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EXECUTIVE SUMMARY

This report presents the cooperative communication algorithms and forwarding techniques
which were developed in work package Wmoperative Communicationsf the FP7 project
SENDORA. Initial performance results are presented, and the most suitable schemes for imple-
mentation in the SENDORA system are compared with respect to their complexity, transmis-
sion delay, and their adaptability. The results of our evaluation on how the proposed cooperative
communication and forwarding schemes improve the sensing performance will be reported in
the ®nal deliverable D5.Report on Performance Evaluatipaf this work package.

The algorithms which are reported in this deliverable focus mainly on three different aspects:
channel-coded cooperation schemes, distributed diversity schemes and space-time block cod-
ing, as well as joint source-channel coding and cross-layer forwarding techniques.

Among the presented channel-coded cooperation schemes we recommend an adaptive dis-
tributed channel coding scheme which is based on standard coding techniques like Turbo and
convolutional coding. It comprises several variants of distributed parallel and serially concate-
nated codes, and it can be effectively adapted by puncturing. The proposed scheme shows a
good performance even if adaptation is based on limited channel state information.

Among the distributed diversity and space-time block coding schemes we identi®ed two can-
didate schemes for the SENDORA system of which one scheme is as well selected for imple-
mentation on the demonstration platform. The ®rst scheme implements decode-and-forward
relaying with multiple relays, and it allows the system to bene®t from diversity gains by utiliz-
ing selection combining techniques and space-time block coding. The design takes into account
restrictions imposed by the demonstration platform, and it is therefore our candidate scheme for
cooperative communications between the cluster heads in the validation trial #2 as speci®ed in
the deliverables D7.1-4. An alternative scheme is based on the amplify-and-forward protocol
and allows the system to choose adaptively the best transmission strategy for a given channel
con®guration. It includes direct transmission, simple relaying, and distributed space-time block
coding, and it provides a good performance with low complexity.

Finally, among the joint source-channel coding and cross-layer forwarding techniques, the
bandwidth-compression mappings and combined resource allocation and routing algorithms
(combining source coding with routing) represent ef®cient techniques for sensor-measurement
forwarding. They are recommended as well as candidate schemes for the SENDORA system.
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1

INTRODUCTION

1.1 PURPOSE OF THIS DOCUMENT

This report presents the new algorithms for sensor measurement forwarding developed in this
WP. It also presents new coding, modulation and detection schemes for cooperative transmis-
sion and relaying. New schemes are related to the theoretical performance bounds presented
in D5.1, Report on Fundamental Limjteind their pros and cons are discussed in relation to
spectrum sensing. The most suitable algorithms for adopting in the SENDORA system concept
are presented.

The performance of the proposed schemes will be evaluated in this report in terms of standard
measures like bit/symbol/frame error rates and distortion. How the selected algorithms improve
the spectrum-sensing performance will be demonstrated in detail in deliverableR@p@;t on
Performance Evaluatian

1.2 RELATION TO OTHER DELIVERABLES

The work presented in this deliverable is related in the following way to previous deliverables
by other WPs:

Generally, the work in this WP underlies the assumptions which were made in deliverable
D2.1,Scenario Descriptions and System Requirements

Of special interest is furthermore the report D@\&twork Dimensioning and Protocol
Design which de®nes the wireless sensor network architecture (Section 4) and the proto-
col stack for the validation trials (Section 5).

The framework implied by the validation trials for the SENDORA system as de®ned and
speci®ed in the deliverables D7.1-3 will be taken into account as well. Especially, Trial #2
is in the scope of WP5.

Previous work of WP5 has provided us with the following results:

In deliverable D5.1Report on Fundamental Limijtsve discussed fundamental perfor-
mance bounds for cooperative transmissions and relaying. The results presented there
will serve in this report as an important reference to judge the performance of the pro-
posed cooperation schemes.

In order to be able to base the performed research on a realistic framework, deliverable
D5.4,Characterization of Communication Channedsscussed properties of the commu-
nication channels for inter-sensor communication. Rayleigh fading channels with path
loss as well as the WINNER channel models were identi®ed as suitable channel models.

The results of this report will be input to the following deliverables:
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As de®ned in Annex | of the consortium agreement, the cooperation schemes proposed
in this report will be applied to spectrum sensing in deliverable DBR&port on Per-
formance Evaluationwhere we will ultimately demonstrate the improvement in sensing
performance due to cooperative communications. The underlying simulation framework
is described in D7.5Report on Emulation/Simulation platforms

The outcomes of this report have been furthermore input to deliverable R&phrt on
WSN aided cognitive radio platform M24, which will describe the different blocks of
the platform that will be used for demonstration activities.

1.3 OUTLINE OF THIS DOCUMENT

This document is organized as follows:

Section 2 discusses the goals and limitations of cooperative communications in general and
relates them to the special requirements which result from the cognitive-radio/spectrum-sensing
application in this project. A short summary of the working assumptions, the WSN architecture
as speci®es in D6.2 as well as the Trial Scenario #2 will be provided in Section 2.2.

We start the presentation of our research results on cooperative communications with schemes
which are speci®cally designed for the three-node relay channel. We present a practical imple-
mentation of the compress-and-forward protocol which is applicable in regimes where neither
amplify-and-forward nor decode-and-forward relaying are applicable or show a good perfor-
mance. Furthermore, we discuss distributed channel coding schemes. The coding schemes
presented here are based on distributed concatenated codes with Turbo and convolutional codes
as component codes.

Section 4 reports cooperative communications schemes based on diversity techniques and
space-time codes. We present simple cooperative schemes aimed at exploiting selection di-
versity which are well suited for instantaneous and low-latency cooperation. We present our
results from an implementation of distributed space-time codes (Alamouti's code) based on
the amplify-and-forward protocol and discuss implementation aspects which are speci®c for
applications in wireless sensor networks. Furthermore near-optimal space-time codes for the
dynamic decode-and-forward protocol are designed.

Our results on cross-layer design and joint source-channel coding are summarized in Section 5.
Here we present low-complexity bandwidth-compression mappings which combine ef®ciently
data compression with channel coding. Furthermore, the joint optimization of routing and
source coding taking into account transmission costs is discussed, and ef®cient cross-layer al-
gorithms for data aggregation and forwarding are presented.

Our recommendations for the SENDORA system and the validation trials are given Section 6
based on the results of Section 3-5.
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2 PREREQUISITES

This section discusses goals and limitations of cooperative communication schemes applied to
support cooperative spectrum sensing. Furthermore, the working assumptions resulting from
the scenario de®nition in D7.1-3 and the WSN architecture from D6.2 are summarized in order
to allow a coherent treatment in this report.

2.1 GOALS AND LIMITATIONS OF COOPERATIVE COMMUNICATIONS

Relaying is an integral part of wireless sensor networks (WSNSs): in order to convey data from
one node to another, nodes in a WSN forward the data in a multi-hop fashion through the
network. Here, the performance of the network can be signi®cantly improved by allowing
cooperative communications where several nodes cooperate in transmitting/forwarding the data
as illustrated in Figure 1.

(a)
O—®—W®

Figure 1: Conventional two-hop transmission (a) versus cooperative communications (b)
with one transmitter (T), one receiver (D, destination), and one or several relays

(R).

In general, a WSN can bene®t in different ways from cooperative communications. A short
summary is given in the following.

Diversity Obviously, allowing cooperative relaying as illustrated in Figure 1(b) increases
diversity. Assuming ®xed transmission power and transmission rate, a system will gain
diversity from multiple relays in the ®rst hop since it is unlikely that all communications
links between the transmitter and the relays are in a bad state at the same time. Further-
more, assuming that more than one relay was able to decode, the relays can cooperate
to obtain transmit diversity for the second hop. In this way, the WSN will gain from an
increased reliability.

Throughput The increased reliability due to the gained diversity be can traded in order
to increase the throughput; i.e., a system which employs cooperative communications
will be able to ful®l a given reliability criterion at an increased data rate compared to a
conventional two-hop transmission. The fundamental tradeoff between rate and reliability
is characterized by the diversity/multiplexing-gain tradeoff (DMT). The DMT results for
several relaying strategies have been reported and discussed in D5.1.

Delay As another positive side effect of the increased reliability, cooperative communi-
cations can contribute to a decreased transmission delay. Due to a decreased packet-loss
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probability, the number of retransmissions of erroneously decoded packets can be re-
duced. This contributes on the one hand to an increased throughput. On the other hand it
allows to reduce the duration of the sensor-communication phase in the sensing protocol.
It leads thus to an improved agility of the overall system. The latter property is espe-
cially important in the context of spectrum sensing for cognitive radio and an important
criterion for selecting appropriate relaying and cooperation schemes in this report.

Power, Coverage, and Interference If rate and reliability requirements are ®xed, a
communications system employing cooperative transmissions will be able to meet the
requirements with reduced transmission power. A reduction in transmission power may
be desirable for example to save energy for battery-driven devices or to avoid interference
in the network. On the other hand, if transition power is kept constant, the gains from
cooperative communications can be exploited to increase the communication range and
coverage of the network.

To which extent the cooperative communication schemes are able to utilize the available re-
sources depends on several limiting factors:

Channel-State Information (CSI) Both reliability and throughput rely heavily on the
knowledge of channel-state information. For example, depending on the cooperation
strategy, the rate at the transmitter should be maximized subject to the constraint that the
relay(s) are able to decode. Obviously, the transmitter requires good CSI for the adap-
tation. Furthermore, if a direct but noisy link between the transmitter and the receiver
is available, the rate chosen by the relays should be adapted to the received information
from the direct source-destination link in order to increase the ef®ciency. Similar to incre-
mental redundancy concepts in ARQ (automatic repeat request), the direct link provides
important side information which can be utilized to increase the rate or the reliability.
Again CSl is required for the adaptation. Whether or in which resolution channel state
information is available depends on the tradeoff between the overhead for providing CSI
and its revenue.

Synchronization Depending on the chosen cooperation scheme, different levels of syn-
chronization are required. While for cooperation based on distributed channel coding
synchronization on a frame basis is suf®cient, techniques like distributed space-time cod-
ing and distributed beamforming require symbol and phase synchronization, respectively.
Obviously, the set of applicable cooperation schemes relies on the level of synchroniza-
tion of the nodes in the network.

Complexity Clearly, the processing capabilities of the sensor nodes decide about which
schemes are applicable. While for battery-operated nodes (which may be integrated in
the user equipment) only low-complexity schemes based on, e.g., linear processing of
the received signals are applicable, dedicated sensors may as well be able to decode the
signal and apply more advanced processing.
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2.2 COOPERATIVE COMMUNICATIONS IN THE SENDORA SYSTEM
2.2.1 WSN ARCHITECTURE AND COOPERATIVE COMMUNICATIONS

There are two main network architectures:

1. Centralized, i.e., sensors report directly to the fusion center (probably in a multi-hop
fashion), or sensors are even connected directly to the backhaul.

2. The network is split into clusters; cluster heads take local decisions and exchange aggre-
gated information with other clusters.

In these two scenarios cooperative communication techniques may be applied in the following
ways:

1. In the centralized scenario,

improving rate and reliability of multi-hop transmissions by cooperative relaying.

increasing the ef®ciency in terms of throughput by applying data aggregation and
distributed source coding.

2. In the decentralized scenario,

cooperative communications from sensors to the cluster head.
cooperative relaying between cluster heads.

2.2.2 SYSTEM RESOURCES AND WORKING ASSUMPTIONS

In the following we give a short summary on the working assumptions underlying the work of
this project.

Transmitter In the network, nodes (source, destination and relay), which represent sensors,
have all the same characteristics.

We assume that they operate at the carrier frequéney2:5 GHz, use a 10 kHz transmission
bandwidth (according to deliverable D2.1 speci®cations) and a transmission power of 20 mW.
Nodes are equipped with a single omni-directional antenna with an antenn@ gaihdBi.

Receiver The thermal noise power at the receiie(in dBm) is given by the following equa-
tion:
Nogg= (K T)gg+ Bas+ Fus

where K is the Boltzmann constanfl the ambient temperature in KelvifK T)4g =

174 dBm/Hz B the bandwidth de®ned in the previous section andrtreceiver noise factor.
Assuming a receiver noise factor of 7 dB, this leads to a receiver thermal noise power level of
-127 dBm (i.e. 199 10 16W). Receivers use a single omni-directional antenna with an antenna
gainG= 0dBi.
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Wireless radio channel In this study, we consider a propagation model described as below:

Slow fading: The signal power is attenuated (slow fading) by a factor called path loss, the
expression of which, in dB, is given by the Winner C2 (urban macro cell) non-line-of-sight
model:

f
PLde A Ioglo(d)"' B+ C |0g10 %

with A= 3574,B= 4261,C= 23 and for 5cn d 5000m, wherec is the speed of light,
f the carrier frequency in GHz, and thedistance inrm between the two nodes. The path loss
attenuation coef®cient used in the channel model is de®ned as

PL= 10Ptes=20;

Fast fading: The fast fading term is modelled by a non-correlated and quasi-static Rayleigh
process with unit variance, in the form of a complex multiplicative Gaussian procegish
h=rel9= h+ jhg.

As shown in Figure 2, each data symbol transmitted by the source is thus modi®ed by a channel
transfer coef®cient (slow and fast fading) and an additive complex Gaussian noise correspond-
ing to the receiver thermal noise. lts variance?s= N=2, whereN is the receiver noise power.

Channel coherence bandwidtiChannel transfer coef®cients are considered as invari-
able over a bandwidth corresponding to the channel coherence bandwidth, which is of-
ten de®ned as the inverse of the maximum channel delay spread. Considering a typical
maximum delay spread of 2 s in urban macro cell environment, leading to a coherence
bandwidth of about 500 kHz. As sensors communicate in a 10 kHz bandwidth the chan-
nel coherence bandwidth is much larger than the communication bandwidth so that we
assume a single channel transfer coef®cient for the communication between sensors.

Channel coherence timeThe channel coherence time is the measure of the duration

over which the channel impulse response does not change noticeably. It is related to the
carrier frequency and the relative velocity between transmitter and receiver. For a carrier
frequency of 2.5 GHz and urban static sensors, the coherence time is about 0.12 s, which
is greater than the frame duration used. Therefore, we assume that the channel remains
constant during one frame.

h

PL fast fading, 2
slow fading,  complex multiplicative A‘?dmv_e comp o
e teal T Gaussian Noise
symbaol
(QPSK) Data symbol +
Noise
X X + »

Figure 2: Channel modeling.
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2.2.3 COOPERATIVE COMMUNICATIONS IN TRIAL SCENARIO #2

Overview Cooperative-communication techniques are applied in the demonstration Sce-

nario #2 as de®ned in D7.1 and D7.2. In summary, we have two clusters with cluster heads
CH 1 and CH 2. The nodes in cluster 2 perform spectrum sensing; sensing data of the con-
nected nodes are collected by CH 2 and forwarded to CH 1 which is connected to a fusion
center. CH 1 consults the fusion center, allocates frequencies for cognitive communications,
and returns this information to CH 2. The nodes in cluster 2 start broadband communications
utilizing the resources allocated by CH 1.

In this scenario it is assumed that CH 1 lies outside the communication range of CH 2 (and vice
versa). Cooperative communications are used to transmit the sensing data from CH 2to CH 1
utilizing the relays R 1 and R 2 as shown in Fig. 3.

Figure 3: Cooperative communications in Scenario #2 of the validation trial de®nition
(simpli®ed).

Cooperative communications will be carried out in two phases, as shown in Fig. 4. In a ®rst
phase, CH 2 broadcasts the sensing data to the relays R 1 and R 2. In the second phase the
relays cooperate in forwarding the sensing data to CH 1. In this scenario, we assume that the
relays do not have any individual sensing data which have to be forwarded. The sensing data of
the relays are already included in the sensing data from CH 2.

Phase 1 Phase 2
CH 2 CH1

Figure 4: Cooperative communication protocol in two phases.

Limitations Due to the hardware implementation, the candidate schemes underly several lim-
itations and restrictions. An overview is given in the following:

full channel-state information at the receiver (CSI-R) and limited channel-state informa-
tion at the transmitter (CSI-T);

no direct link between the cluster heads;

no or only very limited interaction between the relays;
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adaptation based on long-term statistics (e.g., average SNR);
only decode-and-forward relaying;

only standard signaling, no superposition coding.
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3 CoDED COOPERATIVE SCHEMES FOR THE THREE-NODE RE-
LAY CHANNEL

In this section, we discuss cooperative communication schemes for the three-node relay channel
where a dedicated relay assists the transmission between a source node and a destination node.
We focus on implementation aspects of the compress-and-forward (CF) and discuss decode-
and-forward (DF) relaying based on distributed channel coding.

The cooperation schemes presented in the following and the underlying transmission model
(the orthogonal three-node relay channel with half-duplex constraint) are relevant for the

SENDORA system and can be applied in different scenarios. If they are applied to multi-hop

transmissions, the proposed schemes can be utilized

to increase the communication range and thus to reduce the number of hops,
to increase the reliability, or

to increase the throughput.

The proposed schemes can further be extended to the multiple-relay case which is discussed in
Section 4.

In the following, we will give a brief overview over the most relevant schemes from the literature
and present new schemes which were developed within the SENDORA project. The main
contributions are

an implementation of compress-and-forward relaying based on joint source-channel cod-
ing techniques [1],

an analysis of the optimal relay structure for the noisy decode-and-forward case [2],
a new distributed coding scheme based on serially concatenated codes [3], and

an adaptive distributed coding scheme based on generalized concatenated codes [4, 5].

We start our discussion with an overview over the underlying system model and a summary
of related work from the literature. After this we present the contributions of this section as
outlined above.

3.1 OVERVIEW
3.1.1 ORTHOGONAL THREE-NODE RELAY CHANNEL WITH HALF-DUPLEX CONSTRAINT

General Transmission Model The work in this section is based on the transmission scheme
which is depicted in Figure 5. It shows a general model for the orthogonal three-node relay
channel with half-duplex constraint; i.e., the relay cannot transmit and receive simultaneously,
and the channels from the source to the destination and from the relay to the destination are
using orthogonal resources.
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(a) (b)

Decoding,
Interleaving,

Source

YF\‘D

SISO
DecoderGs —®;> DecoderGr
E
g

Destinatio

Figure 5: Orthogonal three-node relay channel with half-duplex constraint: (a) general
model and (b) speci®c realization for decode-and-forward relaying.

The considered communication scheme implies a communication protocol with 2 phases: in
the ®rst phase, the source node encodes a léhgifermation bit vectoB (B 2 f 0;1g) by a
codewordCs (Cs 2 f 0;1g) using the channel encod€k. The BPSK modulated symbols

(Xs2f +1; 1g) are then transmitted to the relay and the destination simultaneously. At the
end of the ®rst phase the relay processes the received ¥ignalf a compress-and-forward
strategy is chosen, the relay performs lossy source coding, possibly considering the fact that
the destination has side information available provided by the noisy observéagipof Xs.

In this case, the codewobdr from the relay is a channel encoded version of the compressed
representation o¥sr If decode-and-forward relaying is applied (see Figure 5(b)), the relay
decodes, interleaves the message from the source node with an inteplgéteequired), and
re-encodes it with the codg in order to form its codeworX .

In the second phase, the BPSK symbol ved{aris transmitted from the relay to the desti-
nation while the source node stays silent. Based on the noisy observétgrendY rp the
receiver ®nally decodes the transmitted message, possibly with iterative decoding between the
component decoders of the distributed code which may have been constructed in the case of
decode-and-forward relaying.

Channel Parameters Throughout this section, the communication channels are realized with
binary-input additive white Gaussian noise (BI-AWGN) channels or frequency- at Rayleigh
block-fading channels which were identi®ed in deliverable [Ehdracterization of Commu-
nication Channelsas appropriate channel models for the SENDORA system. The average
signal-to-noise ratios (SNRs) for the source-relay (SR), the source-destination (SD), and the
relay-destination (RD) links are denoted2¥Ryr, SNRyp, andSNRkp, respectively.

Improved Transmission Model Note that the performance of the system can be further im-
proved if we allow the source to transmit as well during the second phase by using the same
resources as the relay (i.e., the same carrier frequency in the case of frequency-division multiple
access or the same time slot in the case of time-division multiple access). The following two
cases are possible:

1. Assuming error-free DF relaying, the source node and the relay could cooperate in con-

veying the codewor&gr from the relay. Depending on the synchronization of the nodes
and the available channel state information at the transmitters this can be achieved by us-
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ing distributed space-time coding as described in Section 4 or by using distributed beam-
forming techniques.

2. Alternatively, if, e.g., synchronization and the available channel state information at the
transmitters do not allow for such cooperation or if the relay fails to decode and applies
a CF strategy, the source could transmit a new message encoded with a low-rate code
(adapted to the SNR on the direct link) given that the code chosen from the relay can cope
with the additional interference from the source. Decoding in this case can be performed
by successive decoding.

In this section, we do not take into account the aforementioned extensions of the transmission
system since

1. the design principles for the proposed schemes do not cheamye

2. the requirements for synchronization or complexity constraints make them often infeasi-
ble for practical networks.

3.1.2 RELATED WORK

In order to summarize the state-of-the-art, we give in the following an overview over the related
literature dealing with the implementation of compress-and-forward relaying and decode-and-
forward relaying.

COMPRESS-AND-FORWARD RELAYING

Several implementations of CF have been proposed in the literature. They can roughly be
divided into two groups depending on the strategy adopted at the relay as illustrated in Figure 6.

Type-1 Schemes The ®rst group is represented by Figure 6(a). Relays in this class apply
some lossy compression technique (e.g. quantization) directly to their obserVaormhe
resulting signalY g is further processed in order to perform lossless compression, protect it
from errors in the channel, etc. The receiver, using both its observatignsnd Y rp, tries

to regenerat& o and combines this reconstruction optimally witlp prior to decoding. The
ultimate performance of this method relies essentially on two things. The ability of the relay to
introduce as little distortion as possible in the lossy compression stage and the use of appropriate
techniques to exploit the side information contained #p (i.e. Wyner-Ziv coding [6]) in order

to reduce the data rate. Moreover, both aspects are clearly coupled: small distortions are only
possible if redundancy is fully exploited and the signhal-to-noise ratio (SNR) on the RD link is
high enough. For poor RD links reducing the distortion will require from bandwidth expansion.
An example in this class for non-orthogonal transmissions from the source and the relay is
presented in [7].

INote that cooperation as suggested above can be modeled by the general framework in Figure 5 by drawing
SNRkp from an appropriate distribution.
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a) Relay based on observation compression.

XRr
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Relay

b) Relay based on LLR compression.

Figure 6: Relaying alternatives.

Type-2 Schemes On the other hand, relay implementations belonging to the second group
(see Figure 6(b)) ®rst perform channel decoding using some soft-input/soft-output (SISO) al-
gorithm to obtain log-likelihood ratios (LLRs) on the information hiifg) = log(p(B(k) =
1jYsr=p(B(k) = 0jYsR). These LLRs are real numbers and need to be discretized using lossy
compression methods if a digital modulation is to be used over the RD link. Examples falling
in this group are [8] and [9]. The main advantage of this relaying scheme is that by decoding,
compression is implicitly performed. For example, if the source is using a channel code with
rateRs = 1=M for everyM channel observations only one LLR is generated. If both communi-
cation phases consist of the same number of channel uses each LLR can be discretizéd using
bits. For low code rates unnoticeable distortions can be obtained without incurring in bandwidth
expansion.

Discussion With increasing capacity on the RD link only algorithms in the ®rst group can
approach the performance of a distributed antenna system (DAS) in which the receiver has
access to botlysp andYrp. The reason for this is that, even under the assumption of high
capacity RD link, algorithms based on processing the LLRs would only provide these LLRs
(with some negligible distortion) to the receiver. Decoders from [8] and [9] use the LLRs as side
information resulting in a performance loss with respect to the optimal performance. Relaying
schemes based on compressiorYegk directly could convey the observation under the high-
capacity RD link assumption. This would allow the decoder to combine both observations
optimally and achieve the same performance of a DAS.

From the discussion above it is clear that the performance of CF algorithms is highly dependent
on the rate-distortion tradeoff in the relay design. The lower the distortion the larger the bit
rate required on the RD link and vice versa. Moreover, whenever the RD link has a low SNR,
reduction of distortion leads inexorably to a larger bandwidth requirement. The potential of CF
with bandwidth expansion (BE) in cellular networks has been recently pointed out in [10].
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DECODE-AND-FORWARD RELAYING

In the following, we concentrate on implementations of DF relaying which are based on dis-
tributed channel codes. We can categorize research in this area into mainly two directions,
coding schemes based on Turbo and convolutional codes and coding schemes based on LDPC
and sparse-graph codes.

Distributed Coding based on Turbo and Convolutional Codes The ®rst class of distributed
channel coding schemes aims at constructing a distributed Turbo (or more generally a dis-
tributed parallel concatenated) code with the help of one or possibly more relays. In order to
do so, each relay decodes the codeword which is transmitted during the ®rst phase, permutes
the recovered information vector with an interleaver and re-encodes it by employing a compo-
nent encoder of the underlying (multiple) Turbo code. Figure 7 illustrates this procedure and
highlights the connection to a conventional (multiple) Turbo code.

. B

Turbo
Decoder

Source : ’Decode@RSCP
’ J

Relay Destination

]Decodek@—{ RSCP
J

Relay

Figure 7: Similarities between parallel concatenated codes (a) and distributed channel cod-
ing with multiple relays (b).

In [11], the authors proposed distributed Turbo codes (DTC) under the assumption of error-free
relaying. Here, the distributed Turbo code is constructed by employing recursive systematic
convolutional (RSC) codes both at the transmitter and the relay. A similar concept was proposed
in [12] in the context of cooperative communications where two sources with own messages are
supporting each other by relaying each other's messages. Several distributed Turbo coding
strategies were proposed in [13]. Different cases are considered where the transmitter and the
relay either use RSC or Turbo codes or combinations of both. Code adaptation was performed
by puncturing, and the achieved rates were compared to theoretical limits.

In general, distributed channel coding schemes rely on an error-free relay; i.e., the code has
to be designed in such a way that the relay can decode successfully with high probability. An
attempt to relax this constraint was made in [14, 15, 16, 17]. In [14, 15], the authors introduced
a new coded cooperation scheme called soft decode-and-forward relaying. The idea is that
the relay performs soft decoding and generagmosteriori probabilities of the transmitted
symbols. Thesa posteriori probabilities are then utilized to compute soft bits for the re-
encoded symbols at the relay which are then forwarded to the receiver. Code design for this
strategy was addressed, e.g., in [16]. An alternative approach was proposed in [17]. Here,
the decode-and-forward protocol was extended to the case where the decoding errors at the
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relay were allowed. The authors in [17] developed as a main contribution an optimal decoding
strategy for the receiver for this case.

Distributed Coding based on LDPC Codes The most sophisticated coding schemes which
were recently proposed in the literature (see e.g. [18, 19, 20]) are based on low-density parity-
check (LDPC) codes. While for instance distributed Turbo codes are often treated as static
schemes (i.e., the code parameters are not adapted to the channel conditions), LDPC code
designs are usually adapted to a particular combination of channel SNRs on the links of the
three-node relay channel.

The design of optimal LDPC codes for the channel model considered in this section can be
summarized as follows. In a ®rst step, an LDPC code is designed which is capacity achiev-
ing/approaching on the source-relay link. The relay decodes and generates additional par-
ity check symbols which are transmitted to the destination by using another capacity achiev-
ing/approaching code for the relay-destination link. Together with the check matrix of the
LDPC code employed by the transmitter, the additional check nodes form the check matrix of
a low-rate LDPC code which has to be designed such that it is capacity achieving/approaching
over the direct channel. An example for the Tanner graph of such a two-edge-type LDPC code
is illustrated in Figure 8.

Channel observations from the direct link

RREG

Edge Permutation

éééééééééééé

Check nodes of the Additional parity checks

initial LDPC code generated by the relay
from the transmitter

Figure 8: Tanner graph for a two-edge-type LDPC code.

Decoding at the receiver is accordingly carried out in two steps. First, the message from the
relay is decoded in order to obtain the additional check symbols. In a second step the codeword
received on the direct link is decoded taking into account both the check matrix from the initial
code and the additional parity checks generated by the relay.

Generally, the design for LDPC codes for the three-node relay channel is very elegant. However,
it has the drawback that it cannot easily be adapted to variations in the transmission environment
since this would imply a redesign of the degree distributions of the codes. For this reason, LDPC

codes are not considered as candidate schemes for the SENDORA system.
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3.2 IMPLEMENTATION OF CF RELAYING USING JOINT SOURCE-CHANNEL
CODING TECHNIQUES

We propose a new type-1 CF relaying scheme based on lossy compression of the relay obser-
vation. Its operation is based on symbol-wise joint source-channel coding (JSCC) and requires
iterative decoding. As stated before, the signal resulting from quantizing the obser¥ation

is correlated withY sp. Conventional CF schemes make use of distributed source coding tools
to eliminate this super uous information and then perform channel coding to combat errors
on the RD link by introducing controlled redundancy. Instead of this, we propose to keep the
redundancy due to the correlation and process it properly so that the decoder can exploit it in
combination withY sp to combat the effect of noise on the RD link.

Our work focuses on scenarios where the SNR on the RD link is low to moderate so that digital
transmission outperforms analog methods (i.e. CF as opposed to amplify-and-forward, AF).
This situation can for example occur in the SENDORA system if a relay is selected which has
a large distance to the fusion center or which is in a deep fade. We make use of bandwidth
extension (BE) and low order modulation at the relay (i.e. BPSK). The system to be presented
here works of course with higher SNR and larger constellations that avoid the necessity for
BE. However, under these conditions AF shows usually good performance, making it hard to
motivate the use of computationally more complex techniques such as iterative decoding in
order to obtain only marginal gains.

In the following, we describe the implementation of the relay, the decoding steps at the receiver,
and discuss the results of our performance evaluation (see as well [1]).

3.2.1 JOINT SOURCE-CHANNEL CODING AT THE RELAY

The relay node, depicted in Figure 9, consists of two stages here nansediras codeand
channel codeseparated by an interleaver (denoteg asthe ®gures). The ®rst one implements

a scalar quantizer (SQ) witim bits which uses a redundant index mapping to obtain good
distance properties, allowing for iterative decoding [21]. To realize this we concatenate the SQ
with an outer block codeC,, with rateR, = ﬁ < 1. The second stage presents an inner code

C; with rateR, concatenated with a puncturer. This is used to remove unnecessary redundancy,
adapting the rate to the channel conditions on the RD link. Alternatively, one could choose to
reduce the amount of data to be transmitted frafoits/sample tq}H(YQjYSD). The resulting

data rate would be controlled by choosing a puncturing Ratevhich would have to satisfy

QORC'F&E; %H(YQjYSD) for givenR;, R, andm with the channel capacit@rp on the RD link.
However, in this case it would be necessary to add new redundancy to mitigate the effects of the
errors on the RD link.

Yaq

SQ Co Ci P unct:

Y SR X R
Source code Channel code

Relay

Figure 9: Relay structure.
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3.2.2 INFORMATION COMBINING AT THE DESTINATION

The destination (see Figure 10), using both its observatfagigsand Y rp, tries to regenerate
Yo with iterative decoding as described below. Once the estifgtbas been formed, it is
optimally combined withY sp and then used to decode the information BsGiven the two

independent observatiols, andY sp their optimal combinatiorll$F is simply the addition of
the corresponding LLRs (information combining, IC),

LGP = LY+ L§P @)
where each vector component is
LG = LY+ L§P ®)
with
p(YoiXs=+ 1)
NE log ———~———= 3)
v pP(YoiXs= 1)

andL$P de®ned similarly. Equations (1) and (2) are justi®ed by the fact#aandY sp are
conditionally independent giveXs; i.e. we have

P(Yq; YspiXs) = p(YsoiXs)p(YqiXs), (4)

or by assuming memoryless channels

P(Yq; YspjXs) = p(YspjXs) P(YqiXs)- )
YSDY SISOC, G SISOC —YYRD
AO_.
l% )
—(c)— sIsoc; ———
Destination

Figure 10: Receiver structure at the destination.

3.2.3 ITERATIVE DECODING AT THE DESTINATION

To describe the decoding process at the destination it is necessary to take into account that the
output of the SQ has three equivalent representations. It can be identi®ed as a sequence of
reconstruction point¥ g = [ Yo(0) Yo(1):::] or as a sequence of cell indices (i.e. a vector of
integers) =[Jo J1 :::]. Alternatively, it can be represented by a sequence ofuoitgth each

cell number represented by bits using some unambiguous mapping (e.g. Gray, binary, etc.).
Thatis,Yo(n) Jn Un=[UnoUnz1:::Unm 1]. Inthe latter case the representation takes also
into account the redundancy added@y
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Decoding at the destination is performed in an iterative fashion as shown in Figure 10. Initially
the SISO decoder fdZ; generates extrinsic informatiddE on the bitsU with no a priori infor-

mation coming from the other decoder [22]. These extrinsic LLRs are de-interleaved and used
by the SISO decoder f&, asa priori information. Using this information and the observation

Y sp the decoder generates extrinsic informatighon the bitsU that will allow the SISO de-
coder forC; to start a new iteration. Success in decoding relies on extracting appropriately the
information about) contained inY sp. For this purpose the optimal processing is to calculate

thea posterioriLLRs as
!

83 Une=1 P(njYspiLh)

Lopt — IO - -
Unik g &3, Up=0oP(InjYspiLe)

(6)

where J! Upx=0%and&! Unk = 1° denote the indiced such that the mapping used has

bit U, equal to 0 or 1 respectively. However, the presence of the Cgdé the source on the

one hand, and the interleaver and thennel codet the relay on the other hand generates a
statistical dependency betwed Y sp andL, that makes computation of (6) unfeasible due to

its high complexity.

We introduce a suboptimal algorithm that works on a symbol-by-symbol basis disregarding
partially the statistical dependency betwggnY sp andLi. This assumption is reinforced by

the channel conditions for CF (low SNRs) and the presence of a SQ at the relay node which
operates on a sample-by-sample basis. In each iteration our suboptimal dec@deydnerates

the extrinsic information as [22]

LS=Ly Lk (7

AssumingJ, Uy resulting from the application of the SQ afy to the observatioiYsy(n)

we have
1

&3 Upye 1 P(njYsp(n); LE(N))
a Jn! Unk=0 p(JanSD(n) L Ie( n))

(8)

Luny = log

whereL () is a vector containing the extrinsic valugs | ::: L. ]associated to thil bits
Un corresponding to the quantization4g(n), Yo(n). The elements in the summation can be
expressed as

P(Inj Yso(n); LE(N) = (1: P(3n) P(Ysp(M)jdn) P(LE(N)jIn) )
with
_ M1 M_ 1 eun;kl-ien;k
pLe(Mjdn) = O p(Le,iUnikd= O ——— (10)
k=0 k=0 1+ e ®nk

wherec is a normalization constant that cancels out in the expression of the LLR. Equation (9)
results by assuming conditional independencésg{n) andL 5(n) givenJ,. Information about
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indexJ, present inYsp(n) corresponds to the second factor in (9) and can be expressed as

POYsolidh) = 5 & P¥oolr)idn X9 (11
f Xsg

= & PIYso(iX9 PnXS) POXS (12
fXsy

= T POYsoNiXS) PRXS). (13
fXsg

The summations run over all possible transmitted values (elgior BPSK). Againc®andc®

are normalization constants that have no effect in (8). Equation (12) comes from the conditional
independence of the observations given the transmitted symbol and,tisatietermined by
Ysr(n) and the quantizer design. Equation (13) is obtained under the assumption of equally
likely transmitted symbols from the source.

As described before both decoders exchange extrinsic information on the bits rather than on
the indices. It is worth remarking that different bit mappings yield different behaviors and per-
formances of the SIS@G, component block during iterative decoding. The effects of different
mappings can be predicted using their EXIT functions [23]. The mapping to be used remains as
a degree of freedom for the designer and should be chosen following design criteria for iterative
decoding (see e.g. [24]).

3.2.4 PERFORMANCE EVALUATION

We present here the results from a series of simulations in order to evaluate the performance of
the proposed scheme. We compare our results to the following reference systems and perfor-
mance bounds:

non-cooperative transmission;
amplify-and-forward (AF) relaying with bandwidth-expansion factorsBfEL,; 2g;
performance bound for type-2 CF schemes with optimal relay-destination link;

performance bound given by a distributed antenna system (DAS) with noiseless links
between the receive antennas (i.e., the receiver has perfect knowledgg) of

Simulation Setup All systems implement resolution-constrained SQ designed to minimize
the distortion of the reconstruction using the Lloyd algorithm [25]. The parameters of the joint
source-channel coding scheme are obtained following the design principles based on EXIT
charts [24]. Binary mapping for SQ outputs is used in all simulations, and the redundant index
mapping is generated using a single parity-check codé,asC; corresponds to a recursive
convolutional code with rat® = 1 and generator polynomiéB=7)g. The interleaver between
source and channel codes at the relay is chosen randomly. The additional bits added by the
relay are removed using pseudo-random puncturing with the random seed known to both relay
and destination. Source messages consist bub@orm i.i.d. bits protected with a recursive
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systematic convolutional code with generator polynom(ial=5)s. For fairness in comparison
between AF and the other schemes, the transmit power at the relay for AF is scaled by a factor
of BE. For simplicity only positive integers are considered here as bandwidth expansion factors
(BE = b denotes a bandwidth expansion factobpf

Simulation Results Figure 11 presents the overall communication bit error rate (BER)
Pr(Bn) 6 B(n)) for ®xed SNRs on the source-relay and relay-destination linkssgNR dB

and SNRp = 5:1 dB, respectively, over the SNR on the source-destination link. Three real-
izations of our system appear in the plot implementing 1-bit, 2-bit, and 3-bit SQ respectively.
That is, no bandwidth expansion is required in the ®rst case=(REwhile two/three-times

the bandwidth is required for the second one @BE2;3g). The schemes are optimized for
SNRsp= 1 dB and SNRp= 2:5 dB respectively.

o~

-~
~
=~
=~

~~~~~
~-,
-~

*Nolcooperation
' 'DAS
107 K Bound!for!type 2!CF
[| = % = AFI(BE=1)
f| =—B— Proposed!CF!(1!bits)
[| = © - AFI(BE=2)
[ | —#— Proposed!CF!(2!bits)
H =€ - AFI(BE=3)
——— Proposed!CF!(3!bits)
I I

1 | L
0 0.5 1 1.5 2 2.5 3 3.5 4
SNRg  (dB)

Figure 11: BER performance comparison.

From this ®gure we can see that our system outperforms AF for a ®xed BE factor. Moreover, our
system requires less bandwidth to achieve the same performance than AF. That is, roughly we
have B BEar+ 1. We also see that our proposed CF scheme forBEapproaches the

best achievable performance for the systems presented in [8] and [9]. This is the performance
obtained when decodingsp using the LLRs on the information bits obtained frofgar as a

priori information. To achieve this performance these systems would reQriyé ¥. For a
bandwidth expansion factor of BE 2 we see that our system yields a gain of 1 dB over the CF
schemes from [8] and [9] and aroun¥B dB over AF with the same BE. This is due to the fact
that for low and medium values of the SNR on the RD link, analog techniques perform worse
than digital ones.

Figure 12 compares the effect of bandwidth increase on our proposed scheme and on other
alternatives. The scenario depicted here corresponds to cooperation between two users with
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Figure 12: Effect of bandwidth expansion

observations of the same quality (SBHR= SNRsp = 3 dB). In this case the RD link has
SNRzp = 5:5 dB and without cooperation we have BER4:4 10 3. For the size-constrained
SQs considered here this is only optimal for BE3. This means that the gap to AF is even
larger under the appropriate channel conditions.

3.2.5 SUMMARY OF THE MAIN CONTRIBUTION

We have presented a new practical implementation of CF. Our scheme quantizes directly the
observation from the source symbols instead of quantizing a measure on the reliability of the
information bits. Moreover, our implementation uses the redundancy left in the quantized signal
as protection against channel errors in the relay-to-destination channel rather than eliminating
it.

Our system is designed to allow for user cooperation in the cases when neither DF nor AF
fully exploit the presence of a relay node. That is, the system exhibits its best performance
when the quality of both source-to-relay and relay-to-destination channels is low or moderate.
This scenario is relevant for the SENDORA system in the situation where the selected relay
is located far away from the receiver and the transmitter or experiences a deep fade. Under
these circumstances the proposed combination of an algorithm which does not require from
decoding at the relay, and the use of a digital modulation outperforms the above stated alterna-
tives. Furthermore, our system in combination with bandwidth expansion in the second phase
of the transmission improves communication performance, reducing the error rates to those of
distributed antenna systems.
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3.3 DISTRIBUTED CODES OVER NOISY RELAYS

Distributed channel coding for the case where the relay is not able to correctly decode was ad-
dressed by several authors [14, 15, 16, 17]. Analyzing the noisy-relay case and especially code
design for this scenario is an attempt to make the DF protocol more exible against varying
channel conditions and to adapt decode-and-forward strategies towards compress-and-forward
and estimate-and-forward schemes in order to extend the range of application and release con-
straints from the relay. Accordingly, research in this direction lies in a grey-zone between the
different forwarding strategies.

In the following, we will provide the optimal re-encoding strategies for the noisy-relay case and
review feasible approximations of it. We will discuss optimal iterative decoding at the receiver
taking decoding errors at the relay into account and explain its implications on code design. The
work summarized here is relevant for the SENDORA system since it contributes to increase the
robustness of the cooperative transmission schemes. It was published in [2], and we focus on
the transmission system depicted in Figure 5(b).

3.3.1 RE-ENCODING STRATEGIES FOR NOISY RELAYS

OPTIMAL SOFT AND HARD RE-ENCODING
Let in the followingXg’"' denote thé-th code symbol of the relay's code wox§™ when the
source-relay link is error free, i.eX3™ = Gr(p(B)).

In the general case where the source-relay link is not error free, the optimal re-encoding can
be interpreted as a decoding problem where the relay proagesterioriLLRs on the code
symboIsXRiOIOt based on the noisy observationsviggrand taking into account the interleayer
and the cod€X, at the relay:

!
PrOSRy™ =+ 1jYsR)
Pr%ey™ = 1jYsR)

L(X™) = log

The derivation of the LLR&(XRiOpt) requires knowledge of the posterioriprobability (APP)
Pr(XRiO'Ot = Xj Y sr which can be obtained by a marginalization of the APEBRr bjY sg) over
all hypotheses for the information wokd

o

PrOGRY™ = xijYsR) = a Pr(B = bjYsR);
b with x;2 Gr(p(b))

taking again into account the interleayeand the coddXk. The relay can now forward the
LLRs using an appropriate relaying functidf:). The transmitted symbolsg at the relay are
then given by 4
Xe=b f LX)

with the normalization factob such that the power constraint Xrg = Pr for the relay is
matched. Table 2 gives a few examples f¢1) for important relaying protocols.

2The indexi is omitted in the following for convenience.
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| Protocol 0|

Amplify and forward X
Decode and forward| sign(x)

Estimate and forward tanh(x=2)

Table 2: Relaying protocols and relaying functions.

The re-encoding strategy discussed in this paragraph is optimal in the sense that the LLRs
L(Xr’™) are a suf@cient statistics for the optimal code symkgf§’; i.e., no information is lost

due to the re-encoding. However, the calculation of the APEB PrbjY sR) is not feasible; for
practical implementations approximations are needed.

SOFT DECODE-AND-FORWARD (SDF) PROTOCOL WITH SOFT RE-ENCODING

An ef®cient approximation of the optimal soft re-encoding strategy can be obtained as shown
in Figure 13 and as suggested in [15, 14]. The same structure as in_the conventional decode-
and-forward protocol is used. However, instead of re-encoding estifatashe source bits

B LLRs L(B) are passed through the interleaver to a soft-input/soft-output (SISO) re-encoder.
It can be realized by another SISO decoder (e.g. [26] in the case Whésea convolutional

code), and it provides estimatéex3™) on the desiree posterioriLLRs L(X3™).

L(B) L(B9 LX)

Y sr X R
= SISO .( ) - SISO - Ry
DecoderG Re-Encodefx 19

Figure 13: Soft decoding and approximative soft re-encoding at the relay for the soft
decode-and-forward strategy.

Again, the obtained soft values are mapped to the channel by considering an appropriate re-
laying functionf(:) (see e.g. Table 2) and a normalization fadiaccounting for the power
constraint EX,%g = PR at the relay. For decoding, the iterative decoder as shown in Figure 5

is usually applied in a straightforward manner which has however not been proved to be the
optimal strategy.

NoiIsy DECODE-AND-FORWARD (NDF)

Another simple approximation of the optimal re-encoding procedure was recently presented in
[17]. Here, the relay employs the conventional DF protocol as shown in Figure 14, however, ig-
noring the fact that the decoded bits at the réfayay not be equal to the originally transmitted
source bitB.

While the encoding process remains the same in the noisy DF case, the iterative decoder has
to be modi®ed. Since the information Hsnd their estimateB\are unequal with probability
Pr(B6& B) = p, thea priori information provided by the one decoder to the other is limited
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MAP ,() » Re-Encode -
" | DecoderG G

Figure 14: Noisy decode-and-forward ignoring decoding errors at the relay.

by I(B;E§~5 = 1 h(p). Accordingly, we have a decoding setup which is more similar to the
joint decoding of correlated sources (as e.g. in the Slepian-Wolf problem), and the component
decoders are coupled via the transition probabilities

P(éBo=b)= Pee=big = 1 P ITOR

We can take this into account by extending the component decoder in Figure 5 which is asso-
ciated withGg as depicted in Figure 15. Here, the LLRE®) for the noisy estimateB\are
converted into the LLR4(B) for the actual information biB (and vice versa) by &miter
functionlp(:), considering the transition probabilities(B= B}B= b) and P¢(B= bjB= §). For
LLRsL; andL, and forLp:= log((1 p)=p), the input-output relatioh, = (L) of the limiter
functionlp(:) is given by

(1 p) exp(+Li=2)+ p expl Li=2)
p exp(+ L= +(1 p) exp( Li=2)
1+ exp(j Li+ Lpj)
1+ exp(j L Lp)

Lo = log

sign(Li) min(jLij;jLpj) + log

Note thatlp(:) is a monotonically increasing function. Since the second term tends to zero
whenevejLij j Lpj, Ip(:) limits the absolute value of the input LLRs o).

Y ro SISO

DecoderGg

Figure 15: Modi®ed component decoder at the destination for the noisy decode-and-
forward protocol.

3.3.2 IMPLICATIONS FOR THE CODE DESIGN

We start our discussion with a summary of known results before we present the results of our
analysis.

Page 31/127



Project: SENDORA Deliv. ref.: D5.2

EC contract: 216076 Deliv. title: Report on Algorithm Development
Deliv. version: 1.0
Submission date: 11.01.2010

SUMMARY OF KNOWN RESULTS

Distributed coding schemes over noisy relays have been previously analyzed in [16] for the
case where the relay employs the sDF strategy with soft re-encoding. The authors show that the
channel cod€s at the source node should be realized by a Turbo code. The authors point out
furthermore that re-encoding at the relay should be limited to non-recursive codes. This is due
to the fact that in the case of recursive codes, the estimates on theﬁ(h@%t) will fade out

with an increasing number of encoded bits (see [16] for details). The solution suggested in [16]
is to use an uncoded transmission of the LLURB) with the estimate-and-forward protocol.

One may hence interpret the resulting coding scheme rather as a relay-assisted Turbo code than
as a distributed coding scheme. It is shown to outperform the design proposed in [14] which is
based on a recursive convolutional cddgat the source node and a non-recursive convolutional
codeCk at the relay.

DESIGN TRADEOFFS FOR Cg

In [27], the authors motivate that codes which show a good performance even if they cannot be
correctly decoded, may lead to an improved code design for noisy relay channels. And in fact,
a code design which

1. maximizes the information available at the relay if convergence cannot be achieved, and

2. leads to a low convergence threshold close to the theoretical limits at the same time

would be desirable in this case.

Inspired by this, our analysis focuses on two different choices for the channelGeaatethe
source. Both codes are rate2lcodes which are implemented as Turbo cdd@he ®rst code

CéHigh) provides the relay with a relatively high amount of mutual informati@@ L(B)) when

convergence of the iterative decoder cannot be achieved. The seconﬂ‘(sb?)‘@eprovides a
low amount of information if decoding does not succeed. The threshold in termag=hf
for convergence without additional priori knowledge for transmissions over a BI-AWGN

channel is given byr (-2 2:17 dB for C&*" and by T 1:54 dB for (M7,

0 apri 0 apri
Clearly, dj"“o is the better code for point-to-point communications. The EXIT cA4@a8]

for C(SHigh) andCéLOW) for a transmission over a BI-AWGN channel parameterized by its input-
output mutual informatiom(X;Y) are given in Figure 16(a).

Let us now assume that the source uSesor its transmission. Assume furthermore that the
source-destination link is parameterizedlgy = 1(Xs; Ysp) and that we similarly haviesgr=
I(Xs;YsRp for the source-relay channel. The mutual informati¢B;L(B)) at the output of

the SISO decoder at the relay is then giver @& L(B)) = Iéf(’)tr(OjISR) since the relay has no

3For details on the code parametersdf'®” and ", we refer the reader to [2].

4Extrinsic information characteristics (EXIT charts) describe the input/output behavior of a soft decoder in
terms of mutual information; the EXIT functida(laprijlch) gives the mutual information between the extrinsic
output of the decodeE and the corresponding it at the encoder as a function of the mutual informatigsp
andlq, provided by thea priori input A and the channel observatidnirespectively.
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Figure 16: EXIT function for the codesC{''¥" (solid lines, (a)) andC{"® (dashed
lines, (a)) transmitted over a BI-AWGN channel wittX;Y) 2 f 0:1;0:3; 0:5g
bit/channel use and EXIT chart analysis for different realization§oin (b)
and (c) for the noisy decode-and-forward strategy.

additionala priori information available. In the EXIT chart shown in Figure 16(a), this value
corresponds to the intersection of the EXIT function withxkexis. On the other hand, we can
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de®ne a convergence thresh&dd(Isp) for the decoder 0€s at the destination as

n (0]
Ta(Isp) == minarg 1 (ijlsp)= 1 (14)

It gives the amount of information which has to be at least provided by the decoder associated
with the relay in order to achieve convergence for the overall code. In Figure 16(a), this value
corresponds to the intersection between the EXIT function ang-éhes.

For a given rate pailsg Isp the codeCs has to be selected such that the relay gets enough in-
formation to make the code for the source-destination link convergdéi){q—;(.OjISR) > Tey(Isp)

has to be ful®lled. From Figure 16(a) we conclude howeverl@ﬁa(tOjISR) andTg(Isp) are
coupled due to code properties; i.e., increasing the one will increase the other. Selecting a good

code will hence mean to ®nd a good tradeoff betwéfé,mOjISR) andTg(Isp).

Let us now focus on the case where the relay employs the nDF strategy. One cantsitdie
mutual information (B; B) (see e.g. Figure 14) is given as

s I
1

2 15(OllsR)

= g1$)(0ilsR)

(15)

I(B;E‘:):l hp ;erfc

I }

Here,h,(:) denotes the binary entropy function, ahdi(1) = s? gives the relation between the
input-output mutual informatioh of a BI-AWGN channel and its varianee [28]. With (14)
and (15) we can now formulate a necessary condition which has to be ful®lggityprder to
enable convergence for a given rate pai I sp:

1(B;B) = q(1$h(0ilsR) > Tox(Isp) (16)

MATCHING CR

For simplicity we consider here the case where the channels between source and relay and
source and destination have the same paramigigrsisp. IS()”(OJISR) andTg,(Isp) can then be
obtained from the same EXIT function. For demonstration purpose we chgigsésp= 0:475

bit per channel use. The resulting values K8;L(B)) and!(B;B) are included for the two
codesC-*" andC{™"" in the Figures 16(b) and (c), respectively.

The Figures 16(b) and (c) illustrate the behavior of different rate-1 cGdes the relay when

the nDF strategy is employed. As expected the maximum amount of extrinsic information
is limited to I1(B;B). Accordingly, the typical behavirof the recursive code€5=7)g and
(13=15)g cannot be observed any longer. FB; B) < 1, the EXIT functions are more similar to

those of non-recursive codes as a comparison to the non-recursive non-systematic convolutional
(NNC) code(3)g shows. We can see furthermore that depending on the valug¢B:®) and

Irp either the one or the other may be the better choice.

5e.g. under a Gaussian assumption for the LLKB)
8In contrast to non-recursive codes the EXIT charts of recursive codes achieve the point (1,1) for perfect de-
coding at the relay (i.e. fdB = B).
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For comparison purpose, the EXIT functions for the uncoded sDF strategy as suggested in [16]
are included as well. Note that this implementation of sDF is actually optimal in the sense that
the generated soft output at the relay is a suf®cient statistics for the transmitted information bits.
The comparison visualizes as well the loss of information due to the hard-decision decoding at
the relay.

Based on the EXIT chart analysis, one may now predict that a distributed coding scheme using
the uncoded sDF strategy will outperform the coded nDF schemes. Furthermore, we can expect

that schemes based @H "9 will outperform those which are based %LOW).

3.3.3 NUMERICAL RESULTS

In order to verify the predicted behavior of the distributed codes from the previous section,
we present numerical results obtained by Monte Carlo simulations. All channels are realized

by BI-AWGN channels. The channel parametBesNy for the source-relay and the source-

destination channel are equal (i.Es,:N((,SF§ = ES:N((,SD)) and the parameteES:Nc()RD) for the

relay-destination link is set to the ®xed vaEgeN(()RD) = 0 dB. The block length i& = 10000
information bits per block. Figure 17 shows the bit error rate (BER) over the channel parameters

Es=N{®P = E=NESP,

103~ &™), RSC, nD&F
——c"9") NNC, sD&F
—=—c"9"), uncoded, sD&F
10" - -, NNC, nD&F
-v-c") NNC, sD&F
-\- Cé"m"’ ) uncoded, sD&F

5
10
4 3.5 3
Es=NS® = E¢=N{®P) [dB] !

D

Figure 17: Bit error rate (BER) versus the channel parameEg.nSJ\l((,SFa = ES=N(()S ) for

several combinations dfs andGs and ES:N(SRD) = 0dB.

Based on Figure 17 we can ®rst conclude that the Céﬂigh) which is designed to increase
the reliability of the relay in the case when it is not able to decode correctly, outperforms the

code(?éLOW), which provides a lower amount of information compare(ﬁﬁi”gh). The best

performance is achieved by the coded nDF scheme Lﬁ?ﬁﬁ'&h) and the recursive convolutional
codeCr = ( 13=15)g at the relay. A similarly good performance is shown by the uncoded sDF
scheme. However, the performance is worse than predicted in the previous section. We suspect
that the performance loss is due to the mismatch of the LL{gpjXR) at the output of the
relay-destination channel (see Remark 4 in [2]) which prevents the decod&yffom correctly
interpreting and fully exploiting the side information provided by the relay. A further loss can

Page 35/127



Project: SENDORA Deliv. ref.: D5.2

EC contract: 216076 Deliv. title: Report on Algorithm Development
Deliv. version: 1.0
Submission date: 11.01.2010

be observed for the channel coded sDF schemes using the NNC3)gd€his loss is due to the
soft re-encoding which reduces information. The loss in the mutual informb(t)(mxgpt) for
the codg 3)g can be quanti®ed by the bounds on information combining provided by Theorem 3

in [29].

3.3.4 SUMMARY OF THE MAIN CONTRIBUTION

We have discussed optimal forwarding and re-encoding strategies for the noisy relay case, re-
viewed its approximations proposed in the literature, and discussed optimal decoding at the
receiver taking into account decoding errors at the relay. For the noisy decode-and-forward
protocol and the soft decode-and-forward protocol we have furthermore provided an analysis of
the code design. It shows that the performance can be in uenced by the code properties of the
code at the transmitter: in cases where the relay cannot decode, it is actually bene®cial to em-
ploy a weaker code which provides the relay with more information due to its weaker distance
properties (as compared to a strong code).

3.4 DISTRIBUTED SERIALLY CONCATENATED CODES

In this section, we present a new distributed coding scheme (DSCC), distributed serially con-
catenated codes, which was developed in this project and which is an attempt to complement
the research in this ®eld which mainly focuses on parallel concatenated codes.

3.4.1 ENCODING

As shown in Figure 5(b), the source encodes the informatiorBoitith the codeCs. It serves

as the outer encoder of the DSCC. The relay performs SISO decoding based on the channel
observationY sgand generates a hard-decision estin@n the code bit€. Then@is inter-

leaved and encoded with the coGgwhich acts as the inner encoder. The situation is illustrated

in Figure 18.

B

Y sr D d " XR
SR | Deco erm Encoder |5
G &R

Figure 18: Coding at the relay for distributed serially concatenated codes.

If the source-relay link is error free, the code construction resulting from the encoding at the
relay turns out to be a standard serially concatenated code (SCC). Meanwhile, the direct link
from the source to the destination also contributes to the cooperative transmission. Hence, we
refer to the whole structure as a distributed serially concatenated code.

3.4.2 ITERATIVE DECODING

At the destination, some modi®cations of the iterative decoder are necessary compared to the
conventional decoder. The modi®ed decoder for decoding distributed serially concatenated
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codes is shown in Figure 19 under the assumption of an error-fre€ relay

Yeo | SISO |= -0 SISO | g
——»| Decoder -y Decoder —»

Cr LCOE—Ask S

Y sp

Figure 19: Iterative decoder for distributed serially concatenated codes &ndY sr are
represented as LLRS).

The inner SISO decoder (for decodifig) produces the extrinsic informatidfr in a conven-
tional manner by subtracting the priori vector Ag from the LLRsSL(CY of the interleaved
outer code biteCO at the relay. It therefore exploits the channel observatigp and thea

priori informationARg. After being de-interleaved, the extrinsic informatiBp is fed into the
outer decoder as the priori information Ag (for decodingGs). The outer decoder exploits
additionally the noisy observatioyisp of the codewordX s which is received via the source-
destination linR. At the end of an iteration the interleaved version of the extrinsic information
Esis returned as priori informationAg to the inner decoder for decodifigy. Obviously, the

main innovation compared to conventional SCC decoding lies in the utilization of the channel
observatiorY gp by the outer decoder.

Figure 19 shows one possible variant for how to fégg into the decoding process. Note
that Ygp is included in this case directly in the extrinsic vecks. Alternatively, Ysp may

be combined withAr and fed into the decoder associated with the relay. Depending on the
decoding schedule, the one or the other strategy may be bene®cial.

3.4.3 PERFORMANCE EVALUATION AND COMPARISON

Simulation Setup and Reference SystemsWe realize the DSCCs in our analysis with differ-

ent combinations of component codes. We consider the case where for encoding at the source
node a rate-1/2 recursive systematic convolutional (RSC) code with the generator polynomials
(1;,5=7)g is punctured to the rateg, = 2=3. This code is combined at the relay with a rate-1 re-
cursive convolutional codg=7)g resulting in an overall code raR= 1=3. This coding scheme

is referred to as DSCC in the following. As a special case of distributed serially concatenated
codes we realize a distributed hybrid concatenated code (DHCC) where a rate-2/3 Turbo code
is used as the outer encoder at the source node, and a rate-1 inner encoder is considered at
the relay. The Turbo code is based on the rate-1/2 Turbo code with the generator polynomials
Gs=(4=7;5=7)g, and it is obtained by puncturing every second bit of the component encoder
(5=7)s. At the relay, the rate-13)g non-recursive convolutional code is employed. For a full
analysis of the convergence properties of the decoders of considered DSCCs and a discussion
of code design aspects, we refer the interested reader to [3].

For comparison purpose we consider a DTC implemented by the rate-1/2 recursive convolu-
tional code(1;5=7)g at the source node and the rate-1 RSC o@d#&)g at the relay. We also

“For the noisy relay-case, a modi®ed decoder using a limiter function as explained in Figure 15 has to be
employed.
8Note thatXs is a BPSK-modulated version 6f.
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consider an alternative code design which was shown in [16] to be bene®cial for transmissions
over block-fading channels with a noisy relay. At the source node, the rate-1/2 Turbo code with
generator polynomial€s = ( 4=7;5=7)g is employed. After decoding, the relay forwards in an
estimate-and-forward fashion the soft information for the systematic bits directly without fur-
ther re-encoding (i.eCr = 1). We refer to this code construction as relay-assisted Turbo code
(RATC).

In order to allow a fair comparison we parameterize the communication channels between the
source, relay, and destination nodesHgyNp, with the energy per information symbigj,. For

the normalization on the source-relay and the source-destination links we consider the code rate
Rg, of the code employed by the source node; to ensure that the relay spends the same energy
for transmittingXr in all cases we use the effective ri&&ede®ned as the number of information

bits encoded by the codewokk per channel use. For the coding schemes speci®ed above we
haveR?scc= R3pcc = 2=3 andR2;¢ = 1. We consider a block length of 10000 information

bits.

Simulation Results Figure 20(a) and (b) show the BER performance of the considered dis-
tributed coding schemes ovég=Nog, for the AWGN channel withE,=Nogp = Ep=Nogpt+ 3 dB

for perfect (noise-free) relaying in Figure 20(a) and for the noisy-relay case in Figure 20(b).
While for the results in Figure 20(a) the source-relay link is noise-free, Wg,sdhsz= 0:5dB

for the noisy-relay case. In this case the extended iterative decoder discussed in the previous
Section 3.4.2 is applied.

In the perfect relay case in Figure 20(a), the RATC outperforms the other schemes at low SNRs.
With increasing SNRs, the distributed codes start bene®tting from the iterative decoding while
the RATC does not. The DSCC and the DTC are superior to the DHCC as predicted in analysis
provided in [3]. However at higher SNRs, an error oor becomes visible for the DTC while
none can be observed for the DSCC and the DHCC.

With noisy relaying in Figure 20(b), the DHCC clearly outperforms the DTC, DSCC, and the

RATC. Especially, the DTC and DSCC suffer from the weaker protection of the source-relay
link. For the RATC, we can observe a relatively high error oor which is greatly reduced for

the DHCC due to its hybrid structure.

Finally, the frame error rate (FER) for the Rayleigh block-fading channel with noisy relaying
can be observed in Figure 20(c). TBg=Nogg on the source-relay link is ®xed to be 15 dB

and the relay-destination link is set to be 5 dB better than the source-destination link. A mod-
erate block length of 1000 bits is suf®cient in this setup since the FER performance is mainly
dominated by outage events. As the results show, the schemes which employ Turbo codes at
the source node outperform those with RSC codes. At high SNRs, the DHCC is superior to the
RATC which may be seen as a consequence of better distance properties of the DHCC and the
high error oor of the RATC.

3.4.4 SUMMARY OF THE MAIN CONTRIBUTION

In this section, we have introduced a new class of distributed channel atidegjuted se-
rially concatenated codewhich include distributed hybrid concatenated codes as a special
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Figure 20: Bit error rate (BER) performance with error-free relaying (a) and noisy relaying
(b) for the AWGN channel; frame error rate (FER) performance with noisy

relaying for t

he Rayleigh block-fading channel (c).

case. Compared to schemes suggested in the literature (like distributed Turbo codes or relay-
assisted Turbo codes) distributed serially concatenated codes lead to an improved error- oor
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performance which is important to reduce the number of lost frames in a digital communication
scheme. They lead furthermore to an improved robustness in the noisy-relay case.

3.5 ADAPTIVE DISTRIBUTED CODING

Both the distributed Turbo codes and distributed serially concatenated codes were introduced
and discussed in the previous sections as static schemes which have a ®xed rate and a ®xed
transmission schedule. It is obvious that they can only lead to an optimal performance in few
special cases.

Motivated by this, we proposed in [4], new distributed channel codes which can by design easily
be adapted to a wide range of transmission scenarios. They are based on standard components
like Turbo and convolutional codes and adaptation is performed by puncturing. As shown in [5],

a good performance is obtained even if adaptation is based on limited channel state information.
The proposed distributed code design is therefore relevant for the SENDORA system since it is
feasible and leads to an ef®cient utilization of the resources.

In the following, we will outline the code structure of the adaptive distributed codes, describe
the decoder structure, and provide an analysis which leads to our code design. In our code
design, we consider two cases: the optimal case where perfect channel-state information (CSI)
is available and the case where only limited CSl is available.

3.5.1 CODE STRUCTURE AND PROPERTIES
STRUCTURE oF G

The structure of5s is depicted in Figure 21. The encoding of vedBois realized in three steps

by a Turbo code, a puncturer, and a multiplexer. We choose the Turbddsedel; 4=7;5=7)g

as the mother code since it allows successful decoding without transmitting systematic bits,
which is a desirable property especially if the code is adapted to high rates.

C
B r
T A a(O) -
P M
— cs
RSC (4=7)s T i a(1) - U |—»
) |
( .? | I’ X
RSC (5=7)s —7 a(2) >
Turbo code Pa

Figure 21: Code structure at the source.

To adapt the code to different channel conditions, we employ the pundRiewhich

treats puncturing of the systematic bits and the two vectors of parity bits separately. Here,
we consider random puncturing which is characterized by a permeability végter
[da(0);da(1);:::;da(m);:::;da(M 1)]. The elemendy(m) (0 da(m) 1) is the perme-
ability of the m-th input vector to the puncturer, and it is de®ned as the ratio of the number of
remaining bits and the length of the input sequence. Hdre, 3 because the Turbo code has
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three outputs. Random puncturing is chosen for the ease of design and implementation. The
puncturing patterns are assumed to be known at the receiver sides.

The remaining systematic bits and the remaining parity bits are ®nally multiplexed and trans-
mitted to the relay and the destination simultaneously.

STRUCTURE oF (R

In Figure 22, we show the decoder f@k and the encoder structure @k at the relay. The
decoded codewor@ is put into the punctureP, which has a similar structure &&. The
multiplexed punctured code vectGp is after interleaving encoded with(&; 3)g non-recursive
systematic convolutional (NSC) code. The shape of this NSC's EXIT functions match well
with the Turbo code we use at the source as we have shown in [3]. After re-encoding, the
resulting codeword is punctured B and multiplexed, and the BPSK-modulated code vector
XRr is transmitted to the destination.

¢
3 b(0) > Cp

§ —>OL O " | cq

DEC

b Y

Iy
I
I
(|

NSC (3) [ ()|l

Vo
V7 M 6™

NSC Pc

Py

Figure 22: Code structure at the relay.

OnceP; is determined at the sourcle, andP; need to be jointly designed so that the rate of
the relay code is maximized while the destination is able to successfully decode the information
vectorB.

RATE AND OVERALL STRUCTURE

The overall rate of the system and the rates of the component codes are calculated as follows.
For bothGs and G, we use effective rates which are de®ned as the number of information bits
encoded byKs or Xg per channel use, i.e., we have

1
= ——— and
s = g nda(m)
1
= : 17
RG = amdb(m &l &)
The overall rate of the system follows as
Roverall = : (18)
VAT & mda(m) + & (M) & 0c(n)
1
-1, 1
R ' Ro:
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Under the assumption of optimal DF relaying, i.e., no error occurs at the relay, the adaptive dis-
tributed code we propose is equivalent to the structure shown in Figure 23. This is a generalized
concatenated code which comprises both the parallel and the serial cabgs.[If;0; 0], the

overall code is a multiple parallel concatenation (multiple Turbo cod&; # Dy, the proposed
scheme turns into a serially concatenated code as discussed in [3].

|
|
|
------------------------ e
|
|

Figure 23: Equivalent structure when the source-relay link is error-free.

3.5.2 ITERATIVE DECODING

The modi®ed iterative decoder for this generalized code is depicted in Figure 24. Itis an exten-
sion of the decoder depicted in Figure 19. Here de-punctufhd)is obtained by inserting
zero-value LLRs in the punctured positions according to the puncturing pattern. We refer to
the iterative decoding between the NSC and the Turbo code as the outer decoding and to the
iterations within the Turbo code as inner decoding. The decoding schedule is similar to the
schedule described in Section 3.4.2 for the distributed serially concatenated codes.

ARr(Cp) Es(C) Ls(c)
- Py [«—®
Y ko SISO ° "X SISO B
— p(!: 1 > NSC _ - Turbo  [—»
Decoder Y ] \ Decoder
&—(o )P, * o—
Lr(Cp) ERr(Cp) As(C)
Ysp o
a

Figure 24: Iterative decoding for the adaptive distributed channel code.

3.5.3 GENERAL DESIGN ASPECTS

In the following, we give a brief discussion on the impact of the puncturers. The analysis is
based on extrinsic information transfer characteristics (EXIT charts, see e.g. [28]) and considers
a speci®c scenario which is introduced in the following. In our code design, we ®rst adjust the
parameters oP, of the mother code ofs and jointly determind?, andP; in a second step in

order to make the best use of the cooperation between the source and the relay.

SETUP

In order to demonstrate the optimization of the proposed system, we place the relay on a straight
line between the source and the destination. The source-destination distance is normalized to
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1 and we usal (0< d < 1) to represent the distance between the source and the relay. Then
SNRRr= SNRp d 2 andSNRyp= SNRp (1 d) 2. The path-loss coef®cieatequals to

2, and theSNRypis set to beEszNOSDz 5 dB. The length of the information bits at the source
isK = 10;000.

OPTIMIZATION OF Py

The optimization ofCs aims essentially at ®nding a good code for the point-to-point transmis-
sion from the source to the relay; i.e., we adjust the parametétggaf that the two RSCs in the
mother code ofs can get the best matched EXIT functions. This problem has been previously
addressed in numerous works. We therefore omit the EXIT charts analysis of this ®rst step.

ImPACT OF P, anD P

OnceP; is determined, the design &} andP; involves two aspects: identifying which type
of bits lead to desirable properties and allocating the permeability such that the overall rate is
maximized while decodability is maintained.

In Figure 25(a), we demonstrate the impact of different types of bits on the EXIT charts for
the case where the relay is positioneddat 0:2 and the ratéRg, is ®xed. For demonstra-

tion purpose, we choode, = [0;1;0] and ®x the sum of the permeability coef®cients to be
amdp(M) = 2, 8,dc(n) = 1. We obtain thus the rateg, = 0:5. The EXIT functions of the
Turbo code (solid lines) and the NSC code (dashed lines) are measured in terms of extrinsic
information onCp and are plotted with different permeability allocatidisandD;. Note that

the shape of the EXIT functions of the NSC code relies onl{pgwhile the EXIT functions of

the Turbo code are parameterized solel\Dgy

() (b)

08}
c=[0;1]
. =[0:3,07] }.—"— _

9 0.6f et LA
Zw LR - - -
- - -

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
INSC = |Jubo INSC = | Tubo

Figure 25: In (a), effect of permeability allocations on EXIT functions for ®gggd,(m) =
2 and& ,d¢(n) = 1;in (b), maximizing the rate by varyind,(0) 6 0,d:(1) 6 O
for D, =[dp(0);0;0] andD; = [ 0; dc(1)].
As we can see for the Turbo code, the permeability allocdlipdetermines the starting point
and the shape of the EXIT function. Figure 25(a) includes as well the extremeDgase
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[1;1;0] in which the Turbo code is degraded to an RSC code. For the NSC, we can change
the slope of the EXIT functions by varying the number of remaining systematic bits and parity
bits in D.. Here, increasing the portion of systematic higé0) leads to at EXIT curves with

a comparably high amount of extrinsic information fQ‘rSC: 0 while steeper EXIT function

with low extrinsic information foil NSC= 0 are obtained if the parity bits dominate to codeword.

The task of minimizing the number of bits transmitted from the relay is illustrated in Fig-
ure 25(b). For the relay positicsh= 0:7, D3 =[0;1;1], Dy =[dp(0);0;0], Dc = [0;dc(1)], the
EXIT functions for differentd,(0) 6 O are plotted with the solid curves. Similarly, for the NSC
we vary the value ofl;(1) 6 0 and plot its EXIT functions with the dashed curves. The goal
of the design is to minimize the produdi(0) d.(1) under the constraint that an open EXIT
tunnel is maintained.

RESULTS FOR THE OPTIMIZATION FOR PERFECT CSI

As an example, the results of the optimization for the scenario described above is shown in
Table 3. The table shows the obtained permeability ve®grBy,, andD. for different positions

of the relayd. The resulting code&; have been veri®ed to be quasi error-free (i.e. bit error rate
BER 10 °) at the relay for the listed relay positions and within 1 dB of the capacity limit.
For a detailed discussion we refer to [4].

Table 3: Permeability vectors obtained from EXIT charts.

d Da Dy Dec
01| [0;1;0] [1,0;1] [0:58;0:42]
0:2| [0;1;0] [1;0;1] [0:47,0:38]
0:3 | [0;1;0:04 [1;0;1] [0:4;0:3]
0:4 | [0;1;0:17] | [0:9;0;0:15] [0;1]
0:5 | [0;1;0:37] [1;0;0] [0;0:81]
0:6 | [0;1;0:62] | [0:95;0;0] [0;0:63]
0:7 | [0;1;,0:94] | [0:9;0;0] [0;0:5]
0:8 | [0:7;1;1] | [O;0:5;0:5] [0;0:25]

3.5.4 ADAPTIVE CODING WITH LIMITED CSI

The parameters presented in the previous section are obtained assuming that perfect channel
state information is available. Since this is not a realistic assumption in practice, we discuss the
design for the special case, where only limited CSl is available. We start with de®ning a simple
protocol which allows to distribute the CSI among the nodes and which explains how the code
adaptation is carried out in a distributed manner.

REPRESENTATION OF THE CSI

We partition the coding scheme into several operation modes both at the source and at the relay.
At the source, we give a limited set of realization®gfand allocate an indel for each of the
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realizations. Throughout this paper we assume that all indices, which are used to represent the
modes of the communication system, are represented in limited resolution by a limited number
of bits.

The channel quality of the direct link plays an important role in the mode selection at the relay.
Thus, we divide the whole possible region3ifl R;p into several subregions and assign to each
subregion an indek,,. For each realization df,, we have a set of modes indexed IRy to
de®ne whiclDy, and D. should be applied at the relay node. This choice depends highly on
SNR:p. The available CSl is hence represented by the indigeb,, andly;. How the CSl is
exchanged is discussed in the following.

SIGNALING PROTOCOL

In the initialization stage of a conversation from the source to the destination, a signaling pro-
tocol is needed. The following procedure is an example of the signaling, which is used to
exchange the CSl in form of the indickg, |y, andly; among the three nodes.

1. The source broadcasts a probe signal which reaches the relay and destination indepen-
dently. Both the relay and the destination measiid&yrandSNR;p respectively based
on their received signals.

2. Based orBNRsr the relay decides which, the source should apply. The indgx rep-
resentingD; is broadcasted to both the source and the destination. Notg{atludes
a case wher&NRsrdoes not allow any successful decoding at the relay. For that case,
the source will drop the current relay node, choose another one and go back to step 1.

3. We assume that the transmission,ffrom the relay is suf®ciently protected such that it
can be correctly decoded at both the source and the destination. In this case the destina-
tion can furthermore estimat@NRp based on the received message. Base8MRp
and SNRkp, the destination generatgg andly, and transmits them to the relay. The
combination ofly, andly, is also used to indicate the case when the whole system is in
outage, and the transmission has to be abandoned.

When the signaling is completed, the source transmits its information with the code indicated
by lx. The relay locates the correspondibgandDc in a look-up table with the indicdg, and
Ix; from step 3 and then applies them for its transmission to the destination.

MODE PARTITIONING FOR G

In the DF protocolSNRsris the only parameter which determines the choicBpfTherefore,
we can partition the operating modes@f based orD; and thus based cBNRr Assuming
that a number of_g bits is allowed to represeri,, the number of operating modes 552
Figure 26 shows an example for a possible mode partitioningder 3. For each mode, the
codeCs with the correspondin®s is always decodable for all tHeN Rygvalues situated within
that mode or above.
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Figure 26: An example of mode partition dfs.

MODE PARTITIONING FOR (R

The partitioning forCs involvesly, andly,, and the choice oby, is mainly decided byd,. For
simplicity, we only employ three realizations Bf,, which leads to three typical overall code
structures.

1. WhenD;, leads to a high-rate code dominated by the code bits generated by the component
RSC encodef4=7)g (e.g., Mode 0, 1, 2 in Figure 26), we chod3g¢=[ 1;0; 1] to provide
the missing part of the mother code by the relay.

2. WhenGs is similar to a non-systematic Turbo code (e.g., Mode 3, 4, 5), we keep at
the relay only the systematic bits from the codeword of the source and clipcse
[1;0;0]. This systematic vector is re-encoded by the NSC code, and an overall multiple-
concatenated Turbo code is constructed.

3. WhenGsis a complete Turbo code, i.; =[ 1;1; 1], we construct a distributed serially
concatenated code by settiBg=[0; 1; 1].

The quality of the source-destination li®NRp is an important parameter in the design, which
affects the EXIT function of the Turbo decoder together vilghandDy,. At the destination we
divide the possiblNRsp region into 20 subregions, wherkp is the number of bits for the
indexly,.

For a givenly,, the EXIT function of the Turbo decoder is determined witgnand Dy are
known. We can now adjufd. aiming at well-matched EXIT charts for differeBNRkp esti-

mated at the destination. The EXIT charts should present an open tunnel for all the possible
values ofSNRsp represented by the givdg,. The choice oD; together withD, is represented

by lxg-

Since the full table of all modes is dif®cult to present, we give an extract of the different modes
for the casd.s= Lr= 3 bits in Table 4. We assume thBt=Nogp = 5 dB, and move the

relay from positiond = 0:1 tod = 0:9. The ®xedBNRp selectdy, representing the interval

Page 46/127



Project: SENDORA Deliv. ref.: D5.2

EC contract: 216076 Deliv. title: Report on Algorithm Development
Deliv. version: 1.0
Submission date: 11.01.2010

Table 4: Permeability vectors faBNRyp= 5 dB.

Mode Index ofDy Da Dy Dc
Mode O [0;1;Q] [1;0;1] | [0:57;0:51]
Mode 1 [0;1;0:09 | [1;0;1] | [0:48;0:45]
Mode 2 [0;1;0:20] | [1;0;1] | [0:38;0:32]
Mode 3 [0;1;0:40Q | [1;0;0] [0;0:95]
Mode 4 [0;1;0:65 | [1;0;0] [0;0:65]
Mode 5 [0;1;1] [1;0;0] [0;0:45]
Mode 6 [1;1;1] [0;1;1] [0;0:1]
Mode 7 “Failure' | “Failure' | “Failure'

SNRp2 [ 5; 4:5] dB, and while moving the relay, different realizationslgf andly; are
triggered. The corresponding permeability vectors are given in Table 4, and the results have
been veri®ed to be quasi error-free (i.e., bit error BE® 10 °) at the destination. Several
examples of EXIT charts with these parameters are furthermore plotted in Figure 27. When
SNRp takes other values in that subregion, the tunnels between the EXIT functions will be
even wider and will lead to a better performance.
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Figure 27: EXIT charts with parameters in Table 4.

3.5.5 PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed code design. We compare the
achieved rates to the theoretical bounds and achievable rates of important reference systems
and discuss the adaptability.
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SIMULATION SETUP

For the performance evaluation we consider again the setup from above, where the relay is po-
sitioned at a relative distanakon a line between transmitter and the receiver. The path-loss
coef®cient equals to 2, and the length of the information bits at the sour€e=isL0; 000. For
comparison, we include results for the distributed Turbo code, the distributed serially concate-
nated code (DSCC), and a conventional two-hop relaying scheme. The DTC we refer to is the
traditional implementation by the rate-1/2 RSC c¢ilgb=7)g at the source and the rate-1 RSC
(5=7)g at the relay. The DSCC is realized with a rate-2/3 Turbo code as the outer encoder at the
source and a rate-1 NSC as the inner encoder at the relay. Note that for both the static DTC and
the static DSCC, the overall rate is3 The ultimate performance limits given by the highest
achievable rate under DF relaying are given as well (see e.g. Begort on Fundamental
Limits).

ACHIEVABLE RATE

In Figure 28, we plot the overall rates obtained for the adaptive system with perfect CSI and
with limited CSI over the source-relay distand¢@ [0:1;0:9]. The signal-to-noise ratio on the
direct link is given bySNRp= 5dBin (a) andSNRp= 2 dB in (b). The different modes
which are used by the scheme with limited CSI are indicated as well.
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Figure 28: Achievable rate compared to theoretical limits and reference systems: (a)
SNRp= 54dB, (b)SNRp= 2dB.

For both cases, we only plot the positions where the coding schemes allow successful decoding
(i.e.,BER 10 °)atthe destination. We can see that both the DTC and the DSCC have a narrow
range of application. The scheme based on limited CSI shows the same applicable region as the
one with perfect CSI, and it obviously outperforms the DTC and the DSCC in both coverage
and achievable rate. Compared to the full-CSI case some rate is however sacri®ced due to the
decreased precision of the channel-state information, but the overall rate still exceeds the rate
of the two-hop transmission with practical adaptive codes by 25% to 50% for different relay
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positions. The full-CSI scheme ®nally shows a decent performance compared to the upper
bound given by the highest achievable rate.

Note that the performance of the proposed designs can be further improved if we increase the
number of bits for representing the mode indices (and thus increasing the resolution of the
CSl), or by using more sophisticated irregular designs which would however be more dif®cult

to implement and deteriorate the adaptability.

ANALYSIS OF THE ADAPTABILITY

Figure 28(a) represents the case of a weak direct link while Figure 28(b) is an example in which
the direct link is of good quality. The adaptive scheme proposed in this section is feasible for
both cases. As we marked in the plots, the former scenario utilizes 8 modes including "Mode 7'
to indicate a transmission failure while the latter case employs only 6 modes. The 8gRgy

is, the fewer modes will be required until the point is reached where for the given modulation
scheme no performance improvement can be obtained by the relay.

As we explained before, the adaptive scheme includes different cooperative codes depending
on the puncturing parameters. In fact, it also includes the non-cooperative case. For the setup
in Figure 28(b), the direct link is of good quality, and it allows an error-free transmission with

a rate-1/2 Turbo codé4=7;5=7)g. There is one mode (Mode 5, far2 [0:86;0:9]) in which

the actual applied coding scheme is only using the direct link with the rate-1/2 Turbo code. For
the even higheENR;p, more modes only adapting to the direct link will be employed. The
conventional distributed codes like the DTC and the DSCC are obviously not wise choices in
this situation due to their low rate.

3.5.6 SUMMARY OF THE MAIN CONTRIBUTION

We have proposed a new adaptive distributed channel coding scheme and demonstrated that it
is applicable for both the case where perfect channel state information is available and the case
where only limited channel-state information can be utilized.

The purpose of the design was to account for practical constraints, which are imposed by appli-
cations in sensor networks. The coding scheme is therefore based on standard components like
Turbo and convolutional codes, and adaptation is carried out by random puncturing.

As the results show, the proposed scheme is applicable for a wide range of channel parameters
and provides a good performance in terms of throughput and robustness. If the design based on
limited CSl is considered, a loss in achievable rate can be observed. However, the performance
is still decent for a feasible coding strategy for practical sensor-network applications. There-
fore we are convinced that the proposed adaptive distributed channel coding scheme is a good
candidate scheme for the SENDORA system.

3.6 SUMMARY OF SECTION 3

In this section we have presented four main contributions:
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1. We presented a compress-and-forward scheme which is applicable in regimes where
both decode-and-forward and amplify-and-forward relaying schemes are not applicable
or show a weak performance. We were able to show that the proposed scheme allows
to approach the optimal performance given by a distributed antenna system with perfect
links between the antennas.

2. In order to improve the robustness of the decode-and-forward protocol we presented the
optimal re-encoding strategy for the case where the relay is not able to decode, and dis-
cussed feasible approximations. For the noisy decode-and-forward we explained how
decoding errors at the relay have to be treated by the decoder at the receiver and analyzed
their impact on the code design of distributed codes.

3. We introduced a new class of distributed channel coding schemes, distributed serially con-
catenated codes which due to their structure lead to an improved error- oor performance
and increase the robustness for the noisy relaying case.

4. Finally, we presented an adaptive distributed coding scheme based on generalized con-
catenated codes which is based on standard components and can be adapted by punctur-
ing. The code structure includes distributed Turbo codes, hybrid concatenated codes, and
serially concatenated codes as special cases. We demonstrated that for both full knowl-
edge of the channel state and limited channel-state information a good performance in
terms of throughput and robustness can be obtained.
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4 DISTRIBUTED SPACE-TIME BLOoCK CODES AND DIVERSITY
SCHEMES

In this section we present cooperative communication schemes based on distributed space-time
block codes and diversity schemes. Schemes presented in this section are either de®ned for the
multiple-relay case or can easily be extended to it. They are therefore especially relevant for the
SENDORA system in order to improve, e.g., communications between cluster heads which is
assumed to be carried out through multiple relays in the SENDORA system.

The main contributions of this section are:

a simple cooperation scheme which is designed to meet the requirements given by the
hardware of the demonstration platform; it utilizes selection combining in order to achieve
a close-to-optimal performance with low complexity;

a comparison of several cooperative relaying schemes for the amplify-and-forward proto-
col using distributed space-time codes based on both link level and system level simula-
tions; gains which can be obtained in practical networks are evaluated and implementation
and signaling aspects are discussed;

an adaptive relaying protocol combining several relaying schemes;

near-optimal space time codes for the cooperative dynamic decode-and-forward channel.

4.1 SIMPLE IMPLEMENTABLE COOPERATION SCHEMES FOR MULTIPLE RE-
LAYS

In the following we describe two cooperative diversity protocols, whose simplicity renders them
good candidates for practical implementation in the setting of interest. The choice of these
candidates is based on their near-optimal error performance in the setting of interest, as well
as on their simplicity of implementation. This optimality is speci®c to the delay-limited and
outage-limited setting that is naturally induced in the cognitive network scenario.

4.1.1 TRANSMISSION MODEL AND DEFINITIONS

Consider a communication system in which two relay nodes assist in the communication be-
tween source nod8 and destination nodB. We consider the cognitive network setting in
making the assumptions listed below concerning the channel. Our description is in terms of the
equivalent complex-baseband, discrete-time channel.

All nodes have a single transmit and single receive antenna and are assumed to transmit
synchronously.

The number of channel us&sover which communication takes place is short enough to
invoke the quasi-static assumption, i.e., the channel fading coef®cients are ®xed for the
duration of the communication,
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We assume half-duplex operation at each node, i.e., at any given instant a node can either
transmit or receive, but not do both.

The noise vector at the receivers is assumed to be comprised of i.i.d., circularly symmetric
complex gaussia@N (0;s?) random variables.

Let communication be slotted, in the sense that there are two distinct and temporally disjoint
phases of cooperation. During the ®rst phase, the source transmits for a total time duration of
bT channel uses, for some<0b < 1. A relay will begin transmitting after listening for a time
duration equal tdT channel uses, if it is so instructed by the upper layer. The duration of the
relay transmission will be the remainii@ b)T channel uses, which constitutes the second
phase. The decision and method of transmission by the relay(s) is de®ned by the two candidate
protocols to be described.

We assume that each relay node has a single transmit antenna, and similarly a single receive
antenna. The extension to arbitrary number of antennas is straightforward and it will not be
treated here. We label the source node, the two relays, and the destination node respectively as

Ro; R1; Ro; Rs.
Let
XE) = [Xo1 Xo;2 Xo:b7]
denote th€bT)-tuple transmitted by the source during the ®rst phase, and let
vi = D¥iaYiz  Viwrl i= 12
denote th€bT)-tuples received at the relays during the ®rst phase. Equivalently let

X = [X1Xe X gl i= 12

denote th€1l b)T-tuples (potentially) transmitted by the relays during the second phase, and
let

ys = [ys1¥s2 Yz o7l

denote th€1l b)T-tuple received by the destination during the second phase.

We useh(i; j) to denote the fading coef®cient betweenitheand jth nodes. In the adopted
setting of Figure 3, we consider

h(0;3) = h(3;0)= h(1;2) = h(2;1) = O:
The totality of the received signal at the relays is given by
v = h(0;i)xh+wh i= 1,2

Letly; 1> be binary parameters de®ned by the channel and set by the speci®c prdiced! és
R has been instructed to transmit, else 0. Then the received signal at the destination takes
the form

y5 = 11h(1; 3)x} + 1h(2; 3)xb + wh:
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The actions of the relays under each protocol will be de®ned by the event of outage at the relays.
The exact role of outage in de®ning the relays' actions will be described later on, but for now
we note that in the high rate regime, title relay node can only hope to decode reliably at the
end of the ®rst phase if at that point, it has suf®cient mutual information to recover the trans-
mitted signal whose information content equBlR=b bits. HereR s the rate of communication
between source and destination. If it does not have suf®cient information, then we say that the
relay is in outage. Thus the event of outage ofitherelay node, at the end of the ®rst phase,
occurs when

log(1+ r j h(0;i) j%) < R=b;
and the probability of outagle,t;(R) of theith relay node at the end of the ®rst phase is given
by

#
Pouti(R) = Pr log(1+ r j h(0;i) j?) < Reb :

Having described the basic setup for the two proposed schemes, we proceed with the detailed
description of these two methods.

4.1.2 COOPERATIVE SCHEME 1 - RELAY SELECTION

Under this scheme, the source transmits a power-normalizeléngth QAM vector from a
codebook

Xo=fxo=dXo1Xo2  Xoprld;
where thexgy; k=1, ;bT are independently chosen, with equal probability, from a QAM
constellationrAgam given by
Aoam = fa+dbj jaj;jbj (M 1); a;b oddy:

The choice of r

M2 = 2RD: g r

(M2 1)=3
applies towards meeting the rate and power constraints.

At the end of the ®rst phase, the upper layer will compare the channel strength between the
source and the two relays, and will instruct the relay with the strongest link to the source, to
participate in the second phase, given that this link is suf®ciently strong to decode. We elaborate,
and speci®cally note that the upper layer will askRpto decode if

jh(0;1)j2j h(0;2)j2 and log1+ r jh(0;1)j?) > Reb;
whereas it will ask foRy to decode if

jh(0;2)j2] h(0;1)j2 and logl+ r jh(0;2)j?) > Reb:

log(1+ r m%j h(0;i) j°) < R=b
i=1

then an error is declared.
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Given that a relay is selected, then the second phase takes place, during which the participating
relay R transmits a (differently) power-normaliz¢d  b)T-length QAM vectorx! from a
codebook

X=fxi=dMiaxz X orlg
where as before the; k=1, ;(1 b)T are independently chosen, with equal probability,
from another QAM constellatio;ﬁkgA,\,I given by

ASAM = a+06bjjaj;jbj (M° 1);a;b odd ;
where the choice of r

M® = oR=(1 b).

-
- q°

(MZ  1)=3
applies towards meeting the rate and power constraints.

At the end of the second phase, the ®nal destination proceeds to decode based on the accumu-
lated received signaf;, and the codebook;.

4.1.3 COOPERATIVE SCHEME 2 - ALAMOUTI BASED SELECTIVE TRANSMISSION

As before the source transmit§2 Xo, where
r

M2 = 2R: g r

(M2 1)=3
guarantees that the rate and power requirements are met.
At the end of the ®rst phase, itk relay node calculates whether

log(1+ r j h(0;i) j?) > R=b;

to decide whether or not it will decode. If this is the case, then the relay will proceed to do so
and then will begin transmitting from the beginning of the second phase onwards. Else the relay
will remain silent. If

log(1+ r j h(0;i) j?) < R=b;

for both relays, then an error is declared.

Given that at least one relay has decoded, the second phase takes place, during which the par-
ticipating relay(sR transmit(s) g1 b)T-length vectox! from a codebook corresponding to
theith (®rst or second) row of the Alamouti code. Speci®cally the ®rst relay draws from

— et — )
Xp=1fx;= qo[Xl;l X2 X3 Xp4 X1 T 1 Xpa b)T],

and the second relay from
Xo=xo= dixuzx Xuaxg X1 byt X T ol

As before theq; k=1, ;(1 b)T are independently chosen, given a mapping known to all
nodes, from the previously described QAM constellaﬁ’c&M where

r
r

M(JZ: 2R:(1 b). :
(M2 1)=3

; q°
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At the end of the second phase, the ®nal destination proceeds to decode based on the accumu-
lated received signal

y5 = 11h(1; 3)x} + 1h(2; 3)x, + wh;

and the codebookX;; Xs.

4.1.4 ADVANTAGES OF THE PROPOSED SCHEMES

We here discuss brie y the rationale behind the choice of the proposed schemes, and how these
schemes match the requirements of the demonstration. We focus mainly on the advantages with
respect to error performance, implementation complexity (encoding-decoding), and touch upon
the potentially reduced channel knowledge required by the proposed schemes.

With respect to error performance, we note that in the high-rate regime of interest, we are
interested in achieving maximum diversity, as well as achieving a maximum number of degrees
of freedom that is allowed by the protocols. Focusing ®rst on diversity, it is easy to see that
both schemes achieve full diversity, which in our case is maximally equal to two. Speci®cally
in the relay-selection scheme, this can easily be established from prior results, for example in
[30], where relay selection is proven, under the same topology and same set of assumptions as
here, to be diversity optimal. The same holds for the Alamouti based scheme, where it can be
shown (see for example [31]), that the receiver observes an equivalent Alamouti code, which is
known to be diversity optimal over the equivalent MISO channel.

Similarly in regards to the number of degrees of freedom, it can easily be established using for
example the results in [31], that in the high SNR regime, the maximum rate of transmission
of independent complex symbols, is equal to one-half symbols per channel use (we consider
the case ob = 1=2 for simplicity). This holds for both schemes, and given the absence of a
source-to-destination link, this is indeed optimal.

In addition to their near-optimal error performance over the speci®c setting, the two protocols
exhibit notable simplicity of implementation. This is especially true in the case of encoding and
decoding, where the above protocols incur almost minimal complexity.

Further advantages induced by the schemes include their ability to adaptively modify the com-
plexity of gathering channel state information at the receivers. For example, both schemes
require knowledge of the relay-to-destination links only when the relays are destined to decode,
a trait that has the potential to reduce complexity in the lower SNR regime.

4.1.5 ANALYTICAL ESTIMATION OF PRACTICAL ERROR PERFORMANCE

In establishing the expected error performance of the proposed schemes, we utilize the powerful
tool of the diversity multiplexing tradeoff, introduced in [32][33] for analyzing the performance

in MIMO communications and of different cooperative protocols. The nature of the schemes
may favor the use of this performance comparison method, over simulations, mainly due to the
method's ability to allow for broad and meaningful comparison over an extended spectrum of
conditions.
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In our setting, for a given ratR, the analysis in [32][33][30] shows that both schemes achieve
the optimal rate of decay of the probability of error which is given by

2R

im logP(error) _ .
logr

d(R) = r|!¥ logr

2(1

We revert to a loose non-asymptotic interpretation of the above asymptotic result, to establish
the optimal rate of decay of the probability of error. For a ®Redve will evaluate the per-
formance at different values of SNR, and calculate the expected probability of error that the
protocols provide, in the form of the diversity gain, for the corresponding multiplexing gain
values. This will be compared with the optimal rate of decay of the probability of error for the
non-cooperative case, which for fairness is assumed to be given by

logP(errorn _ 1 R

d(R) = Ilnl logr logr -

r

The following is given in the table

Table 5: Diversity at ®nite SNR: Cooperative protocols v.s. non-cooperative communica-

tions
logSNR | R=log SNR | diversity (coop)| diversity (non-coop

2R 1=2 0 0

2:5R 2=5 2=5 1=5
3R 1=3 2=3 1=3

3:5R 2=7 6=7 3=7
4R 1= 1 1=2
5R 1=5 6=5 35

The comparison shows clearly the substantial improvement in error performance, in the form
of a double diversity gain, brought about by the assisting relays. In further practical terms,
the above analytic comparison loosely implies that if, in the absence of cooperation, power

is required to achieve a certain rate and QB&\dP(erron), then the proposed cooperative
schemes can gchieve the same performance, but do so with optimally reduced power that is only
in the order of P.

4.2 AMPLIFY-AND-FORWARD RELAYING WITH DISTRIBUTED SPACE-TIME
BLock CODES

4.2.1 INTRODUCTION

This section reports the study of cooperative communications through distributed space-time
block codes. It addresses speci®cally the relaying if sensing information between secondary
nodes in the ad hoc parts of the SENDORA architecture detailed in deliverable D2.1. Gener-

ally speaking, the cooperative relaying concept recently appeared in the literature and is not yet
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deployed in current networks. The main goal of the study reported in this section is to evaluate
the gain that can be expected by the use of such techniques in the secondary ad hoc network
of the SENDORA architecture for sensing information transmission, with respect to classical
transmission schemes such as direct and simple relaying transmission and to determine their
applicability. In this part, we adopt one of the simplest cooperative techniques based on dis-
tributed Alamouti coding scheme. Three elements motivated our choice. Firstly, commercial
devices supporting Alamouti coding scheme already exist. For example, the draft version of the
IEEE 802.11n standard uses Alamouti coding. Secondly, the Alamouti coding scheme can be
extended in order to exploit frequency diversity. For example, it can be combined with OFDM
techniques. Finally, the Alamouti coding/decoding process is easier to implement than most of
the other cooperative relaying schemes.

First, we describe the nodes and channel characteristics that are to be used to simulate the
SENDORA sensor network composed by the ad hoc nodes in ad hoc parts of the system. Then,
as we do not only simulate link transmissions but also a whole cluster of the SENDORA sensor
network, we present the simulator, the frame structure and the protocol that are used by nodes
to organize themselves and communicate together. In a third part, we present the terminology
used to characterize and differentiate the different relaying strategies studied. We ®nally present
simulations and performances obtained with cooperative relaying in both a link and a network
context and introduce an adaptive protocol.

4.2.2 COOPERATIVE RELAYING IN THE SENDORA NETWORK

In this section, we work on cooperative relaying schemes for sensing information transmission
in the ad hoc parts of the SENDORA system: the following sub-section describe the network
characteristics used for the simulation of this sensor network.

SIMULATOR

In order to study the performance of the proposed transmission schemes, in both a single trans-
mission and a complete clusterized ad hoc network context, an OMNeT++ simulation was built.
This simulation can be viewed as composed of two different kinds of entities: network nodes
and global components. Each network node which represents a sensor includes an instance of
the protocol stack to simulate, with its own data. Inside the protocol stack, each layer com-
municates with its homologues using dedicated services provided by lower layers. This ®gures
the distributed aspect of the simulation. The simulation environment also provides services
shared between nodes that are called Global components such as a connectivity manager and a
radio channel manager. These entities are used to simulate the wireless channel and manage the
connection between nodes.

Figure 29 presents a conceptual view of the protocol architecture of the OMNeT++ simulation.
Each component of this protocol stack is described in details in the appendix.

FRAME STRUCTURE DEFINITION

This study focuses on cooperative communications among the nodes in the ad hoc parts of
the SENDORA system architecture. In other words, we consider a wireless network in which
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Figure 29: OMNeT++ simulation architecture.

nodes organize themselves without any infrastructure components such as base stations used in
cellular networks.

The frame structure used by nodes to communicate is a Time Division Multiple Access
(TDMA), composed of three main parts (Figure 30):

A beacon slot,
Several random access slots (used to send two types of messages),

Several data slots (also called °burst°).

I MAC Frame

Beacon message I .
Random access messages _
(ressource allocation) Data messages
I HELLO messages ] I Allocation request messages ]

Figure 30: MAC frame structure.

Network organization The organization of nodes depends on messages called HELLO mes-
sages regularly sent by nodes in random access slots. These messages allow nodes to split into
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