(0.25+Q6)= 08¢ dB and (1.35-1)= 03EdB, when communicating over AWGN and Rayleigh fiadi

, the distance from capacity is

channels, respectively. Another scheme, which perdaclose to capacity, employs= 3, R =1/3 and R, = 21 3,
as shown in Table 3. This scheme is capable of abipgr within (0.07+0Q8)= 0 8‘dB and

(0.82+ 0 2)= 1O‘dB from the capacity of the AWGN and Rayleigh faglichannels, respectively, while
employing the SP mapper.
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Figure 2: The BER versusEb/ N, performance of Gray and SP mapped QPSK-assisted SEC-ID schemes,
R =1/2,R,=3/4, and | =40 decoding iterations forV = 2, operating over an AWGN channel.
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Figure 3: The BER versusEb/ N, performance of Gray and SP mapped QPSK-assisted SEC-ID schemes,

R =1/2, R,=3/4, and | =40 decoding iterations for V = 2, operating over an uncorrelated Rayleigh fading
channel.

2.1.4 Conclusions

We have designed near-capacity SECCC-ID schemesdbais their decoding convergence analysis. The
SECCC schemes invoke binary RSC codes and diffggantturing rates. The puncturer is used to ineréhe
achievable bandwidth efficiency. The interleaveaceld before the puncturer helps randomise the prngtpattern.
Good SECCC parameters were found for assistingSE€CC-ID scheme in attaining decoding convergendaen

lowest possibIeEb/ Ny value, when communicating over both AWGN and urelated Rayleigh fading channels.
We have demonstrated that 3-D EXIT charts are ugafaesigning near-capacity SECCC-ID codes. Famrtiore, 3-D
EXIT charts may also be used to design a SECCCeH2rme concatenated with an outer codec, such @ea godec
for enabling soft information exchange between 8#CCC-ID decoder and the video decoder. The SE@CC-I
schemes designed are capable of operating witdiB &f the AWGN as well as Rayleigh fading channebpacity.
Our future work will focus on designing SECCC sclesnoperating closer to capacity, while maintainandpigh
bandwidth efficiency. Furthermore, we will investtg the performance of such SECCC-ID schemes ircabarently
detected cooperative communication systems.

2.2 Design and performance analysis of protograpasked non-binary LDPC codes

Thanks to their excellent error correction capabiltombined with the availability of low complexity
encoding/decoding algorithms, LDPC codes have tgceeren included in several satellite communiaaistandards
[110]-[113]. Their application ranges from deepeapaommunications to satellite broadcasting sesvézel up-link for
interactive satellite systems.

In the past decade, LDPC code constructions wengoged approaching the Shannon limit within femstef
dB for large block lengthsng10000) [114],[115]. In the moderate block sizeimegy (1000€<10000), structured
constructions with low error floors were proposéar, example, in [116]-[120]. These constructionsiiage low
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codeword error rates, e.g."30within 0.5 to 1 dB from the random coding boufRC). (In the moderate-block size
regime we compare the code performance with the ,R&Ber than the Shannon limit, to take into aotdbe block
size. Although the RCB is an upper bound on théopaiance achievable by a,k) linear block code, for input block
sizesk>200 bits it is a valid benchmark [121],[122].

To enhance the code performance for short/modéiatk sizes, LDPC codes over non-binary finitddfse
were proposed in [123]. The performance gain, h@ndvas the drawback of an increased decoding @iyl As for
binary LDPC codes, decoding is based on beliefagapon, that is on message passing along the edgks Tanner
graph. The decoding complexity is dominated bydheck node operations and scales Wi¢h?), whereq is the order
of the field. However, the probability-domain detagl algorithm can be simplified by using fast Feuariransform
(FFT) to perform the check node elaborations, raduthe complexity toO(q logyx(q)) [124]. Further complexity
reductions for non-binary LDPC decoders were aaden [125], while a construction technique foraidsparse non-
binary LDPC codes (i.e., LDPC codes with regulatialde and check node degreds=@, d.) was proposed in [126],
which is based on the binary image of the paritgeghequations for the selection of the equatiorfficdents. The
methodin [126] is effective in reducing the error floor of ultrpasse non-binary LDPC codes, even if for these LDPC
code ensembles the minimum distance grows subrlinedh n.

2.2.1 Design of Non-Binary LDPC Codes
The design of a non-binary LDPC code may be sunzeain three main steps:

o Definition of the degree distribution pair to beeddor the parity-check matrix construction.
0o Construction of a parity-check matrix H whose Targraph possesses a large girth.
0 Choice of the values of the non-zero entries of H.

The first step is rather unexplored in the non-bjinBDPC context. It is however established thatutag
distributions with variable node degree dv=2 previth excellent iterative decoding thresholds onAW&GN channel,
especially for sufficiently large field orders. A example, the (2,4)-regular ensemble over GF(25®)bits a
threshold at Eb/NO 0.45 dB, only 0.27 dB away from the Shannon lifoitrate-1/2 codes on the binary input AWGN
channel. This justifies the increasing attentiocerdgly gained by the design of non-binary LDPC odédth ultra-
sparse parity-check matrices [126].

The second step can be tackled by using toolsablaifrom the construction of binary LDPC codesnéte
girth optimization techniques such as the progvessdge-growth (PEG) algorithm [130] can be adofwedhe matrix
construction.

The third step may be pragmatically performed bgctang the non-zero entries of H with uniform pabidity
over GF()). This approach provides an acceptable performanogost cases, especially for large Galois fieldess.
However, it has been pointed out that ultra-spédge2, dv) non-binary LDPC code ensembles builtwtitis approach
tend to be affected by an error floor already atlemate error rates [126]. This has to be relatettheofact that their
minimum distance grows sub-linearly with n [82].

An efficient approach for selecting the non-zerdrien is proposed in [126]. The approach is basedhe
binary image of the non-binary parity-check equaid\ote in fact that a degree-dc equation oveR2@H6 equivalent
to p binary equations involving p dc bits, and reenan be regarded as ( p dc, p(dc-1)) binary libkmok code. In this
view, the Tanner graph of a non-binary LDPC code loa described in terms of a generalized LDPC (®RCpcode
graph. By judiciously selecting the equations dogfhts, one can ensure that the correspondingpiigear block
code representation possesses a minimum distaryer taan 2. If all the M non-binary equations designed in this
manner, the overall result is an increased miningistance for the non-binary LDPC code, and hentmvar error
floor.

In [131] an approach to the design of low-rate barary LDPC codes based on protographs [132],[183]
presented. In particular, it is shown how an aaijtiow-rate non-binary LDPC code can be obtainedhfan higher-
rate one by repeating the codeword symbols by mebasion-binary repetition code (i.e., some codelvaymbols are
repeated and the replicas are multiplied by noon-£&alois field elements). This allows an excellgexibility in the
code construction, supporting rate compatibilitgl anaintaining the decoding complexity of the motfi@gher-rate)
code, with performance close to the theoreticahldsudown to very low code rates and short bloogssiz

Next, the performance of some non-binary LDPC cod@sstructed by means of some of the techniques
mentioned above is illustrated, focusing on uliparse matrices with dv=2. The matrices have beastnacted using a
circulant-version of the PEG algorithm, startingrfr a small base matrix (protograph) and perfornpngtograph
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expansions by means of circulant permutation nmegrio either 2 or 3 stages. The resulting parigekhmatrices are
then in block circulant form. This feature allows@mpact description of the matrix structure, featiing the decoder
implementation. The choice of the non-zero coedfits has been performed according to the critéfa2s]. For low-
rate codes (R<1/2), the repetition-code-based agprof [131] has been adopted. Examples of propdgradopted for
the code design are depicted in Figure 4.

a) Rate-1/2 protograph [:[ [:l [:[

b) Rate-1/3 protograph ¢) Low-rate protographs

Figure 4: Protographs used for the code design. &ate-1/2 regular protograph. b) Rate 1/3 regular potograph.
c) Low-rate protographs obtained by multiplicative repetition of variable nodes [131]. A rate 1/4 praigraph is
obtained by adding to the rate-1/3 protograph the W type A. The rate can be lowered to 1/6 by furtheadding
VNs of type B and C. A rate 1/9 protograph if finaly given by adding the VNs of type D,E and F.

2.2.2 Numerical Results

The results presented in this section have beesirmst by Monte Carlo simulation on the AWGN channel
with Imax=200 iterations. All simulated non-binakfpPC codes have been constructed on GF(256). Wedera
comparison with binary codes and with the RCB,tha same (n,k) parameters (in bits). We evalutteccodeword
error rate (CER) vs. Eb/NO for non-binary protodrdgased codes and for binary irregular repeat-aatatm (IRA)
codes with constant information node degree 4. Thace for IRA codes is dictated by the need adéroff the error
floor and the waterfall performance [116]. The RSBrovided as well.

Figure 5 and Figure 6 show the results Bor 1/2 codes with information lengthe256 andk=1024,
respectively. At CER=18 the gap between the RCB and the LDPC codes o#238) is less than 0.3 dB in both
cases. In contrast, the IRA code shows a gap aiB.®@rk = 1024 and around 1.3 dB fo= 256.
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Figure 5: CER of an LDPC code over GF(256), a bingrIRA code and the RCB vs. Eb/NO with R=1/2, k=256.

RCB ]
--&-- LDPC GF(256)|]
-—#— - |RA code

CER

E,/N, [dB]

Figure 6: CER of an LDPC code over GF(256), a bingrIRA code and the RCB vs. Eb/NO with R=1/2, k=1024

FP7 ICT Call 1 Key line 1.5 “Networked Media” Page 18/80



OPTIMIX FP7-ICT Grant agreement n°214625 project Deliverable D2.2c version 1.1

Tizk:::zzzz:z:zdzz:i:izzzz
: RCB

]2 -- LDPC GF(256)
— # — |[RA code

107k

CER
o

2
E /N, [dB]

Figure 7: CER of an LDPC code over GF(256), a bingrIRA code and the RCB vs. Eb/NO with R=1/3, k=256.
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Figure 8: CER of an LDPC code over GF(256), a binagrIRA code and the RCB vs. Eb/NO with R=1/3, k=1024

Figure 7 and Figure 8 show the CER EgN, for R=1/3 codes wittk=256 andk=1024, respectively. The
codes under investigation are non-binary LDPC caahes(again) IRA codes with information node degte8imilarly
to theR=1/2 codes above, also for lower code rates thetgape RCB at CER=1Dis less than 0.3 dB for the non-
binary codes, whereas for the IRA codes its alvanger than 1 dB.

Next, a comparison between non-binary LDPC codesstate-of-the-art turbo codes (TCs) (specificaliCs
from the DVB-RCS standard [112] and 3D-TCs [135])llustrated folR = 1/2 and R = 1/4. In this latter low-rate case,
TCs usually express excellent performance. Dueotwsttuction constraints, we hake456 for the TCs (and for the
RCB), while k=448 for the LDPC codes (this is reflected in gy shorter block length fon for the non-binary
LDPC codes). From Figure 9 it can be seen thantrebinary LDPC codes outperform TCs at both cades: At
CER=10", the 3D-TCs have a performance loss with respettteir LDPC competitors of about 0.3 - 0.4 dB.
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Figure 9: CER of LDPC codes over GF(256), 3D-TCdVB-RCS codes and RCB vs. Eb/NO with R=1/2 and
R=1/4. Information length k=448 for the LDPC codesand k=456 for 3D-TCs, DVB-RCS codes and the RCBs.
Code rates R=1/2 and R=1/4.

FP7 ICT Call 1 Key line 1.5 “Networked Media” Page 20/80



OPTIMIX FP7-ICT Grant agreement n°214625 project Deliverable D2.2c version 1.1

3 Modulation and Transmission
3.1 Multi-functional MIMO Systems: A Diversity anultiplexing Design Perspective

3.1.1 Classification of Multiple-Input Multiple-Optit Systems

Recently, there has been an urging demand forbflexand bandwidth-efficient transceivers capable of
supporting the explosive expansion of the Intersued the continued dramatic increase in demand ifgin-$peed
multimedia wireless services. Advances in chanoding made it feasible to approach Shannon’s cgpéiniit in
systems equipped with a single antenna [31], butifately these capacity limits can be further eae=l with the aid
of multiple antennas. Recently, Multiple-Input Mple-Output (MIMO) systems have attracted consitkraesearch
attention and it is considered as one of the nigsificant technical breakthroughs in contemporawynmunications.

Explicitly, the MIMO schemes can be categoriseddagrsity techniques, multiplexing schemes, mudtipl
access methods, beamforming as well as multi-fanatiMIMO arrangements, as shown in Figure 10. Bitg is the
technique where the receiver receives severalcaphf the same transmitted signal, while assurtagat least some
of them are not severely attenuated. Spatial diyecan be attained by employing multiple antenagthe transmitter
or the receiver. Multiple antennas can be usedansmit and receive appropriately encoded replafathe same
information sequence in order to achieve diveraitgd hence to obtain an improved BER performanceth®rother
hand, multiplexing techniques were designed in iotdeimprove the attainable spectral efficiencytioé system by
transmitting the signals independently from eacltheftransmit antennas. In the context of diveraitg multiplexing
techniques, the antennas are spaced as far agassible, so that the signals transmitted to oeived by the different
antennas experience independent fading and hencatta@ the highest possible diversity or multiphex gain.
Additionally, multiple antennas can also be usedritter to improve the Signal-to-Noise Ratio (SNRyh& receiver or
the Signal-to-Interference-plus-Noise Ratio (SINIR)a multi-user scenario. This can be achieved impleying
beamforming techniques, where the antenna gaincigased in the direction of the desired user,swihdducing the
gain towards the interfering users.

A simple spatial diversity technique, which doeg mwolve any loss of bandwidth, is constituted te
employment of multiple antennas at the receivergemhseveral techniques can be employed for contittie
independently fading signal replicas. In case afowband frequency-flat fading, the optimum comb@strategy in
terms of maximising the SNR at the combiner outiguMaximum Ratio Combining (MRC). Additionally, ath
combining techniques have been proposed in thetite2, as shown in Figure 10, including Equal Gaambining
(EGC) and Selection Combining (SC). All the threenbining techniques are said to achieve full ditgrerder, which
is equal to the number of receive antennas.

On the other hand, several transmit - rather tlearive - diversity techniques have also been pexposthe
literature [32],[33],[34],[35], as shown in Figuf®. In [32] Alamouti proposed a witty transmit disity technique
using two transmit antennas, whose key advantage the employment of low-complexity single-receiveemna-
based detection, which avoids the more complex pbétection of multiple symbols. The decoding aildpon proposed
in [32] can be generalised to an arbitrary numbieeceive antennas using MRC, EGC or SC. Alamouattsievement

inspired Tarokh et al. [33] to generalise the concept of transmit divgrsichemes to more than two transmit
antennas, contriving the generalised concept ohddgbnal Space-Time Block Codes (OSTBC). The fanafy
OSTBCs is capable of attaining the same diversiip gs Space-Time Trellis Codes (STTC) [34] atwelodecoding
complexity, when employing the same number of mahsntennas. However, a disadvantage of OSTBCshwhe
compared to STTCs is that they employ unsophigtitatepetition-coding and hence provide no coding.ga

Furthermore, inspired by the philosophy of STBCschivald et al. [36] proposed the transmit diversity concept
known as Space-Time Spreading (STS) for the dowrdiiWideband Code Division Multiple Access (WCDM#&jat
is capable of achieving the highest possible trandiversity gain.

Regretfully, the OSTBC and STS designs of [33],[86htrived for more than two transmit antennasltésua
reduction of the achievable throughput per chamosel when complex-valued constellations are usedalfernative
idea invoked for constructing full-rate STBCs fantplex-valued modulation schemes and more tharatwe@nnas was
suggested in [37]. Here the strict constraint afgut orthogonality was relaxed in favour of achigyva higher data
rate. The resultant STBCs were referred to as guésogonal STBCs [37].
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MIMO Techniques

— Diversity Techniques

— Receive Diversity

— Maximum Ratio Combining (MRC)
— Equal Gain Combining (EGC)
— Selection Combining (SC)

— Transmit Diversity

—» STBC

—» STS

—» STTC

— LDC

— Quasi-orthogonal STBC

— Multiplexing Techniques

BLAST

— Multiple Access Techniques
L» SDMA
— Beamforming Techniques

— Beamformers designed for SNR Gain
—» Beamformers designed for interference suppression

— Multifunctional MIMO Techniques

— LSSTC
—» LSSTS

Figure 10: Classification of MIMO Techniques.

The OSTBC and STS designs offer - at best - theesdata rate as an uncoded single-antenna systéeyu
provide an improved BER performance compared tdahely of single-antenna-aided systems by progditiversity
gains. In contrast to this, several high-rate sqiawe transmission schemes having a normalisedhigteer than unity
have been proposed in the literature. For exanfjidh-rate space-time codes that are linear botpace and time,
namely the family of the so-called Linear Dispensidodes (LDC), was proposed in [35]. LDCs providéeaible
trade-off between emulating space-time coding arsfatial multiplexing. The revolutionary concept.®Cs invokes
a matrix-based linear modulation framework, wheaghespace-time transmission matrix is generatedh bipear
combination of so-called dispersion matrices ars weights of the components are determined by rdngsinitted
symbol vector.

OSTBCs and STTCs are capable of providing divergdtiyns for the sake of improving the achievabldaeys
performance. However, this BER performance imprometris often achieved at the expense of a rate-kisse
OSTBCs and STTCs may result in a throughput-lossipemed to single-antenna-aided systems. As a design
alternative, a specific class of MIMO systems wasigned for improving the attainable spectral &fficy of the
system by transmitting different signal streamsepehdently over each of the transmit antennas,ehersulting in a
multiplexing gain. This class of MIMOs subsumes IBeabs’ Layered Space-Time (BLAST) scheme and its
relatives [38]. The BLAST scheme aims for incregdime system throughput in terms of the numbeiitsfger symbol
that can be transmitted in a given bandwidth d@tvargintegrity.
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In contrast to the family of BLAST schemes, wheraltiple antennas are activated by a single user for
increasing the user’s throughput, Space Divisiortigle Access (SDMA) [39] employs multiple antenrfas the sake
of supporting multiple users. SDMA exploits theque user-specific Channel Impulse Response (CIR)eoflifferent
users for separating their received signals.

On the other hand, in beamforming arrangements tjgdtally A /2-spaced antenna elements are used for

the sake of creating a spatially selective tranemiieceiver beam, WheréI represents the carrier's wavelength.
Beamforming is employed for providing a beamformigegn by mitigating the effects of various intenfigr signals,
provided that they arrive from sufficiently differiedirections. Additionally, beamforming is capablesuppressing the
effects of co-channel interference, hence alloviingy system to support multiple users by angulaglyasating them.
Again, this angular separation becomes feasiblg onlcondition, if the corresponding users are s#ga in terms of
the angle of arrival of their beams.

Finally, multi-functional MIMOs, as the terminologyggests, combine the benefits of several MIM@sws
including diversity gains, multiplexing gains aslhas beamforming gains. As mentioned earlier, VABT is capable
of achieving the maximum attainable multiplexingngavhile STBC can achieve the full achievable angediversity
gain facilitated by the number of independentlyifigddiversity channels. Hence, it was proposedj fo combine
these two techniques in order to provide both argetiversity and spectral efficiency gains. Ondtteer hand, in [41]
the authors presented a transmission scheme feerras Double Space-Time Transmit Diversity (D-8),Twhich
consists of two STBC layers at the transmitter ikaequipped with four transmit antennas, while theeiver is
equipped with two antennas. Furthermore, in ordeadhieve additional performance gains, beamfornhiag been
combined both with spatial diversity as well astgpamultiplexing techniques. STBC has been comtbingth
beamforming in order to attain an improved SNR gaiaddition to the diversity gain [42],[43].

This contribution provides a light-hearted perspecion further research advances in the field oftimu
functional MIMO systems and demonstrates how ditsersultiplexing and beamforming gains are achétg multi-
functional MIMOs. More explicitly, in Section 3.1\We elaborate on the design of multi-functional Md\dchemes and
describe the evolution of the idea of multi-funcéb MIMO systems. In Section 3.1.2.1 we quantifg #chievable
performance of the different MIMO schemes. A congar of the different MIMO schemes expressed im&eof their
diversity, multiplexing and beamforming gains isegented in Section 3.1.3, followed by our conclusidn
Section 3.1.4.

3.1.2 Multi-functional MIMO Systems

Space-time codes have been designed for the saktéaofing the highest possible diversity gain, levithe V-
BLAST scheme was designed for attaining the maxinaghrievable multiplexing gain equal to the numbfeiransmit
antennas. Additionally, beamforming schemes havenbdesigned in order to attain an SNR gain. Thesefthe
appealing concept of multi-functional MIMO schendssigned for combining the benefits of STBC, BLASAd
beamforming schemes arises, in order to providersdlity, multiplexing and SNR gains.

Figure 11 shows a block diagram of a general nfuttctional MIMO scheme that can combine the beseift

Space-Time Coding (STC), BLAST as well as beamfagniThe system’s architecture in Figure 11 r|1\la‘s transmit
Antenna Arrays (AA) spaced sufficiently far apamtdrder to experience independent fading and hémachieve

transmit diversity and/or multiplexing. ThléAA number of elements of each of the AAs are spateddistance of

Al2 for the sake of achieving a beamforming gain. lkemnore, the receiver is equipped with" antennas.
According to Figure 11, a block B3 input information symbols is serial-to-paralleheerted toK groups of symbol

streams of IengthBl, BZ, By , where B+ B+ +B =B g group ofx symbols,kD[l’ K1 s then

+ +...4 =
encoded by a component space-time code 'Sa€sociated Withmk transmit AAs, Whereml m m N

FP7 ICT Call 1 Key line 1.5 “Networked Media” Page 23/80



OPTIMIX FP7-ICT Grant agreement n°214625 project Deliverable D2.2c version 1.1

:DOA
B g Rxi Y
< N
= AAm, Rxo \L
L Lo
B Jeog =
=2 ——  AANEmo) - 138
88 v
Rx
Bk ¥ Nr
X <Y
= .
L .
—\_, . AAN,
: DOA

Figure 11: Multi-functional MIMO system block diagr am.

The STC employed can be OSTBC, STTC or STS forsthee of attaining a diversity gain. The data
transmitted from each component STC is indepenalethte data transmitted from all the other STCsictvinesults in a

multiplexing gain, where the throughput of the mfuhctional MIMO scheme iK times that of a scheme employing
a single STC. The multiplexing gain is attaineddoysidering each STC as a layer in a BLAST sché&mughermore,
the data is transmitted using antenna arrays #rabe used for attaining a beamforming gain.

In [40] a dual-functional MIMO scheme was proposindt combines the benefits of V-BLAST and OSTBC.
The scheme presented in [40] considered transmssiver OSTBCs, where several parallel OSTBC blogkse
capable of transmitting independent data. Henee sttheme of [40] was capable of attaining the dityegain of the
OSTBC as well as the multiplexing gain due to usageral independent OSTBC layers. However, a drakvbf the
scheme in [40] was that the decoder implementedaausSuccessive Interference Cancellation (GSI@) thid not
take into account the received signal power atifferent OSTBC layers for the sake of ordering léngers before the
interference cancellation.

On the other hand, dual-functional MIMO schemeg ttambine STBC with beamforming were proposed
in [42],[43]. These schemes benefit from the diikgrgain of the STBCs and the SNR gain of the beaming.
In [42], the authors combined conventional trandmémforming with OSTBC assuming that the trangmhias partial
knowledge of the channel and derived a performaniteria for improving the system performance. Rertmore, the
scheme presented in [43] combined the twin-anteited Alamouti STBC with ideal beamforming, whetevas
assumed that the transmitter has full knowledgéhefchannel as well as the direction of arrivatta signal at the
receiver in order to show that the system canratidietter performance while keeping full diversibd unity rate.

Inspired by the performance improvements reportgd],[42],[43], EI-Hajjaret- al. proposed in [44] a tri-
functional MIMO scheme that combines diversity gaiith multiplexing gain and beamforming gain. Thd MO
scheme of [44] was referred to as Layered SteepadesTime Codes (LSSTC), where the parallel dasemaoded by
OSTBC layers and each layer can have a differefMB@Sstructure. Additionally, the decoder of the 0XSscheme
employed an ordering strategy for decoding theediffit layers in order to improve the achievablégperance.

The decoder of the LSSTC scheme applies Group Ssizeelnterference Cancellation (GSIC) based on the
Zero Forcing (ZF) algorithm [40] for decoding theceived signal. The most beneficial decoding owfethe STC
layers is determined on the basis of detectinghibbest-power layer first for the sake of a highreot detection

probability. For simplicity, let us consider theseaof K =2 osTBC layers, where Iaye1f is detected first, which
allows us to eliminate the interference causedeysignal of Iayer2. However, the proposed concept is applicable to
arbitrary STCs and to an arbitrary number of Iay&s For this reason, the decoder of Iaﬂehas to suppress the
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interference of Iayer2 originally imposed on IayeiL and generates a signal which can be decoded tren§TBC
detection of [32]. This is done by using the GSI@odthm proposed in [40]. Then, the decoder sult$rethe
remodulated contribution of the decoded symbolagdr 1 from the composite twin-layer received aigfrinally, the
decoder applies direct STBC decoding to the setayel, since the interference imposed by the fager has been

eliminated. This group-interference cancellatioogedure can be generalised to arbitraNry and K values.

The proposed scheme is applicable to arbitrary Sar@dsto an arbitrary number of Iayelfs. For example, for

an N, =3 transmit antennas, one twin-antenna aided STCheaemployed in parallel with a single-antenna-aided

transmission scheme. On the other hand, for a ssle@nploying N, =8 transmit antennas, several configurations can
be considered. One configuration can employ twa-fmienna-aided STCs, while another configuratian employ
four twin-antenna-aided STCs. The configurationl dépend on the application and on the requirefbpeance and
throughput.

The LSSTC scheme is characterised by a diversity, gamultiplexing gain as well as a beamformingnga
However, a drawback of the LSSTC design is the tfzatt the number of receive antenn'élls should be at least equal

to the number of transmit antennaNé for the interference cancellation to work. Thigdition is not very practical for
employing shirt-pocket sized Mobile Stations (MBattare limited in size and complexity. The LSST8ene can be
applied in a scenario where two Base Stations(B®perate or a BS is communicating with a MIMO-aidaptop.

Therefore, in order to allow communication betwaeBS and a MS accommodating less antennas thdratigmitting

BS while employing simple linear receivers, [41kgented a four transmit and two receive antennhsnse that
combined the benefits of Alamouti's STBC [32] aneBVAST [38]. The scheme of [41] was referred tosuble

Space-Time Transmit Diversity (DSTTD) and employedimple linear decoder that employed less antetizasthe

transmitter. The DSTTD receiver employed a two-stagcoding algorithm, where the first stage isrfatence

cancellation, in order to cancel any interferemmoenf each STBC layer on the other layer. The sedmubding stage
involved the maximum likelihood decoding of the STE2].

Furthermore, in order to allow multiple users tantounicate using a multi-functional MIMO, the Layére
Steered Space-Time Spreading (LSSTS) scheme deddrddow can be employed. The LSSTS scheme comtiires
benefits of V-BLAST, STS and beamforming with gerlised MC DS-CDMA [45] for the sake of achieving a
multiplexing gain, a spatial and frequency divergiaiin as well as a beamforming gain. The LSST$gdesmploys

t=4 transmit antennas and" =2 receive antennas and a linearreceiver to decedeetieived signal.

The system architecture of the LSSTS scheme casebe in Figure 11 with STS as the component STC

layers. The LSSTS scheme employs two twin-antemhedaSTS layers an(J\Ir =2 receive antennas. Thle'AA
number of elements of each of the AAs are spaceddidtance of’)I /2 for the sake of achieving beamforming. The
system can supporlt- users transmitting at the same time and usingséime carrier frequencies, while they can be

differentiated by the user-specific spreading cdde whereI D[l’l‘]. Additionally, in the generalised MC DS-
CDMA system considered, the subcarrier frequenaiesarranged in a way that guarantees that the Sdiesignal is
spread to and hence transmitted by the specificastibrs having the maximum possible frequency rsgjom, so that
they experience independent fading and achieventhémum attainable frequency diversity.

The LSSTS system employs the generalised MC DS-CBheme of [45], where the input data is serial-to-
parallel converted to two parallel streams thattemesmitted using twin-antenna aided STS [36]. tfhesmitted signal

is spread to the two transmit antennas with theoaitie orthogonal spreading codes{&' v G } , 1.1 2L . The

spreading code§'t and €12 are generated from the same user-specific sprgza.d'nheé' as in [36].

The output of the two STS blocks modulate a groupubcarrier frequencies, where the subcarrieraggare
superimposed on each other in order to form theptexavalued modulated signal for transmission. lnaccording

to theI th user’s channel information, the signal of ﬂhﬂa user is weighted by the transmit beamformer fteigctor
determined for each subcarrier of thﬂn user, which is generated for theh AA. Assuming that the system employs a
modulation scheme transmittin@ bits-per-symbol, then the bandwidth efficiencytlbé LSSTS aided Generalised
MC DS-CDMA system is given by?D bits-per-channel-use.
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Assuming that theK users’ data are transmitted synchronously oveispedsive Rayleigh fading channel,
decoding is carried out in two steps, first integfece cancellation is performed according to [#dllowed by the STS

decodingprocedure of [36]. Finally, after combinithg | =1st user's identical replicas of the same signaldmaitted
by spreading over the number of subcarriers, tluésiben variables corresponding to the symbols trdtied in each

~ vV o~
sub-block can be expressed )f(i's_ z":l X]“’, whereV is the number of subcarriers employed by the gdised MC
DS-CDMA. Therefore, the decoded signal has a dityeosder of 2 More explicitly, second order spatial diversity

is attained from the STS operation and a divemiter of V is achieved as a benefit of spreading by the gdised
MC DS-CDMA scheme, where the subcarrier frequeneaiesarranged in a way that guarantees that the Sih%

signal is spread to and hence transmitted by tlexeiﬁ;pv number of subcarriers having the maximum possible
frequency separation, so that they experiencedepandent fading as possible.

3.1.2.1 Results and Discussion

In this section we compare the BER performancéefdifferent MIMO schemes to that of the SISO syste
We compare BPSK modulated systems, while consigdransmissions over correlated Rayleigh fadingnokés
associated with a normalised Doppler frequean(Ql.

According to Figure 12, the V-BLAST system emplcg/iqu“ Nf)=(4’ 4) antennas has a slightly better
BER performance than the SISO system, despitaudsiypled throughput. Also observe in Figure 12 tha slope of
the BER curves of both the V-BLAST and of the SISBtem is similar, which suggests that V-BLAST dpesattain
a high diversity gain, but it is capable of attamia high multiplexing gain. Additionally, Figure kshows that the

STBC system employinggNt’ Nf): (21) attains a better BER performance than the SISOVaBdAST schemes
due to the diversity gain attained by the STBC e diversity gain can be attained by the foueant aided STBC
employing four receive antennas, which resultdinersity order ofL6. As shown in Figure 12 the four-antenna-aided

—5
STBC scheme employing four receive antennas ishtep attaining around2 dB gain at a BER o0 over the
twin-transmit-antenna aided STBC system usmgzl. However, a drawback of the four-antenna aideteayswhile
employing complex-valued constellations, is thatgults in a throughput loss, where four symbaodsteansmitted in
eight time slots, resulting in a rate%f 2,

Observe in Figure 12 that the LSSTS scheme empgo&lr\wl“ Nf):(4’ 2) and V =1 attains an identical
BER performance to that of the twin-transmit-anteraided STBC system. This means that the LSSTSnmche

employingV =1l has a diversityorder o similar to the twin-antenna aided STBC. On theeothand, the LSSTS
scheme attains twice the throughput of the twingnait-antenna aided STBC scheme. Additionally, whnis

increased froml to 4, the achievable BER performance improves due ¢oatditional frequency diversity gain
attained.
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Figure 12: BER performance comparison of the SISOSTBC, V-BLAST, LSSTC and LSSTS schemes, while
communicating over a correlated Rayleigh fading chanel associated with a normalised Doppler frequencyf

f,=0.01.

A further performance improvement is attained by LI $STC scheme in conjunction wiFhNt’ Nf)=(4' 4)
compared to the LSSTS scheme. The LSSTC schem®ysnplore antennas than the LSSTS scheme and hitsios a
both a higher diversity order as well asa betteRBterformance. Furthermore, Figure 12 shows théopmance

improvements attained by beamforming, where the TG Scheme employingLAA:4 attains around® dB
=

performance improvement at a BERMY ~ overits counterpartemployinleA:1, provided that the DOA is perfectly

known. Finally, a comparison between the STBC a8&TC schemes usin(gNt' N')= (4,4) reveals that the STBC

arrangement attains a better performance than 8®TC scheme employinlqAA=1. This is due to the fact that the

STBC scheme has a higher diversity gain, whilet88TC scheme attains a throughput thaftigimes that of its
STBC counterpart.

Therefore, the design of the multi-functional MIM©heme will depend on the application considereticam
the number of antennas that can be afforded otrahsmitter and receiver. For example, as mentigmediously for a
handheld device the LSSTC scheme is not a praditate due to the limited size and complexityhaf small device.
On the other hand, the LSSTS scheme can be coedidsra good choice for a system with a small-sigediver that
requires a high robustness and throughput.

3.1.3 Diversity and Multiplexing of MIMO Systems

According to our previous discussions, differentM schemes have different structures and hencHeaatit
BER as well as throughput performance. Explicithe OSTBC scheme is capable of attaining the higbessible
spatial diversity gain, while having no multiplegigain, in fact, some STBC structures result ihraughput loss. On
the other hand, the V-BLAST scheme is capable bfeaing the maximum possible multiplexing gain, lgtattaining
a low diversity gain, depending on the choice of ¥-BLAST decoder employed. Furthermore, severaltimu
functional MIMO schemes that can attain a combaratf diversity, multiplexing as well as beamforgnigains have
been introduced.

Table 1 compares the diversity, multiplexing anérhforming gains of the different MIMO schemes for
different configurations. In Table 1',\It and N, stand for the number of transmit and receive ar@snrespectively,

while Laa represents the number of elements per transmiaddY denotes the number of subcarriers employed by
the generalised MC DS-CDMA system. Additionallye thumber of layers represents the number of antiayeas that
is used for transmitting different data symbolshat same time, for the sake of attaining a mulkipig gain.
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N N L V | Number off Diversity | Multiplexing | Beamforming
! ' AR Layers | Order Order Gain
2 N, 1 1 1 2x N, 1 1
8 N, 1 1 1 8x N, 1/2 1
2 2 1 1 2 1 2 1
V-BLAST
ZE-SIC 4 4 1 1 4 1 4 1
8 8 1 1 8 1 8 1
4 4 Lyl 1 2 4 2 Laa
LSSTC 8 8 Laa 1 2 16 1 Laa
8 8 Laa 1 4 4 4 Laa
LSSTS 4 2 | Ly | V 2 2xV 2 Laa

Table 1: Comparison of the gains achieved by variaMIMO schemes.

X
As shown in Table 1, the OSTBC schemes are capdilaitaining a full diversity order o‘Nt Nf) , while
achieving no multiplexing or beamforming gain. Bgntrast, in the case of four-antenna and eightrenateaided

OSTBC schemes employing complex-valued consteliafighe multiplexing gain iS]'/ 2, resulting in half the
throughput of the SISO scheme. For example, ifdhe-antenna aided OSTBC scheme, four symbolsrarsmitted
in eight time slots and similarly for theeight-am@ aided STBC scheme, eight complex-valued symhods

transmitted in16 time slots. On the other hand, as shown in Tapteel V-BLAST scheme can attain a multiplexing
gain of Nt, since the different antennas transmitdifferentisgls in the same time slot. For example, for the V

BLAST scheme employiné N;. Nf): (4, 4), the transmitter transmits four different symbiotem the four different
antennas in the same time slot, which results quadrupled multiplexing gain in comparison to tbétthe SISO

scheme. Observe in Table 1 that the diversity oodér-BLAST employing the ZF-SIC id for different (N“ Nf)

-N +
configurations. The diversity order of the V-BLASEheme employing ZF-SIC |(5Nr N 1).

The LSSTC scheme combines the benefits of STBC,LXBI as well as of beamforming, as discussed
earlier. This becomes clear in Table 1, where shiswn that the LSSTC scheme attains a diversity, gamultiplexing

gain as well as a beamforming gain. In the cashem( N, Nf)= (4,4) configuration, two twin-antenna STBC layers
are implemented, which results in a diversity orafeft and a multiplexing order o2 . This is due to the fact that four

symbols are transmitted from the four transmit anes in two time slots. Additionally, Whe%AA elements are used

per AA, then a beamforming gain can be attainedih(m( N N, ) = (8,8) configuration, two different schemes can be
implemented. The first scheme is a two-layer onth wiach layer constituted of a four-antenna STBls®. The
other configuration employs four layers of the twimenna STBC scheme. The two configurations rasuthe
different diversity and multiplexing gains shownTiable 1.

Finally, in the LSSTS scheme four transmit and tvoeive antennas are employed, where the transmit

antennas are separated into two STS layers. Tleesitiy order achieved by the LSSTS schem(zziév) as discussed
in Section 2. The multiplexing order of the LSSTcheme isz, since four symbols are transmitted in two tinmassl

. . . . >
Moreover, the LSSTS scheme is capable of attaimibgamforming gain, whe%AA 1 elements per AA are used.
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3.1.4 Conclusions

In this section a brief classification of the MIM&@hemes was presented based on their attainaldesityy
multiplexing or beamforming gains. We also investegl the design of multi-functional MIMO schemesttlare
capable of combining the benefits of several MIMéhemes and hence attaining diversity, multiplexasgwell as
beamforming gains. More explicitly, we introducée tdual-functional MIMO scheme of [40] followed bye LSSTC
scheme that combines the benefits of STBC, V-BLASTwell as beamforming. Then we discussed the nesithe
DSTTD followed by the LSSTS design that combines advantages of STS, V-BLAST and beamforming withsé
of generalised MC DS-CDMA, while supporting muléplisers. Finally, a comparison between the BERopagnce
as well as the diversity, multiplexing and beamfmgngains of the different MIMO schemes revealst thulti-
functional MIMOs are capable of attaining an imprdvperformance over the stand-alone STBC and V-BLAS
schemes.

3.2 Optimum Time Resource Allocation for TDMA-Basdiifferential Decode-and-Forward
Cooperative Systems: A Capacity Perspective

3.2.1 Introduction

User-cooperation based transmit diversity techréddé],[47] constitute powerful arrangements ofigaiting
the deleterious effects of fading by creating au4l Antenna Array (VAA) from the single-antennabed shirt-pocket-
size wireless devices, hence improving the endatbsystem performance. In order to avoid chann@haton which
may impose both an excessive complexity and a pilgit overhead in cooperative systems, especialynobile
environments associated with relatively rapidlycfliating channel conditions, differentially encodegnsmissions
combined with non-coherent detection and henceitiaguno channel state information (CSI) at theeieer becomes
an attractive design alternative, especially in TA&bbsed differential modulation assisted coopeeativ
communications [48],[49],[50],[51].

However, the recent TDMA-based cooperative systgtimization efforts have been mainly focused on
power allocation and relay station (RS) selectifl,[52],[51] based on a fixed and predeterminedetiresource
allocation (TRA) between the source and RS. In ¢histribution, we deduce the optimum TRA policy ftbe sake of
maximizing the DDF-aided cooperative system'’s cidpaby utilizing information theoretical tools, wih become
useful in the design of near-capacity coding/demgdichemes conceived for cooperative systems, Hieceode rate
employed by the source and RS is directly relatedheir allocated transmission duration, and mayataptively
selected according to our proposed TRA schemehé&umore, it is important to note that the coopeeatiiversity gain
and the reduced-path-loss-related power gain dreed by a half-duplex relay at the cost of suffigra significant
throughput loss imposed by the relay’s transmissidtence, in the interest of achieving a high speefficiency, we
also identify the scenarios, when the introducttbnooperation becomes beneficial from a pure dapperspective.

3.2.2 System Architecture & Channel Model
|< Dsr - I:)rd >|

)%
Sogurcel\/ls\_ ﬂ/é

Cooperating MS

Figure 13: Single-relay-aided cooperative cellufauplink.

The TDMA-based DDF cooperative cellular uplink (Utgnsidered is illustrated in Figure 13, wheréngle
cooperating mobile station (MS) is activated toward the source MS's signal to the base station).(BE&ch MS
employs a single antenna, owing to their cost- sind-constraints. In order to avoid CSI estimatiooth the source
and RS employ conventional differential modulatsmmemes, such as DQPSK. Since our emphasis is/estigating
the TRA, we stipulate the simplifying assumptionegfual power allocation and mid-point RS locatias,shown in
Figure 13.

In order to provide a good approximation for TDMAged cooperative systems and to facilitate the non-
coherent detection-based system capacity analysissonsider a time-selective block-fading Rayleggtannel [53],
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where the fading coefficients exhibit correlatioithin a fading block according to the normalizedppter frequency

fd induced by the relative movement of the tranceivend changes in an i.i.d. manner from block ekl

The signals consecutively received within a fadihack size ofTb at the RS during the broadcast Phase |,

when a total ofLS symbols per transmission block are transmittethftioe source MS, may be formulated as:
| - |
yr Y PsSD,shsr + Wr’ (9)

where y: ,h_,and W, represent the received signal’s column vectorfddeng coefficients’ column vector obeying

sr?
a complex-valued Gaussian distributi€N (O, Jszr) and the Gaussian noise column vector having ailmision of
CN(0,207%), respectively. The diagonal matriS;, ; may be expressed &Sy, = diag{g}, where s, is the

transmitted signal’s column vector hostingthe symbols of a fading block during Phase I. Simjlathe block-wise
signal model at the BS during Phases | and || eaexpressed respectively as:

ylﬁ = \/Fsle, sh sd+ w o (10)
and
yg = \/ErSIIIDr hrd + Wd . (11)

3.2.3 Numerical Evaluation and Discussions

16l T 0a=0.5 |
58— 0=0.6 -

—A—0=0.7

1.4
—6— 0=0.8

—>— 0=0.9

1.2
= = = optimum o

Capacity (bits/s/Hz)

DQPSK
f,=0.01 ]

Urban cellular radio (v=3)

10 15 20

5
V2 (dB)

Figure 14: Capacity of the single-relay-aided DDEooperative system.

In Figure 14 the single-relay-aided cooperativetesyss capacity associated with different valuestfis

depicted versusyg using (63) in comparison to that of its adaptivRAFaided counterpart in conjunction with the
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optimum a of (64) in a typical urban cellular radio scenaaissociated with the path loss exponentVof 3. 1tis
observed that the latter exhibits significant catyagains over the former with the aid of the adapTRA scheme.

In order to gain further insights into the benefifghe single-relay-assisted DDF cooperative sysbeer its
conventional direct-transmission based counteffpaint a pure capacity perspective, the capacithefadaptive-TRA-
aided cooperative systemis depicted in comparisdhat of the direct-transmission based one inieidb. It may be
observed in the figure that when the overall egeivaSNR is relatively low, the TRA-optimized DDBaperative
system exhibits a significantly higher capacityrthigs direct-transmission based counterpart incgipurban cellular

radio scenarios. More specifically, in a shadowezhn area associated with™ 4, the DDF system only requires one
third of the total transmit power necessitated tbydirect-transmission based counterpart in orderchieve a spectral

efficiency of 0.5 pits/s/Hz. However, the achievable capacity gaayrhe substantially reduced, if we encounter a

free-space propagation scenario associated Miﬁz, since the reduced-path-loss-related power-gaineaed is
insufficiently high to compensate for the signifitanultiplexing loss inherent in the single-relagead half-duplex
TDMA system. Moreover, as theoverall equivalent SN&eases to a relatively high value, the benefitmivoking a
single-relay-aided cooperative system for achiewirggh spectral efficiency erode.

1-8 T T T T T
17t l
sl DQPSK -
' f,;=0.01 P2P System —
14t P 7 ]
1.3 ‘/_//'./ -
/I,;l\ 1.2 O// -
L 1t / |
Tg 1t _ )"/_/' i
o A
2 0.9F ’ 1
."? 0 8 L - - // /. |
o 0. T
% 0.7} ¢/, single-Relay DDF System
O o6l s Using Adaptive-TRA |
: L
05 B Y 7 ./. -
04r - 7 ]
o3 .~ S Free Space (v=2)
0.2r - — — — Urban Area Cellular Radio (v=3)
org== | Shadowed Urban Cellular Radio (v=4)
0 1 T T T T
-5 0 5 10 15 20
Y (dB)

Figure 15: Capacity comparison of the single-relaxaided cooperative system and its direct-transmissh based
counterpart.

3.2.4 Conclusions

In this contribution, we proposed an optimum TRAweme for the DDF cooperative system, which was
verified to be capable of maximizing the networkaeity through the analysis and numerical simutetio
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3.3 Adaptive Turbo Trellis Coded Modulation Aideddiributed Space-Time Trellis Coding for
cooperative Communications

3.3.1 Introduction

The wireless communication systems of future gditers are required to provide reliable transmissian
high data rates in order to offer a variety of imutdia services. Space time coding schemes suBpaxe-Time Trellis
Coding (STTC) [34] employ multiple transmittersdaneceivers. They are among the most efficient rieples
designed for providing a high diversity gain, espl for slowly-fading quasi-static Rayleigh fadjircthannels, where
the channel’'s envelope remains near-constant witilansmission frame albeit varies from framergone. Hence, all
symbols of a transmission frame tend to fade tagetHowever, when using multiple antennas at theilmainit it is
difficult to eliminate the correlation of the sigaadue to its limited size. In order to circumvehis problem,
cooperative diversity schemes were proposed in[BW][55] and [57]. More specifically, each mobilenit
collaborates with a few partners for the sake bélpby transmitting its own information and thatits partners jointly,
which emulates a virtual Multiple-Input Multiple-@uut (MIMO) scheme. The two most popular collabiveat
protocols used between the source, relay and ddéistinnodes are the Decode-And-Forward (DAF) ad aglthe
Amplify-And-Forward (AAF) schemes.

Although a strong channel code can be used fogatitig the potential error propagation in the DAResme
when communicating over uncorrelated Rayleigh fadichannels, its performance becomes limited when
communicating over quasi-static Rayleigh fadingreteds, due to the lack of temporal diversity withitransmission
frame. In order to counteract the time-varying matof the mobile radio channels, near-instantaneoiaptive coded
modulation schemes [58],[59],[60] have been progpsehere a higher-rate code and/or a higher-ordedutation
mode are employed, when the instantaneous estinshathel quality is high in order to increase thenher of Bits
Per Symbol (BPS) transmitted. Conversely, a mobaisblower-rate code and/or a lower-order modufatimde are
employed, when the instantaneous channel qualitipvis in order to improve the mean Bit Error RafiBER)
performance.

When communicating over quasi-static Rayleigh fgdichannels, each transmission frame effectively
experiences an Additive White Gaussian Noise (AWGNannel with a received SNR determined by the tams
fading coefficient and the noise power. Turbo TseCoded Modulation (TTCM) [61], which employs tvdentical
parallel-concatenated Trellis Coded Modulation (T36R] schemes as component codes, is one of tist poaverful
channel coding scheme designed for communicatirey @WGN channels. In this contribution, we will eloyp
Adaptive TTCM (ATTCM) for protecting the sourcetelay links, where the effective throughput rangeiven by

1={01,2,35} BPS. A virtual MIMO system in the form of a Didttited STTC (DSTTC) scheme will be created
by the cooperating relay nodes in order to circumhthe quasi-static nature of Rayleigh fading clEdstetween the
relay nodes and the destination node. In our stindth the source node and the relay nodes are mpliiwith a single
transmit antenna, while the destination node, whakld be a base-station, is equipped with twoivedeantennas.

This contribution proposed an effective solutiorr fmitigating the lack of temporal diversity, when
communicating over quasi-static Rayleigh fadingreteds. On one hand, the ATTCM scheme effectivedlised the
full-potential of various TTCM schemes, when cominating over the source-to-relay links, where epaorpagation
imposed by the DAF-aided relay nodes is minimiged.the other hand, the DSTTC scheme offers spditiatsity to
the relay-to-destination links for assisting theTE€¥TTCM decoder at the destination node to minintise probability
of decoding errors.

The section is organised as follows. Our systemahisddescribed in Section 3.3.2, while our systlsign is
outlined in Section 3.3.3. Our results are disctisseSection 3.3.4, while our conclusions are @ffein Section 3.3.5.
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3.3.2 System Model

dsd = dsr +drg

Figure 16: Schematic of a two-hop relay-aided sysin, where dab is the geographical distance between noda
and nodeb .

The schematic of a two-hop relay-aided system dsvshin Figure 16, where the source nod® ¢ransmits a

frame of coded symbol)s(S to N number of relay noded () during the first transmission period. Each relage first
decodes and re-encodes the information. Then allhth cooperating relay nodes will collectively form atwal
— T
MIMO frame of coded symbolsXr _[Xl’xz""’XN] for transmission to the destination node during $kecond
transmission period. The communication links seeRigure 16 are subject to both free-space propagpath loss as
well as to quasi-static Rayleigh fading. We consift =2 relay nodes in our model. Each source and relal e

equipped with a single antenna, while the destimatiode is considered to be a base-station ass’cityceM =2
receive antennas.

Let dab denote the geometrical distance between néemd b. The path loss between these nodes can be
modelled by [63]:

P(ab = K/ i, 12)

where K is a constant that depends on the environmentaanis the path-loss exponent. For a free-space path |
model we havea = 2. The relationship between the enerfy, received at thel th relay node and that of the

destination nodeE_; can be expressed as:

St = P(SF) Esd = Gs Esd’
" P(sd) ! (13)

where GSri is the geometrical-gain [63] experienced by tié between the source node and tlie relay node with

respect to the source-to-destination link as a fitesfats reduced distance and path loss, whiah lba computed as:
2

—| Y

K dsr
' (14)

Similarly, the geometrical-gain of thieth relay-to-destination link with respect to theisme-to-destination link can be

formulated as:
2

Ay

G, =
rid drid

(15)

Naturally, the geometrical-gain of the source-tstif@tion link with respect to itself is unity, i.ee haveG,, =1.
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The K th received signal at theth relay node during the first transmission periatiere N, symbols are transmitted

from the source node, can be written as:
ysri,k = \[ Gsr hs‘r )% k+ rilr, k! (16)

where KO{L,.., N}, iOfL,..., N} and hSri is the quasi-static Rayleigh fading coefficientvimen the source node
and thei th relay node, Whilenri x Is the AWGN having a variance d’f\|0/2 per dimension. Thej th symbol

received at the destination node during the se¢@mmission period, wherBl, symbols are transmitted from each

N
yrd,j zz\/Grid hid )ﬁj + @,j'
i=1

relay node, is given by:

17)

where j O{1,..., N} and hrid denotes the quasi-static Rayleigh fading coefficketween thd th relay node and the

destination node, whilend’j is the AWGN having a variance oN0/2 per dimension. Note that the power

N
transmitted by each relay node is normalised turer&atzi:J X | |2=1.

If Xy is the | th symbol transmitted from noda equipped with a single transmit antenna, the aeeraceived

Signal to Noise power Ratio (SNR) experienced aheaceive antenna at noleis given by:
2
r N, N,

(18)

where E{|h,, [} =L and E{| Xa | I’} =1 . For the ease of analysis, we define the ratithefpower transmitted from

node a to the noise power encountered at the receivaodé b as:

E .
SNR = I, _1
NO NO (19)
Hence, we have:
SNR. = SNRG,,,
¥ = +10log, G, )[dB} (20)

where y, =10log,, (SNR | and y; =10log,, (SNR . Therefore, we can achieve the desired SN&her by
changing the transmit power or by selecting a relage at a different geographical location.

3.3.3 System Design

If each relay node is equipped with a single arderannon-adaptive scheme would require a high néns
power in order to maintain a low number of decodingrs at the relay node, even when a powerfulicblaencoder is
utilised for communicating over quasi-static Ragteifading channels. This is due to the lack of terapdiversity
within a transmission frame. Hence, if the destomanode is equipped with two antennas, a non-cative coded
scheme may potentially outperform the DAF-aidedpewative coded schemes assisted by single-antefaamodes
due to the high error inflicted by each relay nodaen communicating over quasi-static Rayleigh rigdchannels.
Furthermore, unless a separate power-control Isgpavided for the source-to-relay links, the agged BER would
be high. Finally, the co-channel interference a&sbibits a substantial fluctuation. Due to thesesoms, we proposed a
near-instantaneous adaptive coded modulation scfampeotecting the source-to-relay links.

In our ATTCM-DSTTC scheme, we consider the follogvfive TTCM modes:
1. No transmission (NoTx): 0 BPS,
2. TTCM-4PSK: 1 BPS,
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3. TTCM-8PSK: 2 BPS,
4. TTCM-16QAM: 3 BPS,

5. TTCM-64QAM: 5 BPS,

where all TTCM schemes employ memory-three TCM comemt codes [31]. We considé = 2 relay nodes in the
system. The signal received at each relay nodedsdkd according to the TTCM mode used and theddekcbits are
stored in a buffer, as shown in Figure 17. Thefixed-mode TTCM scheme, namely TTCM-4PSK, is usedazh

relay node in order to re-encode the decoded tuted in the buffer. The re-encoded TTCM symbostaen symbol-

interleaved using/T. and passed to an STTC encoder. Since each retiy s a single antenna, the first relay node
will act as the first antenna of a two-antenna ST3dheme, while the second relay node will act a&s ttie

corresponding second antenna. Our destination iscalbase-station equipped wiM = 2 receive antennas. Hence, a
virtual (2x 2)-element MIMO system is created between the rataydestination nodes.

' Source node i ' Relay node i :
|
| | ! |
| | |
| ATTCM | | ATTCM |
b Xs | ' Ysr; :
— - = channel = |
| | |
| | ! |
! Encoder | | Decoder|
I | | = I
b - - == = = 4 : b |
. | Y :
| Buled |
I |
| \ |
| I
| |
: TTCM STTC | |
| c . Xr, |
| = T N
| |
! Encoder Encoder| — |
I |
| |

Figure 17: The schematic of the proposed ATTCM-DSTT system.

Al = E2 +
M, |e—P e
@ - @)
STTC /4 + r A2=E! | TTCM [p2=p2+E2
Pl=Al+E!?
r B
y_d, Decoder Decoder|

Figure 18: The schematic of the STTC-TTCM decoder.

Finally, iterative decoding between the STTC ancCWll’decod_ers _is carried out at the destination ndtie.
schematic of the STTC-TTCM decoder is shown in Figls, whereEXINNSIC information is passed between the two
decoders in the form of probability vectors. Mopedifically, each of the two constituent decoderfabelled with a

round-bracketed index. The notatiofs, E and A denote the® POSIErON extrinsic 4pq @ Priori symbol
probabilities, respectively. The probabilities asated with one of the two constituent decodersdifferentiated by
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the superscripts of 1 and 2. The notations and " denote the symbol-based interleaver and deintertea
respectively.
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Figure 19: BER versus SNR performance of the various TTCM modes using a frara length of N, =12 00C
symbols when communicating over AWGN channels. 1@tbo iterations is invoked in each TTCM decoder.

The ATTCM switching thresholdsr :[VO,VPVZ,VJ are determined based on the performance of each of

the four TTCM modes in the AWGN channel shown igufe 19, where we have SNI% SNR! when GS’i _1.
Specifically, the ATTCM mode switching operatiorbased on the following algorithm:

NoTX, iy, <y,

TTCM -4PSK, ify, <y. <wn

Mode={ TTCM-8PSK, if, <y, <,
TTCM-16QAM, if y, <y <y,
TTCM-64QAM, if y, <y,

(21)
_ 2 . . . . .
where, =,/G,. [ [7/N, is the instantaneous received SNR at a given retaje. In order to minimise the

potential error propagation imposed by the relagasy we chose the switching thresholds to ensatelie BER at the

relay node is lower thad0®, which is given byl” =[1.5,8.012 Q 18 5dB. Since we haveN =2 source-to-
relay links, the ATTCM mode switching is based ba link having the lowest instantaneous receive@® SN
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Figure 20: The PDF of each TTCM mode chosen for given SNR, as well as the corresponding BPS values,

when communicating over quasi-static Rayleigh fadig channels and maintaining a BER belovl0™®.

The Probability Density Function (PDF) of each TT@Mde chosen for a given SNRs shown in Figure 20

together with the corresponding BPS curve. Notenfieigure 20 that as SNRincreases, the higher-order TTCM
modes are chosen more frequently compared to theriorder counterparts. As a result, the BPS thnpugincreases

smoothly, as SNR increases.

3.3.4 Results and Discussions

In order to benchmark our ATTCM-DSTTC scheme, weehalso studied the following five non-cooperative
schemes: uncoded BPSK-1x2, BPSK-STTC-2x2, TTCM-4R8$K TTCM-4PSK-1x2 and TTCM-4PSK-STTC-2x2,

where the notatiolN XM denotes a system employirw transmitters2 and¥ receivers. All destination nodes in
the benchmark schemes employ two receivers. Thed-Exror Ratio (FER) performance of these four nooperative
schemes is plotted together with that of the pregdSTTCM-DSTTC-2x2 scheme in Figure 21.

?0Or N number of relay nodes as in the case of our pepAI TCM-DSTTC scheme.

FP7 ICT Call 1 Key line 1.5 “Networked Media” Page 37/80



OPTIMIX FP7-ICT Grant agreement n°214625 project Deliverable D2.2c version 1.1

stic-gs-fad gle

BPSK-1x2
BPSK-STTC-2x2
TTCM-4PSK-1x1
TTCM-4PSK-1x2
TTCM-4PSK-STTC-2x2
ATTCM-DSTTC-2x2
ATTCM-DSTTC-2x2-iter

OO%#-X+

-2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
SNR,[dB] —

Figure 21: FER versus SNR performance of the BPSK, BPSK-STTC, TTCM-4PSK, TTQM-4PSK-STTC and
ATTCM-DSTTC schemes when communicating over quasitatic Rayleigh fading channels. The notation

N x M denotes a system employind\ transmitters and M receivers. A BER below10® is maintained at the
relay nodes of the ATTCM-DSTTC scheme.

The N =2 relay nodes are located at the mid-point betwhersturce and destination nodes, hence we have

G, =G, = . . . o

Sk id , Which corresponds to 6 dBs geometrical-gain fothlthe source-to-relay and relay-to-destination
links. As seen from Figure 21, the uncoded BPSK-<oteeme requireSNR = 23 dBs in order to achieve an FER of

—3
10™ with the aid of two transmit antennas, the BPSKFS-2x2 scheme requires 7 dBs less transmit power t

achieve the same FER & 3, as compared to the single transmit antenna d&RsK-1x2 scheme. When the TTCM-
4PSK scheme is introduced to replace the BPSK sehemre than 6 dBs gain can be achieved for bathsiingle-
antenna and twin-antenna aided systems. As a befidfie space-diversity offered by the STTC comgarand the
temporal diversity offered by the TTCM componehg TTCM-4PSK-STTC-2x2 scheme outperforms the BPSK-1

— —3
scheme by more than 14 dBs at FERLO . Further 6 dBs of geometrical-gain was achievedth®y proposed
ATTCM-DSTTC-2x2 scheme. Observe in Figure 21 thatcooperative ATTCM-DSTTC-2x2 scheme outperforhes t
non-cooperative TTCM-4PSK-1x2 with the aid of twedary nodes, by approximately 12 dBs, when aimingafé-ER

of 10 3. The above-mentioned BPSK-STTC-2x2, TTCM-4PSK-ST2k2, ATTCM-DSTTC-2x2 schemes do not
perform decoding iterations between the inner STECoder and the corresponding outer decoder. Adurtoding
gain of 0.5 dB is attained by the ATTCM-DSTTC-2x&rischeme with respect to the ATTCM-DSTTC-2x2 schge
when a single iteration is invoked between the SERG TTCM decoders.

Notice from Figure 21 that the TTCM-4PSK-1x1 scheraquires SNR =30 dBs in order to achieve an

—3
FER of 10, Hence, if a non-adaptive TTCM-4PSK scheme is eyed at the single-antenna aided source node and
all the single-antenna assisted relay nodes aetddat the mid-point between the source and dggtinnodes, then

SNR=30- 6= 24dBs is required between each of the source-terréiliks. On the other hand, the non-

cooperative TTCM-4PSK-1x2 scheme requires oBINR =14.5 dBs to achieve the same FER, when the destination

node is equipped with two receive antennas. Hemben the destination node is assisted by two recantennas, a
DAF-aided cooperative scheme employing a fix-modeledd scheme at the source node would not be able to
outperform the non-cooperative coded scheme dtleetbigh error inflicted by each single-antennasésd relay node
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for transmission over quasi-static Rayleigh fadihgnnels. This observation further justifies thérale of employing
adaptive coded modulation at the source node.

It is also worth mentioning that #&NR =3 dB as shown in Figure 21, the corresponding aeerageived

SNR at each relay node is given IBNR =3+10log, (4)= €dBs, when the relay nodes are located at the mid-

point between the source and destination nodes. SNR" value corresponds to spgl.0 according to the ATTCM

scheme in Figure 20. Hence, the ATTCM scheme reqm’pproximately24_ 3= 21 4Bs lower transmission power
compared to a fixed mode TTCM-4PSK scheme, forstratiing 1 BPS from the source node to the relajeso

3.3.5 Conclusion

An attractive cooperative scheme was proposed baseataptive coded modulation and distributed space
time coding for communicating over quasi-static Regh fading channels. The adaptive coded modula@heme was
utilised for protecting the source-to-relay linkghile the distributed space-time code was empldge@&nhancing the
reliability of the relay-to-destination links. Itas shown that mobile units equipped with a singlermna are capable
establishing an energy-efficient wireless coopeeatietwork. More specifically, the proposed coopieeaATTCM-

—3
DSTTC-2x2 scheme outperforms the uncoded non-catiperBPSK-1x2 scheme by over 20 dBs at a FERQf ,
when communicating over quasi-static Rayleigh fgdihannels.

3.4 Effects of Power Allocation and Reuse Distancan Relay-Assisted Wireless
Communications with Mutual Interference

3.4.1 Introduction

This section reports on the novel contributionsated to the performance evaluation of Relay-askiste
cooperative communication systems with respectirtk geometry and power allocation among terminéisthe
deliverables D2.2a and D2.2b we introduced a sysiechitecture based on the use of simple scalgideestime
coding for the implementation in the downlink afwireless communication system, providing elemémtscode
design in block fading channels, including the duséatic case typical of indoor and pedestrian ades and results
addressing the effects of relay geometry and p@Mecation on the performance of the outlinedceptime coded
architecture. However, when multiple cells with s@s, destinations, and relays are consideredenagplication
scenario, the mutual interference can be a limitacjor which needs to be characterized. Herehismmdocument, we
investigate the effects of relay position and poallercation strategy for cooperative communicatiengploying space-
time codes (STCs) under interference constraingsta@a second cell with relay that reuse the ressur

In conjunction with MIMO techniques, cooperativeraounication is considered an enabling techniquel@®r
wireless systems as a new paradigm in wirelessanksno cope with fading, increase capacity anedity gain, and
extend coverage. The relay channel model enablesexiploitation of distributed antennas belongingntaltiple
relaying terminals to obtain a form of space diitgneferred to as cooperative diversity [64][6F]E7]. In fact, relay
capability are included in IEEE 802.16m standasiwell as in LTE-Advanced specifications. In a aklt network
with relays, other issues arise and affect thegpetdince at the destinations, such as the inténtefference caused by
sources and relays transmissions from cells thatiedly reuse the same resources (in time and &ecy)[68]. This
calls for power allocation methods that considep ahe geometry and the amount of interferencergések by sources
and relays, and try to minimize the reuse distdoca given target performance at the destination.

In our framework we look carefully at the qualitf the links involving the relay (i.e., source-tday and
relay-to-destination) in the presence of mutuatligifering cells for both useful and interferingks with three-folds
goal: (i) evaluate the performance in a more rBalscenario where both the geometry and the lindity impact the
effectiveness of cooperation and the performandbeatiestination, (ii) investigate the impact deinfierence to power
allocation strategies and performance, and (iigvigte some insight on how to determine the reustadce based on
both geometrical and link quality conditions, ammver utilization.

The frame error rate at the destination for variobannel conditions, available diversity, relaysitions,
power allocation, and amount of interference imtbétained. Results are shown for cooperative pagignSTC in
block fading channel (BFC)[69][70].
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Figure 22: One-dimensional example of two-phase @ying scheme: phase 1 (continuous line), phase athed
line). Source, relays and destination nodes are deted with S, R, D, respectively. Interfering signa in phases 1
and 2 are in red.

3.4.2 System Model

We consider the downlink of two cells with reus’mtahcedreuse between the two sources and relays in fixed
positions at a distanc@SR from the source (all distances are normalizedaiorce-relay distance, i.@SR = 1).
Destinations are mobile and, in the one-dimensieraimple scenario shown in Fig. 1, they move arghadespective

sources. The cooperative scheme follows time-dimisthannel allocations with orthogonal cooperatilreersity
transmission [70]. Each sourcedivides the time-slot in two equal segments, thst from timef1 to 1 T © and the

second fronfz = f1 T @ ot + E}, where® is the segment duration. In the first segmentsthérce broadcasts its
coded symbols, in the second segment all the ac#lays (which are able to decode the message)afdnihe
information through proper encoding to take advamtaf the total available diversity. Thus, the dasof proper STC
for the two phases is crucial to maximize both ecéd diversity and coding gain.

We assumé! transmitting antennas at each termifia; and’™D receiving antennas at the refayand at the
destination, respectively. Hendd = ™ transmitting antennas will be used in the firsaghand a total dtz = £7
transmitting antennas will be used in the secomanahwhereIq is the number of potential relays.3 The positiohs
destinations are initialized at the beginning ofséa communication session and are kept unchangedle session.

il (t)
We indicate with“ri andZr: the modulation symbols transmitted by nddé — 0 for the source) on the

antennd at discrete time for the qseful and the interfering cell, respedadiiv Each syrpbol is a§sumed to have unit
norm. Note that symbolcsﬂé-fI andqé:i:I are transmitted at timE} + t, while symbolsr:;,ri:I andq::z':I for
transmitted at tim&z T £ In the first phase, symbor‘f:::f:':I andqé';‘:I are received by each relay of the respective iell;
correctly QecodedA: then the relay re-encodes amehfds to the destination. The received signalsesponding to all

symbolsr‘:;fI andq::i:I are jointly decoded by the destinations, respeltifor the useful and the interfering cell, at the

. sl (£l .
reference timé&. We also denote witf -~ and? " the super-symbols, which are the vector of(tﬁe'l' n outputs
of the “virtual encoder" constituted by sourcel aelays encoders for the two cells, respectivBlycodeword is a

T
>0 gre

sequence of¥ super-symbols generated by the source and redagsiders of the two cells. These codewords are
interleaved (i.e., permutation in tifhe™ 9, see [70]) and sent through the BFC.

The channel model includes AWGN, additive intenferes and multiplicative flat fading, with Rayleigh

distributed amplitudes assumed constant over blotkS consecutive transmitted space-time symbols angpieddent
from block to block. Perfect channel state inforiorais assumed at the decoder for each node, wh#redransmitters
only know the mean channel gain for power allocatio

For the destination D the transmitted super-syrabdime“: goes through a compound channel described by
the (11 T 72) X Mp channel matrix

HI::Fr_.D:I — [HI;:EPD}’.”’H;LFPD:I]I'

*The notation is kept general in the number of efayvhile the results will be obtained f8r=1.
“We assume CRC perfectly recognizing if a codewsrmbirectly decoded.
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H (opD) _ {h': .0} (e D)

where 7 nis ) and''mis is the channel gain between transmitting ante‘lmﬁfa= 1, =1 M) of the

terminal” and receiving antenri at the destination DS(~ 1+ ™). The channel matrix for the links between

(0eD) — [gleeD)  leeD)yr clerD) _ { (D))
interferers and destination in the useful celpl [ ] rer ER ] where 7 Pl 8 J, and
'thJD::'

rLs IS the channel gain between transmitting ante’;nﬁ'a= L -+ of the terminal” and receiving antenrfaat

the destination DX — 1,...,mD)_ In the BFC model these channel matrices do hainge forB consecutive

transmissions, hence we actually have o’lrrﬂy= N/B

R

possible distinct channel matrix instances pereaamtd.5

th
Similarly, in the first phase the reIay r of the useful and the interfering cells experieaoehannel described by
leeRe) _ {h':frﬂr}} G':‘FPR-'} - { (orRe) ]
the (™11 X 1.} channel matrix ® L= for the useful and ° i< J for the interfering
'-.'-"tJRr_:' 'JFtJ :' ..
cell; i and &:.s are the channel gains between transmitting anténfia L -+ of the source and

receiving antennd at the relayir (5 = Lr s 1My

. gr(Da) JoD.2) _ L .
We now define¢ and the set of interferers seen by the destinatigrhaise 1 and 2, respectively.
(R, ..., RWYDY)

The sequence of received signal vectors at thandéisin is after de-interleavin , where the
, (£D,1) (£D2 (.01} (D277
. = _R(®D) = [T" Rt s T :| .
received vector at timk = L+ N jg 1 1 D D with
(t.D, 1} i r..-r_.D:I i r} (o) () (t.D.1)
Ts n'.ErD Hi 1 hl} is + Eagrege D) EE] e odi=1 gk,.i_.s qkﬁ- + T;rs (22)
(eD2) _ sg = IurD} (&) (oD (E) (t.D,2)
L = ar=1 4/ E ?:1 hr:.«? i + EkEm'nm 'IEIJ{ i=1 gk,i.-‘? qk;i + KE (23)
_ (e.D1)
for phase 1 and 2, respectively, with— L, ., ™Mp |n this equauorT.s- ) is the signal-space representation of the
(t.D,1
signal received by antenraat time? in phasel the noise termYs are i.i.d. complex Gaussian r.v., with zero
(D) (o)

mean and variancé"rﬂf“ per dimension, and the r.v.=iz and i represent the de-interleaved complex

(Rp1) . X . . .
Gaussian fading. Similarly, we defire the set of interferers to the reldyin phase 1 and its received signal
':r-‘R.":' — [_rl:f;Rr} s I:C.-Rr:' T
1

vector at timé is i ] with components

':r-'R."} — = [ Et R -:I ! t_:l ':'-Ft-'Rr:' I:E:I ':“-'-'Rr-'j-:'
s = JE &= Ry it Zex®en) B Xisy Gy Ay T, (24)
for = — L. TR, We assume spatially uncorrelated channel gamisdi. Complex Gaussian r.v. with zero mean

and variance per dimension given by

[Asp/2  forhg, o0,

Agp/2 forh! ;jmthr =0

Asg, /2 fo rh;.::_’R"} .
_ (£.D) (25)
Ajsp/2  forg [:«; .

Ag,p/2 fC-Ig?, . ) withr = 0,

sk
\ﬁl,akrfz fo IHI rRJ;

°For the sake of simplicity we assurileand& such that is an integer. WheE =1 we have the ideally interleaved
fading channel (i.e., independent fading levelsifigymbol to symbol), while fak = 1 we have the quasi-static fading
channel (fading level constant over a codeword)vagying L we can describe channels with different correfatio
degrees.
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der ¥

. . : . = T
where, if we normalize all the distances to soustay dlstancéiER.— , we have

Asp = (dsp/dsr)™*

Asg, = (dsg/dsg) ™# =1
Ag,p = (dRerl‘IdSR)_E
Apsp = [dl_.snfdsk)_g
Aisr, = [dl,aR,f'dSR)_g
Ar,p = [dl,R,DdeR)_E .

Here, as an examplg,RrD is the distance between relgyﬂ and destination of the useful cell, a%HRrD is
the distance between rel%r of interfering cell and destination of the usefell. A path-loss proportional I?JI is
assumed at the distan@e

3.4.3 Outage Probability and power allocation mdgho

A performance metric for cooperative wireless ret® which can drive the power allocation methadthe
outage probability. We evaluate the outage prolgbibr a simplified cooperative system which capt main
characteristics of the cooperating links (e.g., theersity achieved) and enables us to obtain hisigon power
allocation methods. We aim to capture the role igémity for a system with MIMO links by means oftractable
model.

We consider two simplifying assumptions. The fissisumption is that each link works as a singletinpu
multiple-output system witH? X m outputs where the receiver combines signals owgltipte antennas through
maximal ratio diversity processing; here, the ifgemce comes at each receiver antenna f’l“r(}mources, wher®1 is

the number of interfering nodes multiplied By The second assumption is that the destinaticectsethe signal with
the greater SNR, among the one from the sourcéasetfrom the relay. This enables us to investitja@epower
allocation between source and relay independeritthe particular space-time cooperative scheme dichieves full
diversity on each link.

We restrict here our derivation to the case witle oelay 5 = 1). The source transmits with energy per

symbonSEs and the relay forwards the message to the deistmaith energy per symbcﬁREs if it is not in outage

(i.e, the error probability at the relay is lowbah a target error probability and, consequenty, 3NR is greater than

the required SNFPth). The constraint on the total energy per symbefrdhie two phases givéks: ¥& € [0:%] ang
Xgt+xg=%x,=2

The selection diversity between signals from soumcd relay gives the following outage probabilitytlze
destination

P-:H_It [1 - IFD{JOSR = Pth }IF:{JDRD = Pth }]]PEDSD = pﬂn}
[1 - [1 - FSR(J':'&I:])[]' — Frp (F'rh:])]an (P) (26)

The c.d.f. of the SNRL on the linkL: (the reader may substitute SD, SR, or RI'_]J-'tdepending on the link
considered) and foV'1 interfering signals with equal power and MRC igagi by [71]

- dn
— —=¥ -1 1=
F(z)=1—e™"M E‘?;ﬁ Edn,...,d;;[ d_[ﬁ)
o'
Ldy=d

N gw s 7ddo
el ]

1+2¥)1/7 1+zy1/7
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which depends on the diversit?'_ and mean SNR'L from the useful and 1L from the interfering link. By

considering the channel model assumptions madehén previous section, we havé'1 =™ at each link,

Ysp = xsﬁsni Ysr = 5‘555}1?, Yep = xRﬁRni ?1,53 = x],S&'],ED?, ?LER = %158 srY and

¥ = X;plmn¥ rrl / .
¥irp LRALRDY \where! is the SNRE=/No. The*15: X1R are the fractions of power allocated to source and

relay in the interfering cell, respectively.

The average transmitted energy per symtﬁsl, when the relay ‘% = 1) is active, is equal to
E, =(E; + Eijfz. The energy transmitted per information bitls = E./(hR.) Where‘FL is the number of bits
per modulation symbol anBic is the code-rate of the cooperative space-time.cdd far as power allocation (PA)
among source and relays is concerned (i.e., thetoveiy values of*s:*r) we consider the following strategies:

=E

o Uniform PA:the source and all relays transmit with equal po’\j;\'ﬂer= Ey e in both the useful

and the interfering cells (thux;ﬁ TR T s T YR T 1);

0 Balanced PAthe power among source and relay is balanced $fathhe average received power at
the destination in phase 2 is the same of the vedgiower at the relay in phase 1. Thus, the source

transmits  with £0  and  the relay  with E, = E, ELE'R.—-“FE‘R.—I’

x5 = 2E,/(1+Ass_

leading to
M‘R.—D}. We also evaluate half-compensation power coffifi2 for which
fi'|‘5R.—’J’)"|‘Rr13‘ is substituted by

*y"ﬂ‘ER,—-fﬂ'R,—D . (28)

0 Outage-based PA: the power among source and rel@ydalanced to minimize the maximum
between outage probabilities at the destinatiorth@fuseful and the interfering cells. This regsiae
genius that allocates the power looking at the obhgains of both cells. When this is not available
one can minimize the outage probability at the idadbn of each cell without considering the
performance in the other cell. In this case, if demote the outage probability at the destination as

‘m-:'u*t(“""rS-""'fLS’J'ELRj to emphasize the dependence on power allocatiothef two mutually
interfering systems, we g&& as solution of the problem

B Pour(® %15, X10) (29)

for a fixed value of*15 which represents an arbitrary estimation of poaMwcation in the interfering cell. When

s = Xir T D, PA ignores the interference: for this simple caseme analytical approximated solutions are

discussed in [73].

3.4.4 Performance evaluation and discussion ofteesu

In the case of the relay scheme shown in Figura@H&2probability of transmission failure over theotphases
depends on the number of relays available for catipem and on the quality of links SD, SR, and RB,well as the
amount of interference on receivers of the two phas

Depending on terminals' positions the relays atebgdooking at those that are able to guarantéeceie
cooperation with the source and to satisfy theetaperformance at the destination. Sometimes, duadt fading
flu_ctu}ations, it may happen that a relay is noeabldecode}the source codewords in the first phasteus denote by

(5D (SR,
F, the e}rror probability for source-destination Iilﬁe,
(SRD )
with F the error probability for the link from the sourphlus active reIays’T(: being the set of active relays) to
destination. The error probability at destinationdne relay is given by

th
the error probability for the sourcE= relay link, and
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p = PE(ER._} F‘E':ED} ¥ { 1 — F(SR._}] F.:E.R._n} (30)

which can be generalized for multiple relays. Nibg these performance metrics are functions desyparameters as

(D) _ ¢
E, =f (50) [Esrﬂsnrﬁl,snrxsrxl_.s-- Nu)
(5Ry) _ ¢(sR,
PE_ }—f‘ R4) (Esrﬂak.rﬂl,smrxsw-'xl,ar ND)
(SR.D) _ (s
E, = f‘mn} [ESJ&SDJ&R.Dfﬁl,SDfﬂ],R.Dfof"xLR’ND) .

We will evaluate the error probability by simutatiaveraging over various positions of the destinaof the
interfering cell.

For the goal of our contribution, we consider spice trellis codes for relaying networks by usitige
pragmatic approach of [69] and the efficient sedioctgenerators of cooperative P-STC in BFC disedss [70].

In this sections we show two sets of results: tikage probability of the simplified system whiclptares the
diversity level achieved in each link, describe®exction 3.4.3, for different power allocation taes, and the mean
FER at the destination averaged over rapid prosesseh that those related to BFC evaluated for SO as a

function of destination position, reuse distancBCBcharacteristics (i.e., values {9}, and power allocation strategy.
. . . . . . . = 32
We refer to a system with two mutually interferiogoperative systems with one relay as in Figurev@l ™ = <

transmitting antennas per nod&g — 2 receiving antennas at the reld§p = 1 receiving antenna at the destination.
All possible destinations' positions on a one-digiemal linear scenario are evaluated with distamm@snalized to

dER.—. The source-destination distance of the usefuksyss denote witi‘FISD , whereas the source-destination distance

]
of the interfering system is denoted wfi%in. The path-loss coefficient E =35

wireless scenarios.

which is feasible choice for many
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Figure 23: Outage probability as a function of thepositions dsp and
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Figure 24: Outage probability as a function of thepositionsds, and d;ﬁ of the two destinations. First plot is for
Outage-based-PA withx; ; = 0 and second plot is for Outage-based PA wit¥; ; = 1.8. Other parameters:
el =4 n=2my=2my=1y, = 10dB,7 = 0.01,

reues

Figure 23 and Figure 24 are 2-dimensional ploéd show the outage probability of the useful systs a

€]
function of each pairs{ﬂ” sD) of destinations' positions. The different plots abtained for four different allocation
strategies: uniform PA, balanced PA with half-comgagion, outage-based PA for systems without ieterfce and

1.3

oq}?ge—based PA witffLs = . We can note that the different strategies hafferdnt behaviors when varying

QD: some behave well when the interfering destinationear its source, whereas others behave worsen fhese
figures we can obtain the coverage region enabjethd use of the relay for a given target outagehability. As an
example, from the figures, for a targethf:'1 the maximum g,overage distané@ov for both the destinations (the
- i
= dﬂmf’dﬁn = r::"IGM‘)) is 1.37 for uniform PA, 1.32 for both
=1.8

target has to be achieved for all the poirftién(

balanced PA and outage-based PA for systems withtatference, 1.38 outage-based PA withs
*1r

PA.

= 0'2. In general the best behavior is obtained by @m#zased PA, although it is not so distant from amif

The next results in terms of simulated FER areinbthfor COP-STC witl$ states and BPSK constellation

13,15,11,17); 45 from [70}, N = 130

signaling, code-rateudt, generators( , and with the power allocation

strategies discussed before. Various BFC are cereid The SNR is defined B/ Ny per receiving antenna element
whereE® is the total energy per information bit over adirtsmitting nodes and averaged with respect to§adn the

figures we uséb [Ny = 204p and the FER is averaged over a uniformly digtgd position for the destination of
the interfering system in a range of 0.5 aroundeilgy.

Figure 25 compares the behavior of different poalércation strategies in four cases of reuse digteand
number of BFC. In red dash the FER for the linkrsetto-destination in the absence of relaying mashto understand
where the cooperative relay improves the performanc

Figure 26 compares different situations for theseedistance, after having fixed the use of outazset PA.
We observe in this case the good behavior of odb@aged PA and the real benefit in coverage thatsieeof relay is
able to achieve even in the presence of interferenc
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Figure 25: FER with uniform (continuous), balanced(dashed) and outage-based (dotdashed) PA for varisu
destination's positions along the line containing &nd R, £, /Ny = 20dB, d,.,.. = 4 and for L=1,5. Dashed
red line inidicates the performance without coopertion.

= 1F
Mo P

Figure 26: FER with outage-based PA and without cqeeration (red lines) for various destination's pogions

along the line containing S and R‘,Erb [Ny = 2':'dB, Areuze =3 (continuous), 4 (dashed),5 (dotdashed)
and for L=1,5.
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4 Packet Erasure Correcting Codes

4.1 Analysis and design of packet erasure codestam high order Galois Fields

In this section, packet erasure correcting codasstoacted on nonbinary finite fields, under maximum
likelihood (ML) decoding, are investigated. Althduthe analysis is conducted for fountain codes,[@#]results can
be easily extended to low-density parity-check (K)leodes [82].

Fountain codes have been introduced in [74] assailple solution for information delivery in broadtand
multicast networks. A fountain encoder is capableptoduce an undefined amount of encoded symbol®tput
symbols) out of a source block formed by k sounmalmls (or input symbols). In broadcast and mudtiazetworks,
each user collects symbols generated by the fouetacoder. Once a sufficiently large amount of sgisthas been
received, the user is able to recover the k inpatbels. For an ideal fountain code this amount cidies with k: the
decoder is able to recover the source block froynsat of k output symbols. For real fountain codls,source block
is recovered with a probability that is non-deciegsvith the number of symbols received in surphith respect to
(w.r.t.) k. This integer number is referred to las dverhead, here denoted by

Fountain codes are usually adopted in communicatéiworks to recover lost packets. Here, an olfgegt, a
file) is divided into k source packets, all of tk@me length L [bits], out of which the encoder pimebs an undefined
amount of encoded packets, each of length L [bifsh binary fountain code is used, each encodetkgiamay be
obtained as a bit-wise XOR of a subset of the sopeackets. Similarly, for a fountain code over dodfield Fq with
g>2, each source packet is regarded as a collecfiar/ log2g symbols in Fq: each encoded packetbigined as a
symbol-wise sum (in Fq) of a subset of the souekets. Hence, for a given object the encodingitatean be kept
constant, regardless the Galois field order usegddorming the linear combinations.

Next, two classes of fountain codes are considarahely, linear random fountain (LRF) codes andt&®ap
codes [75]. For both, maximum likelihood (ML) deauglis adopted. The decoding error probability 8fH.codes over
Galois fields of order q 2, as a function of the overhead, is first invgestiéd. It is shown through tight upper and lower
bounds that, by adopting a code construction onhioary fields, the probability of decoding success be largely
increased for the same overhead. Then, it is ilitestl through simulation how Raptor codes congdicin Galois
fields of order g 2 are capable to closely approach the performaht®F codes even for small overheads.

4.1.1 Linear Random Fountain Codes over Fq

Let c=[ci]i=0,...,k-1 in Fq k be a vector of k inpsymbols. (Note that throughout this section vectwitsbe
intended as column vectors.) A LRF code over Fgjiandom linear map Fq k Fg N, where Fq N denotes the set of
all sequences over Fg. The encoder generates thet@ymbol ej, j in N, as follows:

o for each input symbat;, a coefficient; in Fq is picked independently with uniform probability;

o0 the output symbad; is computed ag = ot gii Gi, where all operations are performed=ip

Assume the fountain encoder generates a streanoofpuit symbols. Denoting these symbols by e(0,1),n-
we have e(0,...,n-1)=G(0,...,n-1) ¢, where

lr goo ... G0k—1 ‘l
G(O.....n—l) =

In—10 -+ Gn—-1k-1 J (31)

.....

erased by the channel) andJe{j,,...,j«- } be the set of ESIs of these symbols.

Assumek+  k output symbols;, j«+ ) are collected at the receiver (the other transahitymbols being

We have

G(j1~---:jk+5) C = €(j (32)
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decoding consists of solving (32) through Gaussitimination to recover alk input symbolsc. Note that, to this
purpose, for each collected output symigpthe decoder needs the correspondipgin real systems, j is not usually
transmitted as it is obtained by the decoder thnahg same pseudo-random generator used for emggadarting from
ESls. Therefore, is is sufficient to transmit th&lBogether with the corresponding output symbbBigcoding is
successful if and only if ran&(, _ ji+ y)=K. The decoding error probability is then given bgg, e.g., [76])

k i—1
Po(k,0,q) =1 (1 - ;’M)
i=1 (33)

The decoding failure probability of a LRF code offgrunder ML decoding, fulfills

- o il .
¢ ° < Pk, 8, q) < — q°

with equality for the lower bound if and onlyk£l. The lower bound is obtained by observing tha.(k, ,q)= i1
(1-9™)  (1-d™) = 1-g", where the inequality is due to each factor bé#sg than 1. Note that equality holds if
and only if k=1.

The upper bound is proved by inductionlonThe bound holds for k=1. In fact, B£1, ,q)=1-q% = 1-(1k)
q > 1-q /(g-1). Assuming the bound is true flarthen it is true also fde+1. In fact, 1 Pe(k+1, ,q) = ="* (1-d**"
) =[1-Pu(k, +1,9)1(1-q™) > (19> /(g-1) )19 ) > 1 /(g-1), where the first inequality is due to theuhd fork,
and the second inequality can be easily verified.

10

o R Upper bound i
------- Lower bound f

K R ERAE
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Figure 27: Lower and upper bounds on the decodingreor probability of LRF codes over F,, for g=2, 4, 8, 64,
256. The bounds are independent &

Remarkably, the upper bound and the lower bour(@4h are independent of the numlkesf input symbols,
which allows to develop considerations valid fdrkalThe bounds are depicted in Figure 27 as functdngor g=2, 4,
8, 64 and 256. The two bounds converge for larged the gap between them is very small fogalt can be verified
that the upper bound is extremely tight evende® andk in the order of a few tens. Figure 27 revealsrdreient
advantage, in terms of performance for the sameheeel, of constructing the code on higher ordepiSdields for a
givenk. For example, with only one symbol of overhead,hageP, 2.5 10° for all k overFg,, while we haveP,
2.5 10" for all k overF,.

The independence of the two bounds floand the small gap between them emphasize a wgendence of
the performance ok, for a given overhead and Galois field order. Nib#t using a large block sizeincreases the
fountain code efficiency defined ask/(k+ ). However, LRF codes are not practical for largarse blocks due to
prohibitive O(k®) complexity of ML decoding, in terms of both numtm additions and number of multiplications in
Fq.

Given a value of error probability, the efficiengain of a non-binary code w.r.t. a binary one bez®m
remarkable for small blocks (i.e., smi)l Hence, the use of non-binary codes is appeé&tingmall objects.

4.1.2 A Class of Raptor Codes over F

A Raptor code is obtained by concatenating an dutgr rate code (pre-code) with an inner LT cod#.[We
derive Raptor codes df, from their binary counterparts. In the process,fegs on the class of binary Raptor codes
specified in [79], whose encoder is depicted inuFég28. A non-systematic LT encoder generates titygub symbols
from I=k+st+h symbolsf, known as the intermediate symbols. These lattetbsls are generated by pre-coding khe
symbolsd,. We have'=[d," | ds | d.'], where thes symbolsdsare known as the LDPC symbols and heymbolsd, as
the half symbols. Thestk) and fx(k+s)) encoding matrice§ ppc and Gy, the encoding matris 1 of the inner LT
code and the parameterandh, depend otk and are specified in [78]. A systematic Raptoroeiee is obtained through
a rate-1 linear pre-coder that generatesktsigmbolsd, from thek input symbol. This precoder can be represented as
the product betweea and a properly chosen full-rankxK) matrix, denoted by in Figure 28. Adopting the same

...............

code,Gr(, . 1) IS a sparse matrix.
[ G_l dll;
L I

d. = e
| GLpec L —= Grr —

.. Yo

] dh (:),_.T

- C—:H random

generator

1
7 (ESI)

Figure 28: Block diagram of the systematic Raptor ecoder specified in [79].

We derive Raptor codes ovgy by extending to non-binary fields the encodercitriie depicted in Figure 28,
i.e., by replacing all component encoders with bovary counterparts. Specifically, we replace eagh-zero entry in
Giorc, Gh, andGr,... o1y With an element picked randomly fig \ {0}.

Next, encoding and decoding are described. Theosebnstraints on the Raptor output symbols can be
represented in a compact way, including the comsgréamposed both by the pre-coder and by the Ldodar, as
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0
A n— -
Wecsss l)f [e(ﬂ,..,nl)]

matrix, given by

Gipee Is Z
A(O._...._n—l) — G"H Ih
GLT(D,...,Jl—l)

Here,ls andl$ are the $xs) and fixh) identity matrices, respectively, a@dis the 6xh) all-zero matrix. In

.........

.....

..........

.....

(39)

Encoding consists of first solving (35) through Gsian elimination to calculate the intermediate lsgif,
and then performing LT encoding fofo obtaineg, ... n.1).

Assume novk+  k output symbols with set of ESI§{.., jx+ } are collected at the decoder. ML decoding is
performed by first solving the system

0
A goreiigs) = {e ]

“(J1:d2:--:Jk+5) (36)

through Gaussian elimination to obtain the interisedsymbols. Oncef has been recovered, the input symbols are
obtained as = Gy, 1) f.

Raptor codes present advantages in terms of ergadith decoding complexity w.r.t. LRF counterpa¥isre
specifically, efficient methods for the solution (85) and (36) exist, which exploit the sparsenessystem of
equations [80],[81]. Originally proposed for solgisparse systems of equation$inthe extension of these algorithms
to Fq is straightforward. Although exploiting such appches the number of required additions and muitgibns in
F4 remains cubic (i), the cubic cost function is multiplied by a vesyall constant, making the overall complexity
affordable.

In Figure 29 the decoding failure rate under ML a@téing of binary Raptor codes from [79], wikk64 and
k=512, and of their extension tare depicted, as functions of the overhead. Thyht(tand valid for alk) upper
bounds on the performance of LRF codes dwveandF, are also shown. Raptor codes approach closelypper
bounds, and the same was observed for codes oerhigter fields. This example shows that RaptoresoaverF,
obtained with the simple proposed technique ach&yerformance very close to that of random codesring the
same performance advantages of adopting higher Galeis fields.
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10° : : : - :
| /\ Raptorcode, k = 64 - Fo
(0 Raptorcode, k = 64 -Fy4
A Raptorcode, k = 512 -Fq
® Raptorcode, k = 512-Fy
—— LRF code, upper bounds

Decoding Failure Rate

Figure 29: Decoding failure rate vs. overhead fog-ary Raptor codes ¢=2,4) with k=64 andk=512, compared to
the upper bound (valid for all k) on the error probability of LRF codes overF, and F,.

Non-binary Raptor (and LDPC) codes represent a g&ppealing option in the presence of severe pedoom versus
overhead requirements, especially for small sobloek sizes. The derived bounds can be confidargsd to estimate
their performance down to moderate error rates.

4.2 Extension of packet erasure code schemes tedligin and correction of (sporadic) errors

4.2.1 Introduction

In this section, the possibility to extend efficieViL decoding of packet erasure correcting LDPCe=tb
accommodate the correction of undetected erroexjdored. The analysis can be easily extended uatéin codes
under ML decoding.

The design and decoding of LDPC codes [8%] packet erasure correction applications has besestly
explored in the past decade (e.g. [83]-[88]). Whitgyinally most of the attention has been paidhi construction of
LDPC codes able to approach the channel capacitgrdit decoding, more recently practical ML decgdaitgorithms
for LDPC codes over erasure channels have beesate{80],[87], paving the way for the design of esdor hybrid
IT / ML decoders [89][90]. It has been further shothat the ML decoding of LDPC codes can largelipetform its
iterative counterpart, attaining on the BEC perfanges close to those of idealized MDS codes downaderate-low
error rates [89].

In general, ML decoding of am,k) binary linear block code on the erasure chanmelstinto solving a system
of n-k equations (imposed by the parity-check matrixhef tode) in thee unknowns corresponding to tleeerased
symbols of the codeword. The system is solved byma®f Gauss-Jordan elimination (GJE), which iskmto have a
complexity scaling a®©(n®). For LDPC codes, the parity-check matrix sparserzan be exploited to dramatically
reduce the fraction of unknowns to be solved by @IH,[91]. Such unknowns are usually referred $opavots (or
reference variables) and the algorithm to seleetpivots is termed pivoting algorithm [92]. (Noteat pivoting is
inherently related to guessing in the alternative técoding algorithms proposed in [87],[93].) Ortbe pivots are
solved, the remaining unknowns can be recovereatidoysual iterative decoding algorithm with lineamplexity.

FP7 ICT Call 1 Key line 1.5 “Networked Media” Page 51/80



OPTIMIX FP7-ICT Grant agreement n°214625 project Deliverable D2.2c version 1.1

In addition to packet erasure correction [94], éh@sure channel model is adopted in a number dicagipns.
For example, in optical communications with pulsesipon modulation (PPM), erasure channel modelse Haeen
adopted under the assumptions of absent backgmagirtion and low noise power [95],[96].

Albeit accurate, the erasure channel represenysasnapproximation of the actual behavior of thelsannels.
In the case of wireless communications, the prdivalof undetected errors (due to error patterret thatisfy the
constraints of the error detection code) is alwaysnded away from zero [97]. In optical communizatsystems, even
in absence of background radiation and for low e@iswer, errors may take place, even if with sipadbabilities. In
both cases, the channel can be more adequatelyledobg an erasure channel wiporadicerrors, i.e. by an error-
and-erasure channel with erasure probabilignd error probability, wherep << . For example, when a CRC-16 is
used to detect errors for an uncoded transmissien@BSC with error probability ) undetected errors may happen
with probability close to 1®[97]. Hence, in this case the error probabilitytieé equivalent packet error-and-erasure
channel would b@=10°. Assuming on the higher layers a packet erasurecting code (i.e. a code only attempting to
correct erasures) with block sipe1000 packets, undetected errors would comprorhiseré¢covery of a block with
probability P.=107 so that the block error probability after erasteeoding would be bounded By 10? regardless
the erasure probability.

Iterative belief propagation decoding of LDPC codesr the binary error-and-erasure channel (BEEQ)le
naturally implemented by initializing the decodeithwnthe appropriate log-likelihood ratios (LLRs).c@ording to
Figure 30, assuming the channel input indicated imy{0,1} and the channel output lyyin {0,1,?} (where *?’ denotes
an erasure), the channel information at the inuh® variable node associated with the codexmibuld be given by

(y) = In[Prx=0l)/Pr(x=1})] resulting in (0) = In[(1- -p)/p], (1) =—In[(1- -p)/p] and (?)=0.

In this section, we describe an efficient decodatgprithm for LDPC codes, which extends the ML aras
decoding algorithm of [80] in the sense of cormgtsporadic errors. For the sake of simplicity,fagus on the binary
case and assume the BEEC as the channel model.viegwie algorithm may be easily extended to paeketr and
erasure channels. The proposed algorithm perfoptimom decoding of errors and erasures when awedevord is
affected by a single error (possibly, recoveringregome erasure patterns containing stopping &¢te ¢T decoder),
and attempts to perform error detection for ermttgyns of larger Hamming weights. For this reasba,algorithm is
named single-error multiple-erasure SEME decodirtge algorithm is first illustrated for the caseaofieneric linear
block code, also developing a tight upper boundhenaverage error probability for the linear randoode ensemble.
The algorithm is then adapted to account for parfitgck matrix sparseness in case of LDPC codésillastrated how
LDPC codes can efficiently approach the averagibopaance of the linear random code ensemble oweBHEC with
sporadic errors. We will see that the proposedrilgun largely outperforms the IT one in the regishere the block
error probability is limited by the channel erasurather than by the (sporadic) channel errors.

There are several works in the literature focugsinghe simultaneous correction of errors and eess(g.g.
[98]-[101]). In particular, in [101] some parity-ebtk matrix construction techniques are develop@dlte to separate
errors and erasures. We will see that the propatgatithm performs a similar separation, propemy &fficiently
modifying the parity-check matrix of an LDPC codteareceiving a word from the BEEC.

— Il —p—c¢ —

Figure 30: Binary error-and-erasure (BEEC) channelmodel.
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4.2.2 Notation Definition

The BEEC channel model is depicted in Figure 30er@H?’ denotes an erasure and where the erasdre an
error probabilities are denoted byandp, respectively. Moreover, we Igt = p/(1- ) be the probability that a bit
transmitted over the BEEC is received in error gitkeat the bit has not been erased. For a giveraldiblock code
C(n,k) over the BEEC, whern is the codeword length aridthe code dimension, we denote ByandL the random
variables expressing the number of erasures affptiie generic received word of length $n$ andntimaber of errors
affecting the non-erased bits, respectively. Siryijave denote by andl realizations oE andL, respectively. In the
casen-k>e, the number of linearly independent parity-chegliagions in excess with respect to the numberadiees,
n-k-e, is defined to be the overhead, again denoted by

Assume now a codeword is transmitted over the BEEC, resulting in a reegiwordy’ with e erasures and
non-erased bits in error. We ldtbe a permuted version of a full-rank-()xn) parity-check matrix of the cod&(n,k),
in which the columns of the parity-check matrix responding to the erased bits occupy eheft-most positions and
the columns corresponding to the non-erased bit§ \Which are in error) the-e right-most positions. In this way]
may be split asi=[H | H\], whereH  is an (0-k)xe) matrix andH, is an (6-k)x(n-€)) matrix. Similarly, we lek and
y be permuted versions of the transmitted codewon! &f the received word, respectively, accordinghe same
permutation leading tbl. The vectorx andy may be split ag=[Xx.xx] andy=[yuwlyx], wherex, andy, are vectors of
lengthe associated with the erased bits, whilendy, are vectors of length-e associated with the non-erased bits (so
that the Hamming distance betwegrandy is equal td). The vectox must satify the relatior H'=0, whereH is
the transpose ofl, which may be written asy, Hu' = X« H¢' . Accordingly, the starting point of the proposed
algorithm will consist of imposing and analyzing tbquality

i T
yrHi =yrHi (37)

The producty, H," in the right-hand side of (37) is a vector of léng-k that we denote by and, for reasons
that will be clear later, refer to as the syndromethe case wheng is affected by one errol=1), we denote bi®" the
column ofH, associated with the bit in error.

Throughout the paper, we often exploit the resuttere the upper and the lower bounds, and thditréss,
have been proved above.

Let A be a (6-k)xe) random matrix witle n-k and whose entries are i.i.d. Bernoulli random alglgs with
parameter 1/2. Then

e

at—1
Pr(rank(A) <e)=1-— H (1 - i_;\.)
i=1 - (38)

Moreover, we have

o—(n—k—e)—1 (rank : 9—(n—k—e)
2 < Pr(rank(A) < e) < 2 (39)

Equality (38) is a classical result [102].

4.2.3 SEME Decoding for Linear Block Codes

4.2.3.1 Maximum Likelihood Decoding of Linear Bl@ides over the BEC

Let us assume that the communication channel isralard BEC introducing erasures but not errpr9). In
this casexy = yx and (37) represents a linear systemndd (or more tham-k, if H is redundant) equations i
unknowns which may be simply written &g Hu' = x¢ H'. Here, the unknowns are the elementg pfinds= x, Hy"
is not affected by any error.

Moreover, in this case we always have rahkl = rank(Hy Is]), so that the Rouche-Capelli theorem
is always satisfied. Hence, the system admits @uenisolution when rank(,)=e and multiple solutions when
rankH ) <e (which is always the case whern-k). Provided rankd)=e andx, is the unique solution of the system,
we havexy = Xy with probability one.
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Different decoding algorithms over the BEC attentpt solve the system and fing, with different
approaches, offering a different trade-off betwperformance and complexity. Among them, ML decodingsists of
solving the system by GJE performed on the madijx The complexity of GJE decoding is in general cubith the
dimension of the system, so that the overall dempdomplexity iSO(n°).

4.2.3.2 Erasure Decoding over the BEEC with Error Débect

€ n—e

n—k—e 0 T P S’{r
Yk i L
: _ T i
Hg Hg Yk sT
Figure 31: Pictorial representation of the equivalet linear system . .. =y Ai.

When transmitting over the BEEC (p>0), the relatiank(Huk) = rank([Huk |s]), always valid over tB&EC,
may not hold anymore due to the presence of bireraffecting s (through yk). In this case, (37jnéd a unique
solution when rank(Huk) = rank([Huk |s])=e. Thetsys admits multiple solutions when rank(Huk) = réHkik|s])<e.
Finally, the system is impossible when rank(Hukppk(Huk)+1.

The event that the linear system (37) is impossgtae key to perform the detection of errors @ffeg yk. As
depicted in Figure 31, assuming e<n-k and rank(HekzJE performed on the matrix Huk leads to anvedgnt linear

system uk Hui:— , Where the first e rows Jﬂuh form the identity matrix of order e and the lastows are all-
zero, and Wher§ is obtained by performing on sT the same row dpers leading tOHui: and uk by performing
on yuk the same column permutations Ieadlny‘-iﬁ: Spllttmg as —[5 U 5L] whereSU has length e andiL= yk

PT has length, detection of errors affecting yk may be perfornhgdsimply observing that, t'fL 0, then the BEEC
must have necessarily introduced errors in yk.

=d BEEC
Next, we show a tight upper bound on the averaieréaprobability” £&(mk) of the erasure decoder with
error detection for the ensemble, denoted by R(mkyandom binary linear block codes defined bgaaity-check
matrix H with n-k rows and n columns whose entaes i.i.d. Bernoulli random variables with paramet&. (We
point out that the dimension of the generic codergng to R(n,k) is at most equal to k but notes=arily equal to k.)
By “failure probability” we mean the probabilithat either the erasure pattern cannot be recovdwedto rank
deficiency of Huk (rankfl,)<E) or it can be recovered but the error patternyois undetected a8, =0. Denoting
these two disjoint events ldyandB, respectively, we have

Pt = Pr(A) + Pr(B) = T, Pr(A|E = €) Pr(E =€) + Z'Z¥ Pr(B|E = ) Pr(E = €).

Concerning the conditional evenflg=€}, since Hy is a (f-k)xe) matrix, we have PAJE=e)=1 for e>n-k.
Moreover, for en-k we have PE|E=e)<2" from the bound proved in the previous sectiorcdnclusion, we may write

Pr(A|E =€) <min{27% 1} (40)

with equality if and only ife>n-k and where the compact expression \egref{eq:PAdgyailows the overhead to
assume negative values. Consider now the conditianeent {B|JE=e}. Due to independency we have

Pr(B|E=e)=Pr(\rank{ )=€) Pr(undetected err&te). Invoking again the previous bound, fomek, Pr(rank H)=¢€)
can be bounded as

19279 ~ Pr(rank(Hg) =€) <1 — =01 (41)
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Moreover, since foE=e the submatriP has dimension f¢k-€)x(n-€)) (as depicted in Figure 31) we have

Pr(undetected error|E = ¢)

~ [n—e
_ Z ( : )2—(71—!6—8) (_P* )d(l - p*)n—e—d
‘

d=1
— 2—(11.—.1.‘.—6)(1 . (l . p-:A'Jn.—e)

(42)
wherep*=p/(1- ). We obtain
pd,BEEC _ — (n 1 _ An—e__: ro—(n—k—e) 1-
P Rk < Zl (6)5"9(1 — )" min{2~ "% 1}
n—=k G
4. Z ( _)56(1 . (f)n_e(l . 2—(-;].—.‘;—6—1—1))
mp—
g—(n—k—e)(1 _ (1 _ ,*\n—¢€
x 2 (L — L —p** %), “3)

The bound is tight due to the tightness of therloisuin (39).

4.2.3.3 SEME Decoding over the BEEC

Besides error detection, correction of errors uhticed by the BEEC may be attempted. In the follgwine
describe a decoding algorithm for the correctiosinfle errors affecting yk and of multiple erasur€he algorithm is
called SEME decoding algorithm.

After a word y has been received from the BEECueconsider performing GJE on the matrix Hukdieg

T T
to Hui:, and performing in parallel the same row summatiam Hk, leading tofl k. Assuming e<n-k and
iHT 75T
rank(Huk)=e, the linear system (37) is transfornmtd the equivalent systenuk H =yk Hi:, whose right-hand side
o —r
is denoted again bS=[SU | 5L]$ and wherd k=[QT | PT] as depicted in Figure 31.

Let us now focus on the last n-k-e parity-checkatipms, assuming rank(Huk)=e. Due to the presehes o

((n-k-e)xe) all-zero matrix in the last n-k-e rouist  these parity-check equations may be exploitedtoect errors
affecting yk regardless erasures. In a similar vaayerror detection described in the previous stiosecerror
correction may be attempted by exploiting the maRi Note in fact that the situation is now equivelto the
transmission over a standard BSC of an (n-e,k8dirblock code C’, with k' k and parity-check matrix P. The vector

xk plays the role of the transmitted codeword, ykh® received word, anéL of the syndrome. The code C’, and
therefore its properties and its error correctiand(detection) capability, depend on the numberthagbositions of bit
coordinates erased by the BEEC.

Optimum decoding of C’ may be performed, in pritejpvia syndrome decoding [105], which requires the
construction of a decoding table-lookup. Since £different for different received words y, the lelmokup for C’
should be constructed on-the-fly for each recewedd, after GJE has been performed. However, ipcaieslic error
regime, even performing the correction of only epatterns of Hamming weight 1 may be considerdficeent. As
illustrated later through numerical simulationyiélds a much better performance than that achienveter a simple
BEC model, where all elements of yk are assumdzktancorrupted so that all errors are undetecthd.KBy point is
that, in the single error correction case, the tanson on-the-fly of the table-lookup does notu@e any extra
computation, because the syndrome vectors associdiie the weight-1 error patterns are the columithe P matrix.

Therefore, if there exists a unique column b ofithsthat b5 L, then decoding consists of setting xk=yk+e, wheis

the vector of Hamming weight 1 whose unique bita#da ‘1’ corresponds to the column b of P. Thetweak is then

used to recover the vector xuk through the firsgjgations of the equivalent system, i.e., by singelfing xk equal to
the de-permuted version ofik = xk QT.
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Note that, if P has no all-zero columns and no tetumns of P are equal, then C’ has minimum distanc
dmin 3 and all single error patterns are correctablén witobability 1. In this case, an error patternseaiways
identified. On the other hand, if P has no all-zeotumns but it has equal columns, then C’' has mimn distance
dmin=2. In this case, a unique b may not exist thedalgorithm may be only able to detect some siegtor patterns.
Finally, if P has all-zero columns then C’ has minm distance dmin=1 and some error patterns of Hammeight 1
may be even not detected.

4.2.3.4 Performance Bound for Binary Random Linear Blo#es Under SEME Decoding

We now derive a tight upper bound on the averagekbkrror probability under SEME decoding for the
previously introduced ensemidRg, . Note that by “block error” we denote any instaicevhich decoding is either not
feasible (due to rank deficiency of the matHy, or due to detectable but uncorrectable errorshaorrect (due to
undetected errors). To proceed with the derivatiwe, first determine four mutually exclusive blocka events,
denoted byA, B, C, andD, which cover all possible error types. This wiloa us to write the average block error
probability as

P k) =Pr(AUBUCUD)

= Pr(A) + Pr(B) + Pr(C) + Pr(D)
The four error events are defined as follows.
o A {rank(H)<E)}.
o B:{rank(Hw)=E} {L>1}.
o C:{rank([Hu h*"]) =E} rankHu)=E} {L=1}.
o D:{rank([Hu h®") = E+1} {L=1} {bis not unique irP}.
Tight bounds on the four probabilities Pr(A), Pr(B¥(C), and Pr(D) have been analytically developed

[109], leading to
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+EZO )( )" ¢ )(n—e)

(1 — 5" n—e—1 | Y i Q*(ﬂ-*k*&) n—e—1j
p(1—-p") [~ | ) | (44)
Due to the tightness of the bounds (41), the boi] is also tight. Moreover, it is illustrated théor
sufficiently small values of, the right-hand side of (44) is dominated by theasid summand i.e. by the upper bound
on Pr@), giving rise to an error floor. The value of tleisor floor may be easily expressed analyticadiyttee limit of
the second summand in (44) wheriends to 0. This yields
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[PSEME,BEEC (1 _ 2_(n_;.-+1));— )

e,R(n.k) T\ |—np (1 - f-’)n

+p(1l—p)" 1 -1 —p)" 141 45)

Finally note that, for a standard BEC introducirg errors, we have*=0 so that only the first summation
contributes to the bound. This yields

pruzEe o3 (“f)m — e min{2 (-9 1)

— (”)66(1 S e e e

(46)

which is a tight upper bound on the average pedmae of linear random block codes over the BEC [[1(8is
worthwhile pointing out that the bound (46) alsddsofor the ensemble of binary nonlinear codeseafjthn and 2
codewords [107].)

4.2.4 Efficient SEME Decoding for LDPC Codes

Again, let us assume that the communication chaereektandard BE} introducing erasures but nairerivL
decoding of LDPC codes over the BEC can be prdltizaplemented following a reduced complexity apach [80]
which exploits the sparseness of the parity-chealiimmand which takes its inspiration from a cla$structured GJE
algorithms [107]. The algorithm may be summarizethie following steps (see also the OPTIMIX Projeetiverables
D2.2a and D2.2b).

1. Triangularization The sparse matrild  is transformed into an approximate triangular imatis depicted in
Figure 33(a) by row and column permutations onlige Dbtained matrix is composed of a lower triangula
matrix T and of the three sparse matrid@sRy, R.. Some of the columns blocking the triangularizatio
process have been moved to the rightmost patt,efind hence forrR, andR,. The unknowns associated
with such columns are referred to as the pivots.

2. Sparse row additionsT is transformed into an identity matrix by spars@ radditions. MoreoveiC is made
equal to the zero matrix by sparse row additiogading to the matrix depicted in Figure 32(b). Nibt, due
to the row additions, botR, andR, usually become dense.

3. GJE on a dense matrixcJE is applied t&®,_ to recover the pivots. The remaining- unknowns are solved
by simple substitution.
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Figure 32: Efficient Gaussian elimination steps othe matrix H. (a): Structure of the matrix during the
triangularization step. (b): Structure of the matrix at the end of the triangularization step. (c): Sucture of the
matrix at the end of the sparse row addition step.

During the triangularization step, the elementsthe vectors' are permuted according to the same row
permutations performed dth,. Similarly, during the sparse row addition and Gf&ps, the elements sfare summed

according to the row additions performedtog, leading tos'=[5",, $7,] as depicted in Figurg3.

The complexity of the algorithm is dominated by tthird step, consisting of performing GJE on aséen
matrix. Therefore, the effectiveness of this apphoaelies on its capability to exploit the sparssnefH,, to
considerably reduce the number of column&gfon which brute-force GJE has to be applied. Turabrer of columns
of R_ at the end of the process depends on the adoptetthg algorithm, i.e. on the way to select theqgts. Having a
strong impact on the final numberof pivots, it heavily influences the achievableadger speed. Effective pivoting
algorithms are described @9, Annex E] and iff92], where a practical software ML erasure decodgiémentation
has been demonstrated with (2048,1024) LDPC caodeyliich decoding rates as high as 1.5 Gbps wériewed.

Over the BEC, a decoding failure may take placg drthe rank ofR_ is smaller than. Over the BEEC, error
detection can be performed, as for the generahfibéock code case, by simply checking whetdieis the all-zero
vector or not, wher&, the vector composed by the lask-e  symbols of¥ (see Figure83). Moreover, if the row
additions/permutations performed on the sparseixniliy, are simultaneously applied to the sparse métgixsingle
error correction can be attempted by the SEME &lguoras for the general linear block code caseimighe syndrome
vectors of the table look-up used to correct simgters are given by the columns of the maidepicted in Figur@3
and the algorithm sets =y ._e, wheree is the error pattern whose unique ‘1’ bit corres®to the unique colunin

of P such thab=5,, provided such a unique columnRexists.
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Figure 33: Structure of the matricesf:, 7,,;.

4.2.5 Performance of LDPC Codes Under SEME Decoding

In Figure34, performance bounds for the (2048,1024) lineaadom ensemble are depicted, for both the BEC

and a BEEC with error probabiliy=10°. The performance is given in terms of block epmbability, P.. For the
BEC, the upper bound (46) is displayed. For the BEfo cases are considered, namely:

o

No error correction is attempted. In this caBgjs simply the probability that the erasure pattesmot
recoverable due to rank deficiency t8f, plus the probability that ran(,)=e but at least one non-erased
symbol is in error. The SEME decoding algorithnapplied. In this case, the upper bound (44) isldjsul.
The contributions to the bound of the eveBf<C, D are reported. Note that the contribution to tharimbof
the eventA is equal to the right-hand side of (46).

The gain due to the single error correction cajigitprovided by the SEME algorithm is evident iretarror
floor region. When no error correction is attemptachigh floor a’. np 2 107 affects the ensemble
average error probability. On the other hand, rifgk error correction is performed, the floor isvéwed by
about two orders of magnitude. In this region tirergprobability for the SEME algorithm is domindtby the
probability of the evenB, i.e. by the probability that more than one eraffects the non-erased bits.
Conversely, in the waterfall region, most of theoes are due to rank deficiencies of the malttjx and the
error probability is dominated by the probabilitiytioe eventA.
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Figure 34: Block error probability for a (2048,1029 GelRA code over the BEC and over a BEEC with errp
probability p=10°, under SEME and IT decoding. Comparison with the bunds on the block error probability
for the (2048,1024) binary linear ensemble under S#E decoding.
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Figure 35: Bounds on the block error probability far the (1000,500) binary linear ensemble over the BEand

BEEC with various error probabilities.
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In Figure 34, simulation results are also provided a (2048,1024) GelRA code [108Esigned for ML
erasure decoding [89]. The code performance has fiemlated over the BEC under efficient ML decaggliand over
the BEEC both under SEME decoding and without ezoorection. The simulation results illustrate hblaPC codes
can approach the average random code ensemblemarfce in the three cases, at least down to maderddw block
error probabilities. (At low error probabilitiesPPC codes over the BEC under ML decoding exhibigaar floor that
is due to a non-ideal minimum distance. Therefthejr performance curve deviates from the bound).(4Bhe
performance of the same LDPC code under IT decodimgrovided too, for three cases: On the BPBEQ( on the
BEEC with IT erasure decoding (i.e., no error catimm), and on the BEEC with input LLRs set accogdio the
channel error/erasure probabilities (as brieflfinatl at the beginning of this part of the delivd#ed. The performance
under IT decoding on the BEC shows clearly a codjaig loss with respect to the ML counterpart. Adi error rate
P=10" is achieved by the IT decoder at0.39, whereas under ML decoding the target is aedi@t 0.46. On the
BEEC, the SEME decoder outperforms the IT one dawmoderate error rates. However, as the erasatapility
decreases, the performance of the SEME algorithmerges to a block error probabili® 2 10* due to the limited
(single) error correction capability of the algbnit. Since the IT decoder is not limited to corrgiagle errors, at low
erasure probabilities it outperforms the SEME atban. This effect may be exploited by a hybrid SEMEdecoder,
e.g. the IT decoder might used whenever multiplersrare detected by the SEME decoder.

Still, in many practical cases, the BEEC error pility may be quite below=10°, resulting in a (much) lower
error floor for the SEME algorithm, thus reducimg theed for an IT decoding stage. In fact, the gathe error floor
due to the single error correction capability &f ®EME algorithm is amplified at lower error probities p. In Figure
35, the bounds for the average random ensemblé lelwor probability are displayed for the casenef000,k=500
and for two BEEC error probabilitiep=10° andp=108. While in the former case, the floor is reduced3bgrders of
magnitude, in the latter case under SEME decodiegbtock error probability meets the floor k10, nearly 5
order of magnitude lower with respect to the cabemwno error correction is performed. Note thaf) @®vides an

accurate estimation of the error floor under SEMEatling. For example, far=1000,k=500, p=10°, the error floor

estimated by (45) appears” j‘gfﬁgﬂ 4.99107, while forn=1000,k=500,p=10® atﬁfjﬁfﬁgﬂ 5 10 This

is in accordance with Figu5s.
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5 OMNeT++ modules

5.1 Elements on the Physical layer in the Base Btatand the Mobile terminals

In Figure 36 and Figure 37 we show the graphigalesentation of the OMNeT++ NEtwork Description (D)Hiles of
the BS and the generic mobile client considerediwithe first version of the OPTIMIX simulator. THayered
structure of the video data flow is quite evidexs,well as the control and feedback informatiorharges between the
different layers and the BS controller. In thisggraph we show in more details the internal archite of the physical
layer block (indicated in the figures withhy), highlighting its flexibility and its capabilityo represent the different
channel coding/modulation/multiple access techrsquensidered in the project.

Figure 37 shows the structure of the mobile teriimdt: in addition to ghyblock performing operations dual to those
at the transmitter side, a radio channel modulebleas included.

EBazeStation

Figure 36: Structure of the Base Station module anthterconnections between its submodules.
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MabileClient

Figure 37: Structure of the Mobile Client module aml interconnections between its submodules.

In Figure 38 we report the internal structure @&fhy block, mainly composed by:
- thechannelCodetblock,
- themimoModem
- theframeDeAssembler

Figure 38: Detailed structure of thephy module and interconnections between its submodules.
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5.2 Implementation of Irregular Convolutional Codg#CCs)

5.2.1 Introduction

Extrinsic Information Transfer (EXIT) charts haveedn introduced as an effective tool for analysing t
convergence properties of iterative decoding aideccatenated coding schemes [29]. As an advanthigecan be
achieved without performing time-consuming Montei@€aimulations. EXIT charts can be used for fidpowerful
codes exhibiting guaranteed convergence for a gitannel condition [17]. Specifically, nearcapacityges have been
successfully designed by applying an EXITchart€bagchnique in [15], [23].

Tuchler and Hagenauer [136] [137] proposed the eympént of Irregular Convolutional Codes (IRCCs) in
serial concatenated schemes, which are constibytedfamily of convolutional codes having differeates, in order to
design a near-capacity system. They were spedjfidakigned with the aid of EXIT charts to imprafe convergence
behaviour of iteratively decoded systems. Each aorapt code of the IRCCs encodes an appropriatéécted
fraction of the input bit stream. The appropriatections may be selected with the aid of EXIT-claaralysis in order
to shape the inverted EXIT curve of the compogi@®Cl for ensuring that it matches the EXIT curvethe so-called
inner decoder constituted by the detector. In thésiner, an open EXIT-chart tunnel can be creatddvasSignal to
Noise Ratio (SNR) values, which implies approachigchannel’s capacity bound [12].

As a further advance, it was shown in [23] thaéeursive Unity-Rate Code (URC) should be employedra
intermediate code in order to improve the attai@atdcoding convergence. A URC can be used as admedor
creating an inner code component having Infinitpuise Response (IIR) in order to reach the (1,Intpo the EXIT
chart and hence to achieve an infinitesimally lowEBror Ratio (BER) [15].

5.2.2 IrCCs Design

IrCCs design with aid of the EXIT chart matchinggedure is briefly summarised as follows:

0 Stepl: Create the inner decoders’ EXIT charts, wlice URC-XQAM and URC-SP-STBC, for
different receiver Signal to Noise Ratios SNRr.

0 Step2: Fix the IrCC code rate to 0.5 and employ the EXUFve matching algorithm of [136] to
generate the optimised weighting coefficients, j = 1,..., 17, of the 17 component IrCC codes
corresponding to the smalléSNR- that allows decoding convergence, where the degamajectory
reaches the top-right corner of the correspondixgTEcharts. This implies that a near-capacity
performance can be achieved.

Following the procedure as descirbed, we have aggithcoeeficients of IrCC codes correspondingataous
inner components as listed in Table 2

Inner Components | Number of IrCC coefficients (a ,j =1,..., 17)
iterations
URC-QAM 24 0.048, 0, 0, 0, 0, 0.240, 0.155, 0.121, 0.035,4.0(0.071, 0.092, 0 0.090, O
0.039
URC-8PSK 24 0.062, 0,0, 0, 0.247 0.154 0 0 0.04690 0.082 0.049 0 0.090 0.041 0.064
URC-16QAM 24 0.022 0 0.202, 0, 0.116, 0.073, 060,®.151, O, 0, 0, 0.202, O, 0, 0.023,
0.145
URC-SP(16)-STBC 34 0, 0.055, 0.236, 0, 0, 0, 0.938, 0.030, 0, 0.205, 0, 0, 0.110, 0, 0.122

Table 2: IrCC coefficients

FP7 ICT Call 1 Key line 1.5 “Networked Media” Page 65/80



OPTIMIX FP7-ICT Grant agreement n°214625 project Deliverable D2.2c version 1.1

6 Conclusions

In this deliverable, avariety of novel channel codeere investigatedand their benefits were quatifboth by
simulation and suing semi-analytical EXIT-chart édsechniques.

We have designed near-capacity SECCC-ID schemesdbais their decoding convergence analysis. The
SECCC schemes invoke binary RSC codes and diffggantturing rates. The puncturer is used to ineréhse
achievable bandwidth efficiency. The interleaveaceld before the puncturer helps randomise the prngtpattern.
Good SECCC parameters were found for assistingSE®@CC-ID scheme in attaining decoding convergendaen

lowest possibIeEb/ N, value, when communicating over both AWGN and urelated Rayleigh fading channels.
We have demonstrated that 3-D EXIT charts are ugafaesigning near-capacity SECCC-ID codes. Famrtiore, 3-D
EXIT charts may also be used to design a SECCCeH2rme concatenated with an outer codec, such @ea eodec
for enabling soft information exchange between 8CCC-ID decoder and the video decoder. The SE@CC-I
schemes designed are capable of operating witdiB &f the AWGN as well as Rayleigh fading channebpacity.
Our future work will focus on designing SECCC sclesnoperating closer to capacity, while maintainandpigh
bandwidth efficiency. Furthermore, we will investtg the performance of such SECCC-ID schemes ircabarently
detected cooperative communication systems.

A brief classification of the MIMO schemes was @reted based on their attainable diversity, mulxiplg or
beamforming gains. We also investigated the desfgnulti-functional MIMO schemes that are capabie@mbining
the benefits of several MIMO schemes and hencenattpdiversity, multiplexing as well as beamformigains. More
explicitly, we introduced the dual-functional MIM&heme of [40] followed by the LSSTC scheme thamlmoes the
benefits of STBC, V-BLAST as well as beamformindnef we discussed the design of the DSTTD followgdhie
LSSTS design that combines the advantages of STH,AST and beamforming with those of generalised M&-
CDMA, while supporting multiple users. Finally, amparison between the BER performance as wellaslitrersity,
multiplexing and beamforming gains of the differ&fiMO schemes reveals that multi-functional MIMQ® @apable
of attaining an improved performance over the st@ode STBC and V-BLAST schemes.

We proposed an optimum TRA scheme for the DDF cape system, which was verified to be capable of
maximizing the network capacity through the analygsid numerical simulations.

An attractive cooperative scheme was proposed baseatlaptive coded modulation and distributed space
time coding for communicating over quasi-static Regh fading channels. The adaptive coded modulat@heme was
utilised for protecting the source-to-relay linkghile the distributed space-time code was empldgednhancing the
reliability of the relay-to-destination links. Itas shown that mobile units equipped with a singlerna are capable
establishing an energy-efficient wireless coopeeatietwork. More specifically, the proposed cootieeaATTCM-

—3
DSTTC-2x2 scheme outperforms the uncoded non-catiperBPSK-1x2 scheme by over 20 dBs at a FERQf ,
when communicating over quasi-static Rayleigh fgdihannels.

Based on the above detail system-specific conelasive propose the following overall system design
guidelines.

1. The employment of computationally efficient dgsitools, such as 2D and 3D Exit charts, substintia
accelerates design efforts in finding the more appate near-capacity codes;

2. Self-concatenated codes are capable of impraWiadiexibility in terms of the chip-area versusak-rate
trade-offs by reusing a given constituent code sel&iteration loop. They also have a high grafifexibility
in terms of the choice of the constituent codeshhuinary convolutional as well as non-binary coded
modulation schemes may be used in conjunction diiterse generator polynomials;

3. The classic family of LDPC codes was improvethwine introduction of sophisticated protograpluctuares,
which substantially reduces their potentially exsies memory requirement without any performanceatign

4. The proposed codes are capable of operating ttothe single-input single-output system's capabut the
introduction of MIMOs allows us to break free frahis emitation;

5. The proposed MFAAs combine all potential MIMOirga namely the space-time-coded diversity gain,
multiplexing gain and beamforming gain;
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6. however, the above-mentioned MIMO gains erodethe presence of correlated shadow fading, heree w
designed virtual antenna arrays with the aid aflsiantenna based cooperating handhelds, whicHib&oen

uncorrelated fading;

7. The low-complexity cooperative mobiles howevanmot afford estimating the source-relay chanrexich we
designed non-coherent detection aided cooperatnsdeivers;

8. Finally, the performance benefits of the proglosear-capacity physical-layer solutions were gtiadtin
terms of the attainable network-layer metrics.
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7.2 Glossary

AA Antenna Arrays

AAF Amplify-And-Forward

ATTCM adaptive TTCM

AWGN Additive White Gaussian Noise

BEC Binary Erasure Channel

BEEC Binary Error-and-Erasure Channel
BER bit-error rate

BFC block fading channel

BP Belief Propagation

BPS Bits Per Symbol

BS Base station

BSC Binary Symmetric Channel

CER Codeword Error Rate

COP-STC | Cooperative- Space-Time Coding

Csl channel state information

DAF Decode-And-Forward

DSTTC Distributed STTC

DSTTD Double Space-Time Transmit Diversity
DVB Digital Video Broadcast

EGC Equal Gain Combining

ESI Encoded Symbol Identifier

EXIT Extrinsic Information Transfer

FER Frame Error Ratio

FFT Fast Fourier Transform

GelRA Generalized Irregular Repeat-Accumulate
GF Galois Field

GJE Gauss-Jordan Elimination

G-LDPC Generalized Low-Density Parity-Check
GSIC Group Successive Interference Cancellation
IRA Irregular Repeat-Accumulate

IT Iterative

LDC Linear Dispersion Codes

LDPC Low-Density Parity-Check

LLR Logarithmic-Likelihood Ratio

LRF Linear Random Fountain

LT Luby-Transform

LSSTC Layered Steered Space-Time Codes
LSSTS Layered Steered Space-Time Spreading
LTE Long Term Evolution

MIMO Multiple-Input Multiple-Output

ML Maximum Likelihood

MRC Maximum Ratio Combining

MS mobile station

OSTBC Orthorgonal Space-Time Block Codes
PA Power Allocation

PCCC Parallel concatenated convolutional codes
PDF probability density function

PEG Progressive Edge-Growth

P-STC Pragmatic Space-Time Coding

QPSK Quadrature Phase-Shift Keying

RCB Random Coding Bound

RD Relay Destination

RS Relay station

RSC Recursive Systematic Convolutional
SC Selection Combining

SCCC Serially concatenated convolutional codes
SD Source Destination
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SECCC-ID| Concatenated Convolutional Codes
SEME Single-Error Multiple-Erasure

SINR Signal-to-Interference-plus-Noise Ratio
SISO Soft-In Soft-Out

SNR Signal-to-Noise Ratio

SR Source Relay

SRD Source plus active relays to destination
STC Space-Time Coding

STTC Space-Time Trellis Coding

TC Turbo Code

TCM Trellis Coded Modulation

TRA Ng time resource allocation

TTCM Turbo Trellis Coded Modulation

UL uplink

V-BLAST | Vertical Bell-labs Layered Space-Time
ZF Zero Forcing
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8 Appendices

Appendix A Decoding Convergence Analysis of SECQT-I

EXIT charts constitute powerful tools designeddaalysing the convergence behaviour of concaterwtdes
without time-consuming bit-by-bit simulation of tleetual system. They analyse the input/output nhutdarmation
characteristics of a SISO decoder by modellingetipeiori LLRs either by an AWGN process or by iiperimentally
determined histogram and then computing the cooretipg mutual information between the extrinsic 19 &5 well as
the corresponding bit-decisions. More explicitlye temployment of EXIT charts assumes having aceffily high
interleaver length, so that the extrinsic LLRs ¢@nassumed Gaussian distributed. The SNR valueewtherturbo-
cliff [3] in the BER curve of a concatenated coge@ars canbe successfully predicted with the alEdXdT charts.

D C . Y E(C)
v ] PlL— SECCC a priori -
m / Encoder Channel 1 A(C)
S
SECCC
Decoder
a priori A(D) eeoder | E(D)
Channel 2 v -

Figure 39: Decoding model for an SECCC-ID scheme §1.

The decoding model of the SECCC-ID scheme is pgettdan Figure 39. It corresponds to either onehef t
hypothetical component decoders. Random variables.) are denoted with capital letters and tleiresponding
realizations withlower case letters. Sequencesiodam variables are indicated by underlining th&he information

bit sequence ié‘i , which is interleaved and then parallel to sez@iverted. The resultant bits are denoteoQ)ythat
are then encoded to yield the coded symbol sequ%m Figure 39, and transmitted over the commuracathannel
often termed as the a priori channel 1 [26], whidres the a priori probabilities of thecodewoé‘c) as its output.
The received symbol sequence is given—YbyWhich is then fed to the SISO SECCC decoder. @ytrast, the a priori
channel 2 of Figure 39 models the a priori prolitdd A(D) constituted by the combination of the informatluits
and their interleaved version referred to as theothetical dataworaQ. The SECCC SISO decoder of Figure 39 then
computes the extrinsichit probabilities revelantioth the codeworg(c) and the dataworg( D) .

EXIT charts [11] visualize the input/output chamddtics of the constituent SECCC decoder in teoimthe

average mutual information transfer. In the contefxthe SECCC decoder of Figure 39, the EXIT chatialises the
following mutual information exchange:

1. average mutual information Q and A(D) :

1,(0)=— S 1D AD:

No i 47)
2. average mutual information & and A(C) :
1 &
1,(C) :_Z I[C\; ACII;
Ne i (48)
3. average mutual information Q andE( D) :
1
(D) :_z I[DGE(DY];
N i (49)
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E(C).

4, average mutual information & and

1.C) =Niz° 1[C E(C),
c k=1 (50)

where the number of symbols in the sequen@esand c are given byND and NC, respectively. As depicted in
Figure 40, component 1 and 2 of SECCC decoderasmeciated with four mutual information transfecsaading to
Egs. (47)—(50). Hence two three-dimensional EXITarth[20] are required for visualising the mutuaformation
transfer between the hypothetical SECCC componeabdkrs (namely for portraying each of the two otgms a
function of two inputs) and the EXIT curve of thentcbhined SECCC decoder and the soft demapper (anpub, single
output block).

S 1
|

SECCC Decoder

s ©) fea(D) |9 :

ENE Component 1 | P| T l

e, €) | 2) i |
| [ 5 D S E— !

Y _|Soft Demapper } Ie,(C) #2(D) 5] J |
(1) | Ie. (D) ? ! |

) | | |
a:(C) 1 Component 2 :P ! |
" o) @ v |

| E3 !

| Ins(D) S| !

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 40: Mutual information exchange between thehree components of an SECCC-ID scheme [27].

A(D)

Provided that a MAP decoder is used, the averagésic mutual information ofD and
as [15]:

may be computed

(D) =D H (D) -H (O, IE(D)

=log,(M;) -
O.&mNiZD: E[ZD: E(O™ )log, (E(Q" ))},

D k=1 m=1

(51)

where E(D{™) = P(D{™ | Y,V is the extrinsic probability of the hypothesizednsmitted symbolD{™, for
mO{L, .., My}, which is provided by the MAP decoder. Notice ttia first expectation 'E’ over théN, symbols
in Eq. (51) may be removed, whé¥, is sufficiently large, yielding:

(D) =log,(M )

1 Np Mp

Y. 2 E(D™)log,[E(D{™)]
D k=1 m=1 (52)

Similarly, we have [15]:

1.(C) =log, (MC>le° S E(CI™)log, [E(C™)]
Cc k=1 m=1 (53)
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where E(C{™) = P(C™ | Y V) is the extrinsic probability of the hypothesizednsmitted symbolC{™, for
mO{L, .., My}, generated by the MAP decoder aMy. is assumed to be sufficiently large.

The averagea priori mutual information of bothD and C may be modelled using the following
assumptions [28],[15]:
1. the LLRs of the bits are Gaussian distributked:fLR of a bitb, which can be either from the sequerlde
or C, is given by [29]:

z=hbtn, (54)

where the variance of the AWGN, is Ui per dimension and the equivalent ‘fading factsr’given by
h, =0%/2 [29];
2. the bits in a symbol are assumed to be indepgrdeach other and uniformly distributed: therage a priori

mutual information of a symbol sequenpe (or g), where each symboPk (or Ck) consists ofLD (or

L

I'C) bits, is P (or I'C) times the average a priori mutual informatioradfit in the symbol.

bO{b® =+, % = -1}

The average a priori mutual information of a certait denoted a: and its LLRZ
may be expressed as:
1 2 2 A m
I(b;2)=1-=) E|log, Y exp@, JE™|,
2 m=1 =1 (55)

where we haveexp(‘-P,/;’n )=p | B™) p(4 B") and the conditional Gaussian PDF is given by:
1 (z-hb’
p(z| b = eXIO( :
27 20,

(56)

while the exponent is given by:

. @2 120™-u")+ [ +|nf

20%

m,n

(57)

Note that another interpretation of Eq. (55) waggiin [29]. We have a functiorllA =10:2)= J(JA),

J(UA) being monotonically increasing and therefore itibé. Hence, at a giver|1A value we may find the

with
e J,) .

corresponding” A value from A7 Finally, one may compute the corresponding LLRugaZ from Eq. (54).

The a priori mutual information of a%D -bit symbol D is given by:

| (Dk;z(k)) = z I[b(Dk,i); Z(Dk,i)]!
= (58)

where Z([|)<) ={ 431(,1)' ey ﬁ(w} is the LLR sequence, which is related to fhe bits of D, and Z([l)<,l) is the LLR of

bD

i1y » which is thel th bit in the K th symbol D, .

The EXIT charts of self-concatenated codes are&fyi similar to those of the family of parallelrazatenated
codes [3],[15],[16], where an open EXIT tunnel ¢xig the EXIT curve does not intersect with theeliconnecting
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thepoint (IA = O, le = 0) to the point JA :1, le :1) in the EXIT chart. In [14] EXIT charts were susstully

used to compare the performance of non-binary SEE€&mes. We use the same method by finding tlesttbid
E, / Ny point by calculating the EXIT curve of the ideafidecoder components and then plotting them tegeth
the EXIT chart, as shown in Figure 44. TE@ / No value, where the two EXIT curves touch each oihi¢ermed as

the thresholdEb / Ny point denoted b)/\ , which is the point where the turbo-cliff [3] regi starts and beyond which
the EXIT tunnel becomes ’just’ open. If uncorrethtextrinsic information is available, then all dfet symbol-by-

symbol decoding trajectories will reach tl%A’l E) =11 point [11] for Eb/ Ny greater than/\. The various
coding schemes considered in this section are cteised in Table 3. They are identified by the ecodte Fi),

puncturing rate I(?z), the overall code rateR), code memory and bandwidth efficienc{/7, expressed in bit/s/Hz.

Furthermore,O denotes the number of outer iterations betweenddreapper and the decoder ahddenotes the
number of inner self-concatenated iterations. Itk codes considered in Table 3 the thresholdscalculated for

O =40 ang | =40 for the SP and Gray mapping schemes, respectiFtglly, the channel capacity lim# is

also expressed in dBs [30], as tabulated in TabfoB R =1/2 andV = 2, the generator polynomia(F =@, 5)8

is used, whereas fdf =3, G=(1315) is employed. ForF\)1 =1/3 andV =3, G=(@131517) is used. The
EXIT charts recorded for the binary SECCC-ID schemé Table 3 are shown in Figure 40, Figure 41ufgg4?
and Figure 43.

SECCC- Mapping V n AWGN Rayleigh
ID (bit/s Channel Channel
Scheme Hz)  E,I' N, (dB) E, /N, (dB)
A w N w
R, =1/2, GM 2 0.67 0.71 -0.6 1.81 1
R, =3/4, SP 0.25 1.35
R=1/3 GM 3 0.44 1.56
SP 0.5 1.55
R,=1/2, GM 2 1 1.45 0.19 3.4 1.83
R, =1/2, SP 1.0 34
R=1/2 GM | 3 1.2 3.2
SP 1.25 3.3
R,=1/2, GM 2 1.5 3.44 2 8.54 6
R,=1/3, SP 3.2 8.4
R=3/4 GM | 3 3.24 8.09
SP 3.2 8.1
R,=1/3, GM 3 0.5 0.17 -0.8 0.96 -0.2
R, =2/3, SP 0.07 0.82
R=1/4
R,=1/3, GM 3 1 1.28 0.19 3.3 1.83
R,=1/3, SP 1.23 3.4
R=1/2
R,=1/3, GM 3 1.33 2.43 15 5.95 3
R,=1/4, SP 2.37 5.7
R=2/3

Table 3: Various SECCC-ID schemes and their thresids.
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IEl(c)Y IAZ,S(C)
1 —

Ig3(C), 1a1(C)

Ig3(D), 1a2(D)

Figure 41: 3-D EXIT chart and a 'snap-shot' decodiny trajectory for R =1/2 and R,=3/4, QPSK-assisted

SECCC-ID, V=2, n=0.67bit/s/Hz at E,/ N, =1.55dB using SP mapping, for transmission over a
Rayleigh fading channel.

The mutual information exchange between the compisngf an SECCC-ID scheme is portrayed in Figure 40
which shows the SECCC-ID decoder of Figure 1 ashympthetical component decoders. The hypotheticalponent
2 of the SECCC decoder of Figure 40 receives infrot® and provides outputs for both the soft deneapmd the
hypothetical component 1 SECCC decoder of FigureHéhce we have two EXIT surfaces in Figure 41 fitst one
e, (C)

corresponding to the component 2 decoder’s avaragaal information provided for the soft demapper, while

1. (D . -
the second one corresponding tEF( ) supplied for the component 1 SECCC decoder, aarstio Figure 40. The
same procedure can be used to calculate the twd EBXfaces for the average mutual information ef¢cbmponent 1

. 1= (C .
decoder. One of the EXIT surfaces correspondsearthtual information Ez( ) provided for the soft demapper (not
used) in Figure 40. Similarly, the component 1 SEQf&coder has the other EXIT surface characteriséngverage

e, (D)

mutual information forwarded to the hypothetical component 2 SECCé&bder of Figure 40. By contrast, the

. o . 1 (C
soft demapper has a single EXIT surface charaaigrits average mutual mforma'uonEl( )
component 1 and 2 of the SECCC decoder of Figure 40

forwarded to

The scheme usingR1 =1/ 2, R, = 3/ 4, V=2 and employing the SP based Soft Demapper is stiown
Figure 41 and Figure 42. Specifically, the EXITfage marked with triangles in Figure 41 was comgtased on the

. (C . I (D I, (C
Soft Demapper’s outputEl( ) at the given E3( ) value of the component 2 SECCC Decoder aﬁo( ) of the
Soft Demapper’s abscissa values. By contrast, tdeply rising EXIT surface drawn using dotted lined-igure 41
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was computed based on the component 2 decodepsisut (C) and I (D) at the givenl , (C) value. As we

can see from Figure 41, the step-wise linear degptiajectory is computed &, / N, =1.55 dB. The symbol-by-
symbol decoding trajectory (solid line) is based tbe average mutual information of the componerSEXCCC
decoder’s output, namely okk3 (C), and it evolves within the space under the EXIfage marked with triangles but
above the EXIT surface drawn using dotted linedclwimeans that it matches the 3-D EXIT curves.

lg1(C), 1a2,3(Q) -
1 e

015 el

Ig3(D), 1a,(D) Ig2(D), 143(D)

Figure 42: 3-D EXIT chart and a 'snap-shot’ decodiny trajectory for R =1/2 and R,=3/4, QPSK-assisted

SECCC-ID, v =2, n=0.67bit/s/Hz at E ,/ N, =1.55dB using SP mapping for transmission over a
Rayleigh fading channel.

Similarly, the EXIT surface of Figure 42 spanningpri the horizontal line I[AZ(D) =0 _’1},
=0 1, (C)=0 = =11,,0©)=1
le, (D) O, 2 ©) ] to the horizontal line lAZ(D) =0 -1, 'e, (D) 1, s (©) ], represents the

first hypothetical SECCC decoder component. Sincease of SECCCs these are identical componentsnlyehave
to compute the EXIT surface of a single componentthe other is its mirror image [14]. The EXIT fawes of the two
hypothetical decoder components are plotted withehsame EXIT chart together with their correspogdiecoding
trajectory for the sake of visualizing the exchangextrinsic information between the decoders. EX&T surfaces of
the proposed scheme match exactly the decodirectaajes computed from the bit-by-bit simulations.

The 3-D EXIT surfaces of the SECCC decoder andvtiedistinct decoding trajectories - one for Seréting
solid line) and the other for Gray mapping (itergtbold solid line) based Soft Demapper - were ned for the best-
performing binary SECCC schemes operating closesiet Rayleigh channel's capacity, which are giveRigure 43.
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Each EXIT surface was calculated basedShtransmission frames, each consistingzcﬂ‘>< 10 information
bits. Each Monte-Carlo-simulation based snapshebdieg trajectory was computed based on a blockthemf

120x 10 information bits.

=1/2 R,=3/4 ,=>

In Figure 43, the scheme usinISl and employing Gray mapping acquires an

open EXIT tunnel atEb/ N =1.9 dB, when communicating over an uncorrelategldigh fading channel. For this

scheme the threshol\ is at 1.81 dB as recorded in Table 3, which isl @B away from the Rayleigh channel’s
capacity.

To calculate the threshold of a given SP mappirgptdeSECCC-ID scheme, we have to rely on 3-D EXIT
charts to analyse the mutual information excharaja gchieved, while iterating between the soft dgmea and the
decoder. This is shown in Figure 41 and Figure™ intersection of the surfaces in Figure 41 regmés the points of
convergence between the SNR-dependent soft demappkithe SNR-independent SECCC-ID decoder. At these

intersection points we have shown a solid line. 'EberespondingIEz(D) values associated with the curve of
intersection of the surfaces in Figure 41 and itsanimage are projected onto the surfaces sedfigare 42. Figure
42 also shows the Monte-Carlo-simulation based diaegotrajectory matching these EXIT curves. TheX¥¢TEcurves
are projected ontoI B (©)=0 for yielding Figure 43. The 2-D projection seenFigure 43 for the Rayleigh fading
channel has a threshold of 1.35 dB. Hence, an tvgain of 0.46 dB is attained compared to the Gragpping
performance seen in Figure 43. The uncorrelatedeRpyfading channel’s capacity is 1 dB for thisieme, hence, it
operates 0.35 dB away from capacity.

Ig2(D), 1a3(D)

Ig3(D), 1a2(D)

Figure 43: EXIT chart and two 'snap-shot’ decoding trajectories for R =1/2 and R,=3/4, QPSK-assisted

SECCC-ID, v =2, 1 = 0.67 bit/s/Hz at E, / N, =1.55 dB using SP mapping and atE, / N, =1.9 dB using
Gray mapping, for transmission over a Rayleigh fadig channel.
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Figure 44: EXIT curves of the R=1/2 and R,=3/4, ¥ =2, SECCC-ID scheme to find the corresponding
thresholds, operating over an uncorrelated Rayleiglfiading channel.

The 2-D EXIT curves recorded for the case of Raylefading channel are shown in Figure 43. These
exemplify the method of finding thresholds for tBeay mapped SECCC-ID scheme usiig™ 2, R =1/2 and
R, =3/ 4. 2-D EXIT curves have been used for the case afy@napping because there is no mutual information
exchange gain between the soft demapper and tledeledHence, the threshold can be calculated USIBGEXIT

charts for the case of Gray mapping6. We found thzeén employing the” = 2 Rsc code, all SECCC schemes
exhibited EXIT curves having similar trends to thae Figure 43, where the tunnel at the top-righner becomes
very narrow. Hence, a higher SNR was requiredHerdecoding trajectory to pass through the tunkelaresult, their

performance tends to be farther away from the chlarapacity. The threshold o"f'b / No =1.81 dB is shown in Figure
43 and in Table 3, which is 0.81 dB away from tlaylRigh fading channel’s capacity.

The interleaverﬂi of Figure 1 is used in all of the schemes considlen Table 3, which renders the
information bits, more-or-less uncorrelated. Thiginecessary requirement for the generation afratz EXIT charts,
because they require the LLRs of the informatias b be Gaussian distributed. The interleaver adtst the RSC

encoder of Figure 1, name[7yT2, randomises the coded bits before the puncturer.

®Note that it is possible to simply use the 3-D EXHart of the SECCC-ID scheme when using the
Gray mapper, without having to compute another RXDT curve for the SECCC scheme at a
given SNR or channel model.
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Appendix B The TRA-Optimized Network Capacity

B.1. Decode-and-Forward Cooperative Network Capacit

Let us now consider the capacity of the DDF-aidedperative system of Figure 13. Based on the géner
upper and lower bounds on the capacity of half-epélay systems presented in [52] and on thetfettin our DDF-

aided half-duplex relay system, the source MS ramailent during Phase IlI, when a total I6f symbols are
transmitted by the RS, we may obtain simplifiedazaty upper and lower bounds for the DDF systerhigfire 13 as:

ConplVes@) sminfal(s;y, y), al(s; ¥ +L-a)l (5 Y9}, (59)

and

CoonpVer@)Zmin{al(s;y), al(sg Y3 +L-a)1 (S; Yo}, (60)

where | (&;b) represents thaveragemutual information (MI) between the channel ing@utand the corresponding
channel outpub , while the TRA-factord is defined as:

L, __R
Ls+Lr RS+R’ (61)

since the ratio of the time duratior(st_s, Lr) used by the source and RS is inversely propoititm¢he ratio of the

channel code rate(s&, R) employed by thefn Note that the capacity upper and lower bound&®¥ and (60) are

functions of the network’s overall equivalent S\Re. yg and the TRA-factora@ of (61). The constrained

information rates ofl (S.;Y,), 1(s';Y}), 1(s,;y.) and I(S,;Y,,Y,) can be evaluated using the method

presented in [53].
harply than the former ones, as the SNR rises.

On the other hand, given a fading block s-ilé’e and aMC -ary DPSK scheme, the actual transmission rate,

R°°°p, of the cooperative system of Figure 13 is a fioncof both R and @, which may be expressed as

Rcoop( Rs’ 0') =a RST?—_:Llogz M 1

¢, where the ratio of * accounts for the modest rate-loss induced by tirvk
reference symbol of the classic differential sitinglprocess. Furthermore, in order for the RSdoadle the received
signal correctly thus avoiding the potential erppopagation, the source transmission rate shouldeb@w the non-
coherent constrained information rate of the souvetay link, thus we have:

Roop(Re@) <@ C (YD) =a IS y'). (62)

Consequently, according to (59), (60) and (62) Dbé--aided cooperative network capacity can betamits:
Coop (V2 @) =min{al(s5y), al(s; Y +@-a)1 (5 Yo}, (63)

indicating that the TRA-facto@¥ of (61) plays a crucial role in determining thewark’s capacity.

"The flexibility of code-rate-allocation may be ereliby rateless codes, for example.
#The terminology of ‘equivalent SNR’ is used herénicate the fact that it quantifies the ratio of

the transmit power and the receiver’s noise, whighmeasured at physically different poir’}é.
denotes the network’s overall equivalent SNR, hgwire following relationship with the equivalent

r— ,,0 — 2
SNRs,y: and Ve at the source and relay transmitte’fs&s:+ Ve=V.=P/ 20%.
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B.2. Optimum Time Resource Allocation for the DDysteém

~ opt
Lemma 1: The optimum TRA-factof ~ , which maximizes the achievable information rate single-relay-aided
DDF-based cooperative transmission, is given by:

ot/ 0 — 1(s; Ya)
E) S TR ) T (& 5 o
, yielding the globally maximum achievable rate of
DDF A opty — I(Sl;yl)l(érl;)yd)
C ™) = e :
Vo8 S ) =1 &)+ (55 %) 5

Proof of Lemma 1: For a given yg we can find =&  which satisfies
. _ Loy = .
al(s;; yld) +(1-a)l (éf ' yd )=al (i, yf) hence the resultant network capacity of (63) bexn
Coonp (V@) = al(S5Y )+ (A=) (5,5 Yo) = al(55 ¥). (66)
. o g <oy .
Furthermore, due to the path-loss-induced powaer, geich implies that we have M <, and owing to

the equal power allocation assumption, |l.3é._ Pf it is evident that

ICHARSICH'S} (67)
Thus, for any@ =B > 2 we have:
bl(s.; Yo) +(A=b)I (5;; V) <al (& Y)+ A-a)l (: ') (68)
which in turn results in
bl(s;; ya) +(L=b)I (s Yy ) <al (S ¥)<bl('s y) (69)

Hence, according to (63), the network capacity eissed withd = b may be expressed as:
Coop (2, 0) = bI(S's Y ) + (1= D) I(S'; V). (70)
Based on (66), (68) and (70), we arrive at:

ngg(y(;: b) < Clzc?o':p(yoe a)! if b> a (71)

On the other hand, according to (66) and (67)afer@ =C< @, we have:
cl(s,;yy) +(@-c)I(s; yy) >al( Y+ @-a) (s Y)=al(s'y) (72)
Additionally, since® < &, we have:
CI(Sls'yr)<a|(és' yr)! (73)

which in turn yieldscl (S,; Y,) + @—c)I (s ; ¥, ) >cl(&; V). Again, according to (63), the maximum achievable
information rate associated with = C may be formulated as:

Coon(V2:0) = CI(S5 Y'). 74

Consequently, by referring to (66), (73) and (Tdhecomes plausible that:
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Coemc(Ver O < Cocuc(Ve @, 1f c< a (75)

Hence, based on (71) and (75), the optimum TRAefatttat maximizes the achievable network infornmatio
t
rate is@"" =@ which can be computed with the aid of (66). Fianle arrive at:
(S + ¥a)
. ; TR
I(Ss’ylr)_l(és’ yLd)'H(gr’ yd) (76)
which in turn leads to the globally maximum achigieanetwork information rate as:

DDF ~opty — I(Sls'ylr)l(érl ’y”d)
C G = .
wop (V0 0™7) ICH AR ICHARIEC D) 77)

G2 =

This completes the proof of Lemnda
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