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EXECUTIVE SUMMARY

This report presents the cooperative communication algorithms and forwarding techniques
which were developed in work package WP5,Cooperative Communications, of 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 D5.3,Report on Performance Evaluation, of 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 Limits, and 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 deliverable D5.3,Report on
Performance Evaluation.

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 D6.2,Network 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 D5.1,Report on Fundamental Limits, we 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 Channels, discussed 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 I of the consortium agreement, the cooperation schemes proposed
in this report will be applied to spectrum sensing in deliverable D5.3,Report on Per-
formance Evaluation, where we will ultimately demonstrate the improvement in sensing
performance due to cooperative communications. The underlying simulation framework
is described in D7.5,Report on Emulation/Simulation platforms.

� The outcomes of this report have been furthermore input to deliverable D7.4,Report on
WSN aided cognitive radio platformin 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 L IMITATIONS OF COOPERATIVE COMMUNICATIONS

Relaying is an integral part of wireless sensor networks (WSNs): 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.

R

R

R

T DT R D

(a) (b)

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 CSI 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 frequencyf = 2:5 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 antenna gainG = 0 dBi.

Receiver The thermal noise power at the receiverN (in dBm) is given by the following equa-
tion:

NdB = ( K � T)dB+ BdB+ FdB

where K is the Boltzmann constant,T the ambient temperature in Kelvin,(K � T)dB =
 174 dBm/Hz,B the bandwidth de®ned in the previous section and theF receiver noise factor.
Assuming a receiver noise factor of 7 dB, this leads to a receiver thermal noise power level of
-127 dBm (i.e. 1:99�10 16 W). Receivers use a single omni-directional antenna with an antenna
gainG = 0 dBi.
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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:

PLdB = A� log10(d)+ B+ C� log10

�
f

5:0

�

with A = 35:74, B = 42:61,C = 23 and for 50m � d � 5000m, wherec is the speed of light,
f the carrier frequency in GHz, and thed distance inm between the two nodes. The path loss
attenuation coef®cient used in the channel model is de®ned as

PL = 10PLdB=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 processh, with
h = r ejq = hI + jhQ.

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. Its variance iss2 = N=2, whereN is the receiver noise power.

� Channel coherence bandwidth:Channel 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 time:The 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.

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 2 to CH 1
utilizing the relays R 1 and R 2 as shown in Fig. 3.

R 1

R 2

CH 2 CH 1

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.

CH 1 CH 2

R 1

R 2

CH 1CH 2

R 1

R 2

Phase 2Phase 1 

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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Y RD

Y SD

Decoding,
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Channel
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X S

DecoderCR
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A S E R

E S A R

Destination

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 length-K information bit vectorB (B 2 f 0;1g) by a
codewordCS (CS 2 f 0;1g) using the channel encoderCS. The BPSK modulated symbolsXS
(XS 2 f + 1;  1g) are then transmitted to the relay and the destination simultaneously. At the
end of the ®rst phase the relay processes the received signalYSD. If 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 observationYSD of XS.
In this case, the codewordXR from the relay is a channel encoded version of the compressed
representation ofYSR. If decode-and-forward relaying is applied (see Figure 5(b)), the relay
decodes, interleaves the message from the source node with an interleaverpo (if required), and
re-encodes it with the codeCR in order to form its codewordXR.

In the second phase, the BPSK symbol vectorXR is transmitted from the relay to the desti-
nation while the source node stays silent. Based on the noisy observationsYSD andYRD 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 D5.4Characterization 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 denoted asSNRSR, SNRSD, andSNRRD, 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 codewordXR 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 change1, and

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 observationYSR. The
resulting signalYQ is further processed in order to perform lossless compression, protect it
from errors in the channel, etc. The receiver, using both its observationsYSD andYRD, tries
to regenerateYQ and combines this reconstruction optimally withYSD 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 inYSD (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 signal-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].

1Note that cooperation as suggested above can be modeled by the general framework in Figure 5 by drawing
SNRRD from an appropriate distribution.
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a) Relay based on observation compression.

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 bitsLB(k) = 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 discretized usingM
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 bothYSD andYRD. 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 compression ofYSR 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.

Decoder � RSC
Relay

Decoder � RSC
Relay

...

� RSC

RSC

RSC�

...

B

X

U

M

C

...

RSC
Source

Turbo
Decoder

...
...

(b)(a)

B

Destination

B̂

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 generatesa posteriori probabilities of the transmitted
symbols. Thesea 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

Edge Permutation

Additional parity checks
generated by the relay

Check nodes of the
initial LDPC code

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 observationYSR
is correlated withYSD. 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 withYSD 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 named assource codeand
channel codeseparated by an interleaver (denoted asp in the ®gures). The ®rst one implements
a scalar quantizer (SQ) withm 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 code,Co, with rateRo = m

M < 1. The second stage presents an inner code
Ci with rateRi 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 fromm bits/sample to1

kH(YQjYSD). The resulting
data rate would be controlled by choosing a puncturing rateRp which would have to satisfy
m CRD
RoRiRp

� 1
kH(YQjYSD) for givenRi , Ro andm with the channel capacityCRD 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.

Y Q

X RY SR

�SQ Co Ci

Source code Channel code
Relay

Punct:

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

The destination (see Figure 10), using both its observationsYSD andYRD, tries to regenerate
YQ with iterative decoding as described below. Once the estimateÃYQ has been formed, it is
optimally combined withYSD and then used to decode the information bitsÃB. Given the two
independent observationsYQ andYSD their optimal combinationLCF

Y is simply the addition of
the corresponding LLRs (information combining, IC),

LCF
Y = LQ

Y + LSD
Y (1)

where each vector component is

LCF
Y = LQ

Y + LSD
Y (2)

with

LQ
Y = log

�
p(YQjXS = + 1)
p(YQjXS =  1)

�
(3)

andLSD
Y de®ned similarly. Equations (1) and (2) are justi®ed by the fact thatYSRandYSD are

conditionally independent givenXS; i.e. we have

p(YQ;YSDjXS) = p(YSDjXS)p(YQjXS), (4)

or by assuming memoryless channels

p(YQ;YSDjXS) = p(YSDjXS)p(YQjXS). (5)

Y RDY SD

Ŷ Q
B̂

�

� -1

Destination

SISO Co SISO Ci

SISO CsIC

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 pointsYQ = [ YQ(0) YQ(1) : : :] or as a sequence of cell indices (i.e. a vector of
integers)J = [ J0 J1 : : :]. Alternatively, it can be represented by a sequence of bitsu with each
cell number represented byM bits using some unambiguous mapping (e.g. Gray, binary, etc.).
That is,YQ(n) � Jn � Un = [ Un;0 Un;1 : : :Un;M 1]. In the latter case the representation takes also
into account the redundancy added byCo.
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Decoding at the destination is performed in an iterative fashion as shown in Figure 10. Initially
the SISO decoder forCi generates extrinsic informationL i

e on the bitsU with noa priori infor-
mation coming from the other decoder [22]. These extrinsic LLRs are de-interleaved and used
by the SISO decoder forCo asa priori information. Using this information and the observation
YSD the decoder generates extrinsic informationLo

e on the bitsU that will allow the SISO de-
coder forCi to start a new iteration. Success in decoding relies on extracting appropriately the
information aboutU contained inYSD. For this purpose the optimal processing is to calculate
thea posterioriLLRs as

Lopt
Un;k

= log

 
å Jn! Un;k= 1 p(JnjYSD;L i

e)

å Jn! Un;k= 0 p(JnjYSD;L i
e)

!

(6)

where ªJ ! Un;k = 0º and ªJ ! Un;k = 1º denote the indicesJ such that the mapping used has
bit Un;k equal to 0 or 1 respectively. However, the presence of the codeCs at the source on the
one hand, and the interleaver and thechannel codeat the relay on the other hand generates a
statistical dependency betweenJn, YSD andL i

e 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 betweenjn, YSD andL i

e. 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 decoder forCo generates
the extrinsic information as [22]

Lo
e = LU  L i

e: (7)

AssumingJn � Un resulting from the application of the SQ andCo to the observationYSR(n)
we have

LUn;k = log

 
å Jn! Un;k= 1 p(JnjYSD(n);L i

e(n))

å Jn! Un;k= 0 p(JnjYSD(n);L i
e(n))

!

(8)

whereL i
e(n) is a vector containing the extrinsic values[Li

en;0
: : : Li

en;M 1
] associated to theM bits

Un corresponding to the quantization ofYSR(n), YQ(n). The elements in the summation can be
expressed as

p(JnjYSD(n);L i
e(n)) =

1
c

p(Jn)p(YSD(n)jJn)p(L i
e(n)jJn) (9)

with

p(L i
e(n)jJn) =

M 1

Õ
k= 0

p(Li
en;k

jUn;k) =
M 1

Õ
k= 0

e
un;kLi

en;k

1+ e
Li

en;k

(10)

wherec is a normalization constant that cancels out in the expression of the LLR. Equation (9)
results by assuming conditional independence ofYSD(n) andL i

e(n) givenJn. Information about
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indexJn present inYSD(n) corresponds to the second factor in (9) and can be expressed as

p(YSD(n)jJn) =
1
c0 å

f XSg

p(YSD(n);Jn;XS) (11)

=
1
c0 å

f XSg

p(YSD(n)jXS)p(JnjXS)p(XS) (12)

=
1
c00å

f XSg

p(YSD(n)jXS)p(JnjXS). (13)

The summations run over all possible transmitted values (e.g.� 1 for BPSK). Againc0andc00

are normalization constants that have no effect in (8). Equation (12) comes from the conditional
independence of the observations given the transmitted symbol and thatJn is determined 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 SISOCo 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 factors BE2 f 1;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 knowledge ofYSR).

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 code asCo. Ci corresponds to a recursive
convolutional code with rateRi = 1 and generator polynomial(3=7)8. 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 of 104 uniform i.i.d. bits protected with a recursive
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systematic convolutional code with generator polynomials(1 7=5)8. 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 factor ofb).

Simulation Results Figure 11 presents the overall communication bit error rate (BER)
Pr( ÃB(n) 6= B(n)) for ®xed SNRs on the source-relay and relay-destination links SNRSR= 3 dB
and SNRRD = 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 (BE= 1) while two/three-times
the bandwidth is required for the second one (BE2 f 2;3g). The schemes are optimized for
SNRSD = 1 dB and SNRSD = 2:5 dB respectively.

0 0.5 1 1.5 2 2.5 3 3.5 4
10

 6

10
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10
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 2

SNR
S D

!(dB)

B
E

R

No!cooperation
DAS
Bound!for!type 2!CF
AF!(BE=1)
Proposed!CF!(1!bits)
AF!(BE=2)
Proposed!CF!(2!bits)
AF!(BE=3)
Proposed!CF!(3!bits)

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 BECF � BEAF + 1. We also see that our proposed CF scheme for BE= 1 approaches the
best achievable performance for the systems presented in [8] and [9]. This is the performance
obtained when decodingYSD using the LLRs on the information bits obtained fromYSR as a
priori information. To achieve this performance these systems would requireCRD ! ¥ . 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 around 0:75 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 (SNRSR = SNRSD = 3 dB). In this case the RD link has
SNRRD = 5:5 dB and without cooperation we have BER= 4:4� 10 3. For the size-constrained
SQs considered here this is only optimal for BE= 3. 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 followingXR
opt
i denote thei-th code symbol of the relay's code wordXopt

R when the
source-relay link is error free, i.e.,Xopt

R = CR(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 providesa posterioriLLRs on the code
symbolsXR

opt
i based on the noisy observations inYSRand taking into account the interleaverp

and the codeCR at the relay:

L(XR
opt
i ) = log

 
Pr(XR

opt
i = + 1jYSR)

Pr(XR
opt
i =  1jYSR)

!

:

The derivation of the LLRsL(XR
opt
i ) requires knowledge of thea posterioriprobability (APP)

Pr(XR
opt
i = xi jYSR) which can be obtained by a marginalization of the APP Pr(B = bjYSR) over

all hypotheses for the information wordb

Pr(XR
opt
i = xi jYSR) = å

b with xi2CR(p(b))

Pr(B = bjYSR);

taking again into account the interleaverp and the codeCR. The relay can now forward the
LLRs using an appropriate relaying functionf (:). The transmitted symbolsXR at the relay are
then given by2

XR = b � f
#
L(Xopt

R )
�

with the normalization factorb such that the power constraint Ef XRg = PR for the relay is
matched. Table 2 gives a few examples forf (:) for important relaying protocols.

2The indexi is omitted in the following for convenience.
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Protocol f (x)

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

opt
i ) are a suf®cient statistics for the optimal code symbolsXR

opt
i ; i.e., no information is lost

due to the re-encoding. However, the calculation of the APPs Pr(B = bjYSR) 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 estimatesÃB on the 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 whereCR is a convolutional
code), and it provides estimatesÃL(Xopt

R ) on the desireda posterioriLLRs L(Xopt
R ).

�
Re-EncoderCR

SISO

L̂ (X opt
R )

SISO
DecoderCS

Y SR

L (B) L (B 0)
X R

� � f (:)

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 function f (:) (see e.g. Table 2) and a normalization factorb accounting for the power
constraint Ef X2

Rg = 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.

NOISY 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 relayÃB may not be equal to the originally transmitted
source bitsB.

While the encoding process remains the same in the noisy DF case, the iterative decoder has
to be modi®ed. Since the information bitsB and their estimatesÃB are unequal with probability
Pr(B 6= ÃB) = p, the a priori information provided by the one decoder to the other is limited
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�
CR

Y SR

B̂

MAP
DecoderCS

B̂ 0

Re-Encode
X R

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

by I(B; ÃB) = 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

Pr( ÃB= ÃbjB= b) = Pr(B= bj ÃB= Ãb) =
�

1 p; for b = Ãb
p; for b 6= Ãb

:

We can take this into account by extending the component decoder in Figure 5 which is asso-
ciated withCR as depicted in Figure 15. Here, the LLRsL( ÃB) for the noisy estimatesÃB are
converted into the LLRsL(B) for the actual information bitB (and vice versa) by alimiter
functionlp(:), considering the transition probabilities Pr( ÃB= ÃbjB= b) and Pr(B= bj ÃB= Ãb). For
LLRs Li andLo and forLp := log((1 p)=p), the input-output relationLo = lp(Li) of the limiter
functionlp(:) is given by

Lo = log
�

(1 p) � exp(+ Li=2)+ p� exp( Li=2)
p� exp(+ Li=2)+ ( 1 p) � exp( Li=2)

�

= sign(Li) � min(jLi j; jLpj) + log
�

1+ exp( j Li + Lpj)
1+ exp( j Li  Lpj)

�
:

Note thatlp(:) is a monotonically increasing function. Since the second term tends to zero
wheneverjLi j � j Lpj, lp(:) limits the absolute value of the input LLRs tojLpj.

DecoderCR

SISO

lp(:)
AR(B 0)

ER(B 0)
Y RD

lp(:)

AR(B̂ 0)

ER(B̂ 0)L(B̂ 0)

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.
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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 codeCS 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 the LLRsÃL(Xopt

R ) 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 LLRsL(B) 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 codeCS at the source node and a non-recursive convolutional
codeCR at the relay.

DESIGN TRADEOFFS FOR CS

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 channel codeCS at the
source. Both codes are rate-1=2 codes which are implemented as Turbo codes3. The ®rst code
C(High)

S provides the relay with a relatively high amount of mutual informationI(B;L(B)) when

convergence of the iterative decoder cannot be achieved. The second codeC(Low)
S provides a

low amount of information if decoding does not succeed. The threshold in terms ofEs=N0
for convergence without additionala priori knowledge for transmissions over a BI-AWGN
channel is given byT(Low)

no apri �  2:17 dB for C(Low)
S and byT(High)

no apri �  1:54 dB for C(High)
S .

Clearly, C(Low)
S is the better code for point-to-point communications. The EXIT charts4 [28]

for C(High)
S andC(Low)

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

Let us now assume that the source usesCS for its transmission. Assume furthermore that the
source-destination link is parameterized byISD = I(XS;YSD) and that we similarly haveISR=
I(XS;YSR) for the source-relay channel. The mutual informationI(B;L(B)) at the output of
the SISO decoder at the relay is then given asI(B;L(B)) = I (s)

extr(0jISR) since the relay has no

3For details on the code parameters ofC(High)
S andC(Low)

S , 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 functionIextr(IaprijIch) gives the mutual information between the extrinsic
output of the decoderE and the corresponding bitB at the encoder as a function of the mutual informationIapri
andIch provided by thea priori inputA and the channel observationY, respectively.
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Figure 16: EXIT function for the codesC(High)
S (solid lines, (a)) andC(Low)

S (dashed
lines, (a)) transmitted over a BI-AWGN channel withI (X;Y) 2 f 0:1;0:3;0:5g
bit/channel use and EXIT chart analysis for different realizations ofCR in (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 with thex-axis. On the other hand, we can
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de®ne a convergence thresholdTCS(ISD) for the decoder ofCS at the destination as

TCS(ISD) := minargi

n
I (s)
extr(ijISD) = 1

o
: (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 and they-axis.

For a given rate pairISR; ISD the codeCS has to be selected such that the relay gets enough in-
formation to make the code for the source-destination link converge, i.e.,I (s)

extr(0jISR) > TCS(ISD)

has to be ful®lled. From Figure 16(a) we conclude however thatI (s)
extr(0jISR) andTCS(ISD) 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 betweenI (s)

extr(0jISR) andTCS(ISD).

Let us now focus on the case where the relay employs the nDF strategy. One can show5 that the
mutual informationI(B; ÃB) (see e.g. Figure 14) is given as

I(B; ÃB) = 1 h2

 
1
2

erfc

 s
1

2J 1(I (s)
extr(0jISR))

!!

| {z }
:= q(I (s)

extr(0jISR))

: (15)

Here,h2(:) denotes the binary entropy function, andJ 1(I ) = s2 gives the relation between the
input-output mutual informationI of a BI-AWGN channel and its variances2 [28]. With (14)
and (15) we can now formulate a necessary condition which has to be ful®lled byCS in order to
enable convergence for a given rate pairISR; ISD:

I (B; ÃB) = q(I (s)
extr(0jISR)) > TCS(ISD) (16)

MATCHING CR

For simplicity we consider here the case where the channels between source and relay and
source and destination have the same parametersISR= ISD. I (s)

extr(0jISR) andTCS(ISD) can then be
obtained from the same EXIT function. For demonstration purpose we chooseISR= ISD= 0:475
bit per channel use. The resulting values forI (B;L(B)) andI(B; ÃB) are included for the two
codesC(Low)

S andC(High)
S in the Figures 16(b) and (c), respectively.

The Figures 16(b) and (c) illustrate the behavior of different rate-1 codesCR at the relay when
the nDF strategy is employed. As expected the maximum amount of extrinsic information
is limited to I(B; ÃB). Accordingly, the typical behavior6 of the recursive codes(5=7)8 and
(13=15)8 cannot be observed any longer. ForI (B; ÃB) < 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)8 shows. We can see furthermore that depending on the values ofI (B; ÃB) and
IRD either the one or the other may be the better choice.

5e.g. under a Gaussian assumption for the LLRsL(B)
6In 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. forB = ÃB).
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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 onC(High)

S will outperform those which are based onC(Low)
S .

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 parametersEs=N0 for the source-relay and the source-
destination channel are equal (i.e.,Es=N(SR)

0 = Es=N(SD)
0 ) and the parameterEs=N(RD)

0 for the

relay-destination link is set to the ®xed valueEs=N(RD)
0 = 0 dB. The block length isK = 10000

information bits per block. Figure 17 shows the bit error rate (BER) over the channel parameters
Es=N(SR)

0 = Es=N(SD)
0 .
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Figure 17: Bit error rate (BER) versus the channel parametersEs=N(SR)
0 = Es=N(SD)

0 for

several combinations ofCS andCR andEs=N(RD)
0 = 0 dB.

Based on Figure 17 we can ®rst conclude that the codeC(High)
S which is designed to increase

the reliability of the relay in the case when it is not able to decode correctly, outperforms the
codeC(Low)

S , which provides a lower amount of information compared toC(High)
S . The best

performance is achieved by the coded nDF scheme usingC(High)
S and the recursive convolutional

codeCR = ( 13=15)8 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 LLRsL(YRDjXR) at the output of the
relay-destination channel (see Remark 4 in [2]) which prevents the decoder forCS from correctly
interpreting and fully exploiting the side information provided by the relay. A further loss can
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be observed for the channel coded sDF schemes using the NNC code(3)8. This loss is due to the
soft re-encoding which reduces information. The loss in the mutual informationI(XR;Xopt

R ) for
the code(3)8 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 information bitsB with the codeCS. It serves
as the outer encoder of the DSCC. The relay performs SISO decoding based on the channel
observationYSRand generates a hard-decision estimateÃC on the code bitsC. Then ÃC is inter-
leaved and encoded with the codeCR which acts as the inner encoder. The situation is illustrated
in Figure 18.

Encoder
CR

Y SR Decoder
CS

�

B̂
X R

Ĉ

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

Page 36/127



Project:
EC contract:

SENDORA
216076

Deliv. ref.:
Deliv. title:
Deliv. version:
Submission date:

D5.2
Report on Algorithm Development
1.0
11.01.2010

codes is shown in Figure 19 under the assumption of an error-free relay7.

CS

Decoder
SISO

� ! 1

�
Decoder

SISO

E R A SL(C 0)

E SA R L(C )
B̂Y RD

Y SD

CR

Figure 19: Iterative decoder for distributed serially concatenated codes (YSD andYSR are
represented as LLRs).

The inner SISO decoder (for decodingCR) produces the extrinsic informationER in a conven-
tional manner by subtracting thea priori vectorAR from the LLRsL(C0) of the interleaved
outer code bitsC0 at the relay. It therefore exploits the channel observationYRD and thea
priori informationAR. After being de-interleaved, the extrinsic informationER is fed into the
outer decoder as thea priori informationAS (for decodingCS). The outer decoder exploits
additionally the noisy observationYSD of the codewordXS which is received via the source-
destination link8. At the end of an iteration the interleaved version of the extrinsic information
ES is returned asa priori informationAR to the inner decoder for decodingCR. Obviously, the
main innovation compared to conventional SCC decoding lies in the utilization of the channel
observationYSD by the outer decoder.

Figure 19 shows one possible variant for how to feedYSD into the decoding process. Note
that YSD is included in this case directly in the extrinsic vectorES. Alternatively, YSD 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)8 is punctured to the rateRCS = 2=3. This code is combined at the relay with a rate-1 re-
cursive convolutional code(5=7)8 resulting in an overall code rateR= 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
CS = ( 4=7;5=7)8, and it is obtained by puncturing every second bit of the component encoder
(5=7)8. At the relay, the rate-1(3)8 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)8 at the source node and the rate-1 RSC code(5=7)8 at the relay. We also

7For 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 ofC.
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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 polynomialsCS = ( 4=7;5=7)8 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.e.,CR = 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 nodes byEb=N0, with the energy per information symbolEb. For
the normalization on the source-relay and the source-destination links we consider the code rate
RCS 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 rateR? de®ned as the number of information
bits encoded by the codewordXR per channel use. For the coding schemes speci®ed above we
haveR?

DSCC= R?
DHCC = 2=3 andR?

DTC = 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 overEb=N0SD for the AWGN channel withEb=N0RD = Eb=N0SD+ 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, we setEb=N0SR= 0:5 dB
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). TheEb=N0SR 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 codes,distributed se-
rially concatenated codeswhich 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 the 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 CSI is available.

3.5.1 CODE STRUCTURE AND PROPERTIES

STRUCTURE OF CS

The structure ofCS is depicted in Figure 21. The encoding of vectorB is realized in three steps
by a Turbo code, a puncturer, and a multiplexer. We choose the Turbo codeCS = ( 1;4=7;5=7)8
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.

Turbo code

M

U

X

B

� i

RSC (4=7)8

RSC (5=7)8

Pa

� a (0)

� a (1)

� a (2)

CS

C

Figure 21: Code structure at the source.

To adapt the code to different channel conditions, we employ the puncturerPa, which
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 vectorDa =
[da(0);da(1); : : : ;da(m); : : : ;da(M  1)]. The elementda(m) (0 � da(m) � 1) is the perme-
ability of them-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. Here,M = 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 CR

In Figure 22, we show the decoder forCS and the encoder structure ofCR at the relay. The
decoded codewordÃC is put into the puncturerPb which has a similar structure asPa. The
multiplexed punctured code vectorCP is after interleaving encoded with a(1;3)8 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 byPc and multiplexed, and the BPSK-modulated code vector
XR is transmitted to the destination.

M

U

X

M

U

X

DEC

NSC

Y SR

CS

� o
CP

NSC (3) 8

Pb

Pc

� b(0)

� b(1)

� b(2)

� c (0)

� c (1)

CR

Ĉ

Figure 22: Code structure at the relay.

OncePa is determined at the source,Pb andPc 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 bothCS andCR, we use effective rates which are de®ned as the number of information bits
encoded byXS or XR per channel use, i.e., we have

RCS =
1

å mda(m)
and

RCR =
1

å mdb(m) � å ndc(n)
: (17)

The overall rate of the system follows as

Roverall =
1

å mda(m)+ å mdb(m) � å ndc(n)
(18)

=
1

1
RCS

+ 1
RCR

:
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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 cases. IfDb = [ 1;0;0], the
overall code is a multiple parallel concatenation (multiple Turbo code); ifDb = Da, the proposed
scheme turns into a serially concatenated code as discussed in [3].

B

CS

CR

CP

CS

CR

Turbo

� o NSC

Pa

Pb Pc

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. It is an exten-
sion of the decoder depicted in Figure 19. Here de-puncturing (P 1) 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.

SISO
NSC

Decoder

SISO
Turbo

Decoder

B̂Y RD

Y SD
P ! 1

a

P ! 1
b

P ! 1
c

Pb� o

� ! 1
o

A R (CP )

A S (C )E R (CP )

E S (C )

L R (CP )

L S (C )

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 ofPa of the mother code ofCS and jointly determinePb andPc 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 used (0 < d < 1) to represent the distance between the source and the relay. Then
SNRSR= SNRSD� d a andSNRRD = SNRSD� (1 d) a . The path-loss coef®cienta equals to
2, and theSNRSD is set to beEs=NSD

0 =  5 dB. The length of the information bits at the source
is K = 10;000.

OPTIMIZATION OF Pa

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 parameters ofPa so that the two RSCs in the
mother code ofCS 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 Pb AND Pc

OncePa is determined, the design ofPb andPc 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 positioned atd = 0:2 and the rateRCR is ®xed. For demonstra-
tion purpose, we chooseDa = [ 0;1;0] and ®x the sum of the permeability coef®cients to be
å mdb(m) = 2, å ndc(n) = 1. We obtain thus the rateRCR = 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 allocationsDb andDc. Note that
the shape of the EXIT functions of the NSC code relies only onDc while the EXIT functions of
the Turbo code are parameterized solely byDb.
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Figure 25: In (a), effect of permeability allocations on EXIT functions for ®xedå mdb(m) =
2 andå ndc(n) = 1; in (b), maximizing the rate by varyingdb(0) 6= 0, dc(1) 6= 0
for Db = [ db(0);0;0] andDc = [ 0;dc(1)].

As we can see for the Turbo code, the permeability allocationDb determines the starting point
and the shape of the EXIT function. Figure 25(a) includes as well the extreme caseDb =
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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 Dc. Here, increasing the portion of systematic bitsdc(0) leads to ¯at EXIT curves with
a comparably high amount of extrinsic information forINSC

A = 0 while steeper EXIT function
with low extrinsic information forINSC

A = 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 positiond = 0:7, Da = [ 0;1;1], Db = [ db(0);0;0], Dc = [ 0;dc(1)], the
EXIT functions for differentdb(0) 6= 0 are plotted with the solid curves. Similarly, for the NSC
we vary the value ofdc(1) 6= 0 and plot its EXIT functions with the dashed curves. The goal
of the design is to minimize the productdb(0) � dc(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 vectorsDa, Db, andDc for different positions
of the relayd. The resulting codesCs have been veri®ed to be quasi error-free (i.e. bit error rate
BER� 10 5) 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 Db Dc

0:1 [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] [0;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 CSI 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 realizations ofDa and allocate an indexIxS 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 region ofSNRSD into several subregions and assign to each
subregion an indexIxD. For each realization ofIxD, we have a set of modes indexed byIxR to
de®ne whichDb andDc should be applied at the relay node. This choice depends highly on
SNRRD. The available CSI is hence represented by the indicesIxS, IxD, andIxR. How the CSI 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 CSI in form of the indicesIxS, IxD andIxR 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 measureSNRSRandSNRSD respectively based
on their received signals.

2. Based onSNRSR, the relay decides whichDa the source should apply. The indexIxS rep-
resentingDa is broadcasted to both the source and the destination. Note thatIxS includes
a case whereSNRSR does 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 ofIxS from 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 estimateSNRRD based on the received message. Based onSNRSD
andSNRRD, the destination generatesIxD andIxR and transmits them to the relay. The
combination ofIxD andIxR 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 IxS. The relay locates the correspondingDb andDc in a look-up table with the indicesIxD and
IxR from step 3 and then applies them for its transmission to the destination.

MODE PARTITIONING FOR CS

In the DF protocol,SNRSR is the only parameter which determines the choice ofDa. Therefore,
we can partition the operating modes ofCS based onDa and thus based onSNRSR. Assuming
that a number ofLS bits is allowed to representIxS, the number of operating modes is 2LS.
Figure 26 shows an example for a possible mode partitioning forLS = 3. For each mode, the
codeCS with the correspondingDa is always decodable for all theSNRSRvalues situated within
that mode or above.
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Figure 26: An example of mode partition ofCS.

MODE PARTITIONING FOR CR

The partitioning forCR involvesIxD andIxR, and the choice ofDb is mainly decided byDa. For
simplicity, we only employ three realizations ofDb, which leads to three typical overall code
structures.

1. WhenDa leads to a high-rate code dominated by the code bits generated by the component
RSC encoder(4=7)8 (e.g., Mode 0, 1, 2 in Figure 26), we chooseDb = [ 1;0;1] to provide
the missing part of the mother code by the relay.

2. WhenCS 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 chooseDb =
[1;0;0]. This systematic vector is re-encoded by the NSC code, and an overall multiple-
concatenated Turbo code is constructed.

3. WhenCS is a complete Turbo code, i.e.,Da = [ 1;1;1], we construct a distributed serially
concatenated code by settingDb = [ 0;1;1].

The quality of the source-destination linkSNRSD is an important parameter in the design, which
affects the EXIT function of the Turbo decoder together withDa andDb. At the destination we
divide the possibleSNRSD region into 2LD subregions, whereLD is the number of bits for the
indexIxD.

For a givenIxD, the EXIT function of the Turbo decoder is determined whenDa andDb are
known. We can now adjustDc aiming at well-matched EXIT charts for differentSNRRD esti-
mated at the destination. The EXIT charts should present an open tunnel for all the possible
values ofSNRSD represented by the givenIxD. The choice ofDc together withDb is represented
by IxR.

Since the full table of all modes is dif®cult to present, we give an extract of the different modes
for the caseLS= LR = 3 bits in Table 4. We assume thatES=N0SD =  5 dB, and move the
relay from positiond = 0:1 to d = 0:9. The ®xedSNRSD selectsIxD representing the interval
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Table 4: Permeability vectors forSNRSD =  5 dB.
Mode Index ofDa Da Db Dc

Mode 0 [0;1;0] [1;0;1] [0:57;0:51]
Mode 1 [0;1;0:05] [1;0;1] [0:48;0:45]
Mode 2 [0;1;0:20] [1;0;1] [0:38;0:32]
Mode 3 [0;1;0:40] [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'

SNRSD 2 [ 5;  4:5] dB, and while moving the relay, different realizations ofIxS andIxR 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 rateBER� 10 5) at the destination. Several
examples of EXIT charts with these parameters are furthermore plotted in Figure 27. When
SNRSD 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 distanced on a line between transmitter and the receiver. The path-loss
coef®cienta equals to 2, and the length of the information bits at the source isK = 10;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 code(1;5=7)8 at the source and the rate-1 RSC
(5=7)8 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 is 1=3. The ultimate performance limits given by the highest
achievable rate under DF relaying are given as well (see e.g. D5.1,Report 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 distanced 2 [0:1;0:9]. The signal-to-noise ratio on the
direct link is given bySNRSD =  5 dB in (a) andSNRSD =  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)
SNRSD =  5 dB, (b)SNRSD =  2 dB.

For both cases, we only plot the positions where the coding schemes allow successful decoding
(i.e.,BER� 10 5) at the 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
CSI), 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 higherSNRSD
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 code(4=7;5=7)8. There is one mode (Mode 5, ford 2 [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 higherSNRSD, 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 CSI 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:

Page 49/127



Project:
EC contract:

SENDORA
216076

Deliv. ref.:
Deliv. title:
Deliv. version:
Submission date:

D5.2
Report on Algorithm Development
1.0
11.01.2010

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 BLOCK 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 nodeS and destination nodeD. 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 usesT over 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,

Page 51/127



Project:
EC contract:

SENDORA
216076

Deliv. ref.:
Deliv. title:
Deliv. version:
Submission date:

D5.2
Report on Algorithm Development
1.0
11.01.2010

� 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 gaussianCN (0;s2) 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 0< b < 1. A relay will begin transmitting after listening for a time
duration equal tobT channel uses, if it is so instructed by the upper layer. The duration of the
relay transmission will be the remaining(1 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
R0;R1;R2;R3.

Let

xt
0 = [ x0;1 x0;2 � � � x0;bT ]

denote the(bT)-tuple transmitted by the source during the ®rst phase, and let

yt
i = [ yi;1 yi;2 � � � yi;bT ]; i = 1;2

denote the(bT)-tuples received at the relays during the ®rst phase. Equivalently let

xt
i = [ xi;1 xi;2 � � � xi;(1 b)T ]; i = 1;2

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

yt
3 = [ y3;1 y3;2 � � � y3;(1 b)T ]

denote the(1 b)T-tuple received by the destination during the second phase.

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

h(0;3) = h(3;0) = h(1;2) = h(2;1) = 0:

The totality of the received signal at the relays is given by

yt
i = h(0; i)xt

0 + wt
i ; i = 1;2:

Let I1; I2 be binary parameters de®ned by the channel and set by the speci®c protocol asIi = 1 if
Ri has been instructed to transmit, elseIi = 0. Then the received signal at the destination takes
the form

yt
3 = I1h(1;3)xt

1 + I2h(2;3)xt
2 + wt

3:
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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, theith 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 equalsTR=b bits. HereRis 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 of theith relay node, at the end of the ®rst phase,
occurs when

log(1+ r j h(0; i) j2) < R=b;

and the probability of outagePout;i(R) of theith relay node at the end of the ®rst phase is given
by

Pout;i(R) = Pr
#
log(1+ r j h(0; i) j2) < R=b

�
:

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-normalizedbT-length QAM vector from a
codebook

X0 = f xt
0 = q[x0;1 x0;2 � � � x0;bT ]g;

where thex0;k; k = 1; � � � ;bT are independently chosen, with equal probability, from a QAM
constellationAQAM given by

AQAM = f a+ õb j jaj; jbj � (M  1); a;b oddg:

The choice of

M2 = 2R=b; q �
r

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 ask forR1 to decode if

j h(0;1) j2�j h(0;2) j2 and log(1+ r j h(0;1) j2) > R=b;

whereas it will ask forR2 to decode if

j h(0;2) j2�j h(0;1) j2 and log(1+ r j h(0;2) j2) > R=b:

If
log(1+ r max

i= 1;2
j h(0; i) j2) < R=b

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 Ri transmits a (differently) power-normalized(1  b)T-length QAM vectorxt

i from a
codebook

Xi = f xt
i = q0[xi;1 xi;2 � � � xi;(1 b)T ]g;

where as before thexi;k; k = 1; � � � ; (1 b)T are independently chosen, with equal probability,
from another QAM constellationA0

QAM given by

A0
QAM =

�
a+ õb j jaj; jbj � (M0 1); a;b odd

	
;

where the choice of

M02 = 2R=(1 b); q0�
r

r
(M02  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 signalyt

3, and the codebookXi .

4.1.3 COOPERATIVE SCHEME 2 - ALAMOUTI BASED SELECTIVE TRANSMISSION

As before the source transmitsxt
0 2 X0, where

M2 = 2R=b; q �
r

r
(M2  1)=3

guarantees that the rate and power requirements are met.

At the end of the ®rst phase, theith relay node calculates whether

log(1+ r j h(0; i) j2) > 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) j2) < 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(s)Ri transmit(s) a(1 b)T-length vectorxt

i from a codebook corresponding to
theith (®rst or second) row of the Alamouti code. Speci®cally the ®rst relay draws from

X1 = f xt
1 = q0[x1;1  x�

1;2 x1;3  x�
1;4 � � � x1;(1 b)T 1  x�

1;(1 b)T ];

and the second relay from

X2 = f xt
2 = q0[x1;2 x�

1;1 x1;4 x�
1;3 � � � x�

1;(1 b)T x�
1;(1 b)T 1]:

As before thex1;k; k = 1; � � � ; (1 b)T are independently chosen, given a mapping known to all
nodes, from the previously described QAM constellationA0

QAM where

M02 = 2R=(1 b); q0�
r

r
(M02  1)=3

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

yt
3 = I1h(1;3)xt

1 + I2h(2;3)xt
2 + wt

3;

and the codebooksX1;X2.

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 ofb = 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 rateR, 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

d(R) =  lim
r ! ¥

logP(error)
logr

= 2(1 
2R

logr
):

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 ®xedR, we 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

d(R) =  lim
r ! ¥

logP(error)
logr

= 1 
R

logr
:

The following is given in the table

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

logSNR R=logSNR 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=4 1 1=2
5R 1=5 6=5 3=5

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, powerP
is required to achieve a certain rate and QoS (R andP(error)), then the proposed cooperative
schemes can achieve the same performance, but do so with optimally reduced power that is only
in the order of

p
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 ºburstº).

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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different groups called cluster. Nodes also use the HELLO message to elect a master in each
cluster. This speci®c node is called ºcluster headº. In this study, each cluster is supposed to
be at the most a two-bounce radio radius. In other word, the distance between nodes cannot be
greater than two times the node radio range (Figure 31(a) and (b)).

(a) (b)

Figure 31: One cluster network (a) and two clusters network (b)

All clusters of an ad hoc network are linked together thanks to bridge nodes, which belong
alternatively to both clusters. In this study, we only handle in communications into a unique
cluster.

The cluster head has some particularities. It is in charge of three main tasks:

� Centralization of all resource allocation requests from nodes belonging to the cluster,

� Computation of all resource allocation requests in accordance with different priorities
such as the arrived order of requests and the resources availability,

� Transmission of resources allocation to all other nodes of the cluster.

Communication between two nodes Once the network is built and organized into clusters,
nodes can transmit data to each other. If a node N1 has to transmit data to another one N2, it
®rst has to send an allocation request to its cluster head. The allocation request is randomly sent
in one of the different random access slot of a frame (F1). At the reception of the allocation
request message, the cluster head computes the next frame (F2) allocation resource taking care
of all nodes requests and different priorities. The allocation resource information is broadcasted
in the beacon of the frame (F2). The allocation resource message sent in the beacon contains
information on each burst of the current frame (F2) such as the identi®er of transmitter and
receiver during a burst. Implementing a relaying strategy in such a frame structure implies
some modi®cations in the beacon (such as adding the relay node identi®er concerned by the
communication) that will be de®ned in Section 4.2.4.

All data messages are ®nally sent in the data slots (bursts). It is the minimum possible data
allocation unit in the frame. In other words, if a data message is smaller than the burst size, a
whole burst will be used for the communication.

Figure 32 presents an example of communication between two nodes (node1 and node2).

Note: in the next simulations, all signalling information is supposed to be received without any
error.
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Figure 32: Example of communication.

4.2.3 TRANSMISSION SCHEMES

The cooperative relaying based on distributed space-time block codes is compared in this study
to other classical schemes. In this section, we present the terminology used to differentiate these
different transmission schemes and their characteristics.

We call ºtransmission schemeº, the complete transmission settings including the global strategy
for the source, relay, and destination. It is characterized by three main components and an
optional one:

� Modulation and Coding Scheme: de®nes which modulation and which error correcting
code is used to transmit information;

� Protocol: ®gures the way cooperating nodes (source, relays and destination) coordinate
their transmissions. In other words, it refers to the MAC frame format;

� Receiver processing: describes how information received from the nodes (relay and/or
source) is processed by the destination;

� Forwarding strategy: only de®ned if a relay is used in the protocol. It de®nes how data is
processed at the relay node before being forwarded to the destination.

Figure 33: Transmission scheme representation.
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In this study, both Modulation and Coding Scheme (MCS) and Forwarding strategy remain
the same. Only protocol and receiver processing can change. Moreover, for a speci®c protocol,
different receiver processing can be de®ned but we simplify our study to one receiver processing
per protocol.

MODULATION AND CODING SCHEMES

In the following simulations, the only modulation scheme we used in the simulations is QPSK.
Before being mapped to symbols, bits can be encoded by a convolutional code with different
possible rates obtained from rate-compatible codes de®ned in [34]. The different rates are
deduced from mother code of rate 1=n (n = 4 in our case) using the puncturing tables given in
[34]. In the next simulation, we do not use any convolutional code.

FORWARDING STRATEGY

As stated above, the forwarding strategy de®nes how data is processed at the relay node before
being forwarded to the destination. In the next simulations, we will focus on the amplify and
forward strategy sketched on the next ®gure.

As stated in Section 4.2.2, nodes that communicate using cooperative relaying have all the
same characteristics. LetA2

e be the power transmission before the transmitter antenna gain. The
ampli®cation coef®cient at the relay (a) is consequently computed in order to keep the average
relay transmission power (before ampli®cation by the relay transmitter antenna gain) constant
and equal toA2

e.

PROTOCOLS

All presented protocols use one or no relay during the transmission. Protocols using one relay
are called ºOne-way, one-pathº.
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RECEIVER PROCESSING

As stated above, the receiver processing describes how received information is processed by the
destination to recover the transmitted symbols. In this section, we describe the different receiver
processing techniques implemented for each one of the above-mentioned protocols.

Notations Let us consider a set of 3 nodes corresponding to a source S (indexs), a destination
D (index d) and a relay (indexr) potentially assisting the transmission from a source to a
destination node. Let us also use the following notations for the rest of this paragraph:

� N is the total number of data symbols in a time burst (or a time period in the ºone-way,
one-pathº cooperative relaying case).

� xr
p(k) = [ xp

r
1(k); : : : ;xp

r
N(k)] is the signal received by nodep (p = d or r1) during time

burst number (or time period numberk, in the ºone-way, one-pathº cooperative relaying
case).
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� xt
p(k) = [ xp

t
1(k); : : : ;xp

t
N(k)] is the signal transmitted by nodep (p = s or r1) during time

burst numberk (or time period numberk, in the ºone-way, one-pathº cooperative relaying
case).

� a p(k) is the forwarding ampli®cation coef®cient used by relayp (p = r1) during time
burst numberk (or time period numberk, in the ºone-way, one-pathº cooperative relaying
case).

� gpq(k) = PLpq � hpq(k) is the channel gain (including slow and fast fading) between nodes
p andq during time burst numberk.

� S(k) = [ s1(k); : : : ;sN(k)] is thek-th packet of symbols transmitted by the source.

� np(k) is the receiver thermal noise vector at nodep (p 2 f d; r1g) for time burst numberk
(or time period numberk, in the ºone-way, one-pathº cooperative relaying case).

� Gp is the antenna gain at nodep (p 2 f s;d; r1g).

� Ae is the signal amplitude before multiplication by the antenna gain factor.

Direct transmission In the direct transmission protocol, a new data packet is received during
each time burst (see Table 6).

Time burst 1 Time burst 2 Time burst 3 Time burst 4
Source Tx S(1) S(2) S(3) S(4)

Relay
Rx Not listening Not listening Not listening Not listening
Tx Not active Not active Not active Not active

Dest. Rx S(1) S(2) S(3) S(4)

Table 6: Direct transmission protocol.

Here, we implement a simple receiver processing using an adaptive ®lter based on the source to
destination channel estimate. Consequently, the received signal at the destination during time
burstk, k � 1 is

xr
d(k) = Ae � Gs � Gd � gsd(k) � S(k)+ nd(k)

Symbols composing a burst are independent, and can thus be estimated individually. The es-
timated symbol Åsp(k), with p 2 f 1; : : :Ng, is the one, among the QPSK constellation symbols,
which satis®es the equation

Åsp(k) = argmin
s

jxr
dp(k)  Ae � Gs � Gd � gsd(k) � sj2;

wherexr
dp(k) is thep-th data symbol received at the destination during time burstk.
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Time burst 1 Time burst 2 Time burst 3 Time burst 4
Source Tx S(1) Not active S(2) Not active

Relay
Rx S(1) Not listening S(2) Not listening
Tx Not active S(1) Not active S(2)

Dest. Rx Not listening S(1) Not listening S(2)

Table 7: Simple Relaying protocol.

ºOne-way, one-pathº simple relaying In the simple relaying protocol, a new data packet is
received every two-time bursts (see Table 7).

As in the direct transmission protocol, a simple receiver processing using matched ®lter based
on channels estimation is used. Letxr

r1
be the received signal at the relay (R1):

xr
r1

(2k 1) = Ae � Gs � Gr1 � gsr1(k) � S(k)+ nr1(2k 1); for k � 1:

During even time bursts the relay transmits data received during the previous time burst:

xt
r1

(2k) = a r1(2k) � Gr1 � (Ae � Gs � Gr1 � gsr1(k) � S(k)+ nr1(2k 1)) ; for k � 1:

Consequently, the signal received at the destination is:

xr
d(2k 1) =

�
0; for odd k
Gd � gr1d(k) � xt

r1
(k)+ nd(k); else.

Estimation of the transmitted symbols is performed by ®nding the QPSK symbol which mini-
mizes the equation

Åsp(k) = argmin
s

jxr
dp(2k)  (Ae�Gs�G2

r1
�Gd �gsr1(2k 1)a r1(2k) ��gr1d(2k) �sj2; for p2 f 1; : : : ;Ng:

ºOne-way, one-pathº cooperative relaying It is well known [35],[36],[37] that the use of
non-orthogonal cooperation protocols (which allow cooperating nodes to transmit on the same
channel), combined with an appropriate distributed coding scheme, provides higher bandwidth
ef®ciency than protocols where collaborative nodes use orthogonal channels (time-slots, fre-
quencies). Many distributed space-time codes (or DSTC) schemes were proposed, as extensions
of traditional MIMO space-time codes (STC) to the distributed-antenna case, among which the
Alamouti DSTC, which is the one considered in this study.

Space-time block codes (or STBC) denote a category of space-time codes which have the par-
ticularity to encode the data stream to be transmitted in blocks of symbols. These blocks are
distributed among transmit antennas and across time. They are usually represented by a cod-
ing matrix C, the rows and columns of which represent transmit time periods and antennas'
transmissions over time, as follows

C =

2

6
6
6
4

S(1;1) S(2;1) : : : S(Na;1)
S(1;2) S(2;2) : : : S(Na;2)

...
...

...
...

S(1;Nt) S(2;Nt) : : : S(Na;Nt)

3

7
7
7
5
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whereNt is the number of time periods over which encoding is performed,Na the number of
antennas andS(i; j) denotes the modulated symbol transmitted on antennaj during symbol
periodi. While several transmit antennas are necessary, this scheme even works with a single
receiver antenna, allowing to bene®t from receiver diversity.

It was previously shown that Alamouti's code [38],[39] is the only complex orthogonal STBC
which achieves rate 1 (average number of transmitted symbols per time period), meaning that it
can achieve full diversity gain without any sacri®ce on data rate (full rate, full diversity).

One of the major advantages of Alamouti's scheme is the simplicity of its receiver, as sim-
ple linear combination of the received symbols is enough to recover the original transmitted
information.

In a traditional MIMO system based on the Alamouti STC, each row of the 2x2 coding matrix
represents data to be sent by each antenna at each time period. Similarly, in a cooperative
relaying system employing distributed Alamouti Space Time Codes [36][40], each row of the
coding matrix refers to the data to be sent by the source towards each node (relay / destination)
during two successive time periods (a time-burst).

As presented in Table 8, Alamouti DSTC encoding, is de®ned over a four-time period basis
(two-time-bursts). This four time-period scheme is reproduced for each couple of data symbols
packets of size (half the size of a time-burst) to transmit,(S(2k 1);S(2k)) , k � 1.

Time burst 1 Time burst 2
Time Period 1 2 3 4
Source Tx S(1)  S(2)� S(2) S(1)�

Relay
Rx S(1)  S(2)� Not listening
Tx Not active S(1)  S(2)�

Dest. Rx Not listening S(1), S(2) S(1)� ,  S(2)�

Table 8: Alamouti DSTC cooperative relaying protocol.

When the amplify-and-forward strategy with a standard Alamouti receiver processing is used,
the destination does not listen to the signal received during the ®rst time period to decode the
message. Consequently:

xr
d(1) = xr

d(2) = 0:

Alamouti processing assumes that channel gains are identical for the four time periods, so that
we can drop the time-burst index in the channel gains, as well as in the relay ampli®cation
coef®cient below.

Regarding the second time-burst,

xr
d(3) = Ae � Gs � Gd � gsd � S(2)

+ a r1 � Gr � Gd � gr1d � (Ae � Gs � Gr1 � gsr1 � S(1)+ nr1(1))

+ nd(3)

and

xr
d(4) = Ae � Gs � Gd � gsd � S(1)�

+ ar1 � Gr � Gd � gr1d � (Ae � Gs � Gr1 � gsr1 � ( S(2)� ) + nr1(2))

+ nd(4):
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Let us de®ne:

h1 = Ae � Gs � G2
r � Gd � a r1 � gsr1 � gr1d

h2 = Ae � Gs � Gd � gsd

w1 = Ae � Gr � Gd � a r1 � gr1d � nr1(1)+ nd(3)

w2 = Ae � Gr � Gd � a r1 � gr1d � nr1(2)+ nd(4)

Thus, the above system takes the form:

xr
d(3) = h1 � S(1)+ h2 � S(2)+ w1

xr
d(4) = h2 � S(1)� + h1 � ( S(2)� ) + w2:

In order to solve this system, we need to conjugatexr
d(4). Thus, we can write:

xr
d(3) = h1 � S(1)+ h2 � S(2)+ w1

xr
d(4)� = h�

2 � S(1)  h�
1 � S(2)+ w�

2:

This linear system is easily solved and the resulting estimated received symbols are:

ÅS(1) =
h�

1 � xr
d(3)+ h2 � xr

d(4)�

jh1j2 + jh2j2
and ÅS(2) =

h�
2 � xr

d(3)  h1 � xr
d(4)�

jh1j2 + jh2j2
;

which can be rewritten as

ÅS(1) =
(G2

r � ar1 � gsr1 � gr1d)� � xr
d(3)+ gsd � xr

d(4)�

G2
r � a r1jgsr1 � gr1dj2 + jgsdj2

and

ÅS(2) =
g�

sd � xr
d(3)  G2

r � a r1 � gsr1 � gr1d � xr
d(4)�

G2
r � a r1jgsr1 � gr1dj2 + jgsdj2

:

4.2.4 COOPERATIVE RELAYING SPECIFIC SIGNALIZATION

Hypotheses In this section, we focus on the frame beacon de®nition and its contents require-
ments for the communication protocols described above (see Section 4.2.3). In other words,
we assume that nodes willing to communicate have already sent a request allocation message.
They are now waiting for the beacon that will indicate how and on which resources they can
communicate. We also assume that the cluster head has already identi®ed which nodes will
communicate in each slot and with which transmission scheme (TS).

We only consider point to point transmissions, so IP-level routing aspects are out of scope of
this study. Moreover, all nodes involved in a transmission are required to be in the same cluster.
This means that they are all synchronized with each other.

We ®nally assume that the propagation channel has a constant value during a whole frame.

The amount of information required in the frame beacon for each time-burst depends on the
selected transmission scheme. As some ®elds would be useless for some transmission scheme
while necessary for other ones, we de®ned speci®c beacon structures for each transmission
scheme. In order that nodes to be able to identify which one of these structure has to be used, the
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®rst ®eld of a beacon will always be the transmission scheme identi®er denotedTS ID, which
de®nes the type of transmission used for a communication (Direct transmission, ºOne-way, one-
pathº simple relaying transmission, or ºOne-way, one-pathº cooperative relaying transmission).

The beacon shall provide information on communications for all Guaranteed Bursts (GB) of the
frame. We consequently need a Guaranteed Burst Identi®erGB ID. For the rest of this study,
we consider this ®eld as implicit.

The beacon is divided inton parts, with n equal to the number of GB in the frame, the ®rst
section corresponding to the ®rst GB and so on.

Note: in the different examples, we do not represent the whole beacon frame but only the
information for the GBs involved in each example.

BEACON DEFINITION

Direct transmission protocol (DT) In this case, we only need to know the transmitter iden-
ti®erTx ID and the receiver identi®erRx1 ID. Below is an example in which node 1 sends a
message to node 3 in the 5th GB using DT protocol.

Figure 34: Left: DT beacon, right: DT transmission.

With this beacon, node 1 knows that it can send its message in the 5th GB and node 3 knows it
has to listen during this same GB.

ºOne-way, one-pathº simple relaying transmission protocol (OWOP-SR) In this case,
there are one transmitter and two destinations: the intermediate one (relay) and ®nal one (des-
tination). Consequently, we de®ne one emitter identi®erTx ID and two receiver identi®ers
Rx1 ID (corresponding to the relay) andRx2 ID (representing the ®nal destination).

As stated previously, this transmission scheme requires two different time bursts: a ®rst time
burst to transmit the information from the source to the relay and a second one to relay the
received information to the destination.

Note: the second GB can be in the same frame or in two different frames (it depends if the
relay has time to process received data before the end of the frame) but the principle remains
the same: the only difference between these two scenarios is that, in the second one, the source
has to keep in memory that the relay has to communicate with the ®nal destination on the next
frame. Up to the end of this section, we assume that the second time-burst is sent in the same
frame as the ®rst one.

For instance, let us consider the situation where node 1 sends a message to node 3 using OWOP-
SR and node 2 as a relay. The 5th GB is allocated to the ®rst part of the transmission and the
8th GB to the second part.
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Figure 35: Left: OWOP-SR beacon, right: OWOP-SR transmission.

With such a beacon information, for the ®rst part of the transmission, node 1 knows that it can
transmit on the 5th GB, node 2 knows that it has to listen on this same GB and forward the
received message, as it is not the ®nal destination (Rx1 ID 6= Rx2 ID). Finally, node 3 knows
that it does not have to listen on the ®rst GB, asRx1 ID 6= Rx2 ID.

For the second part, node 2 knows that it can transmit on the 8th GB, node 3 knows it has to
listen on this GB and that it is the ®nal destination, asRx1 ID= Rx2 ID.

ºOne-way, one-pathº cooperative relaying protocol (OWOP-CR) In this case, two trans-
mitters are sending information on a same GB during the second period of the transmission.
Indeed, both the relay and the source send information. Consequently, we need a new ®eld,
which we callTx1 ID, which indicates a possible second transmitter on a GB. Henceforth, we
will call Tx1 ID the ®rst transmitter identi®er andTx2 ID the second transmitter identi®er. As
an example: node 1 sends a message to node 3 using OWOP-CR protocol and node2 as a relay.
The 5th GB is allocated to the ®rst part of the transmission and the 8th GB to the second part.

Figure 36: Left: OWOP-CR beacon, right: OWOP-CR transmission.

With such a beacon information, for the ®rst part of the transmission, node 1 knows that it can
transmit on GB 5, node 2 knows that it has to listen on GB 5 and forward the received message,
as it is not the ®nal destination (Rx1 ID 6= Rx2 ID). Finally, node 3 knows that it is the ®rst
GB, asRx1 ID 6= Rx2 ID, so it does not need to listen. For the second part, node 1 and node
2 know they can transmit on the 8th GB, node 3 knows it has to listen on this GB, as it has its
identi®er in theRx1 ID ®eld and that it is the ®nal destination, asRx1 ID= Rx2 ID.
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4.2.5 RESULTS

In this section, we compare performances of the Alamouti based cooperative relaying scheme
with the direct and simple relaying transmission. This comparison takes into account the relay
position and is realized at both link and network levels. The link level simulation only uses
a source, a relay and a destination whereas the network level simulation uses 13 nodes which
represent sensors in a single cluster.

L INK SIMULATIONS

In a ®rst study, we focus on the relay position effects on performances (BER/PER) for a user in
bad coverage. As in the simulation, we do not use any channel coding, we ®xed the target BER
to 10 1 which corresponds with the parameters given in Section 4.2.2 to a source-destination
distance of 600 meters in NLOS scenario.

For this source-destination distance, we simulate the different transmission schemes with differ-
ent relay positions. For the sake of readability, the relay only moves on the source-destination
axis as shown in Figure 37. Results are presented in Figure 38 and Figure 39.

Figure 37: Simulation scenario.

Figure 38 and Figure 39 show that both simple relaying and cooperative relaying have an op-
timal relay position for which the BER and PER is optimal. But this position is different ac-
cording to the transmission scheme used. For the simple relaying, the relay should be in the
middle of the source destination link whereas the optimal relay position is in the ®rst half of the
source-destination distance used with a good relay position, the cooperative relaying scheme
appears to lead to a very good performance improvement. De®ning the BER relative gain as

G = 100�
BERdirect  BER

BERdirect
;

the cooperative relaying schemes leads to a gain of 86.6% whereas the simple relaying only
leads, at the best, to a gain of 73.1%.

This simulation have also been done for different source-destination distances. The next graph
(Figure 40) presents the BER versus the source-destination distance, using for each source-
destination distance the optimum relay position.

Figure 40 points out that cooperative relaying with a good relay position allows us to have same
performances than the direct transmission with a destination 250 meters farther. Consequently,
the transmission power can be reduced to reach the same target rate or sensors can be more
scattered.
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Figure 38: BER versus source-relay distance for a source-destination distance = 600m.

NETWORK SIMULATIONS

In this section, we focus on cooperative relaying performance in the ad hoc parts of the
SENDORA system, where secondary nodes form a sensor network able to perform spectrum
sensing for their own cognitive operation. The considered network is composed of one cluster
of thirteen sensors, presented in Figure 41. We simulate the case in which sensors send infor-
mation to their cluster head. To compensate the fact that no channel coding is used, we increase
the transmission power at 50 mW. Each sensor sends 94 bytes to the cluster head each 1 second.
All messages have the same priority level. Sensors are assumed to be in Non-Line-Of-Sight so
that we use the Radio Channel Characteristics de®ne in Section 2.2.2.

Let M be the number of user in the cluster (in the simulation,M = 13). LetNbRx(i;CH) (resp.
NpRx(i;CH)) andNbFalseRx(i;CH) (resp.NpFalseRx(i;CH)) respectively be the number of bits
(resp. packet) received by the Cluster Head sent by node i and the number of bits (resp. packet)
received in error by the Cluster Head sent by nodei.

In order to evaluate performances in a network context, we de®ne

� the minimum BER in the cluster as

BERmin = min(BER(i)) = min
�

NbFalseRx(i;CH)
NbRx(i;CH)

�
; for i 2 f 0; : : : ;Mg;
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Figure 39: PER versus source-relay distance for a source-destination distance = 600m.

Figure 40: BER versus source-destination distance with an optimum relay position.

� the maximum BER in the cluster as

BERmax= max(BER(i)) = max
�

NbFalseRx(i;CH)
NbRx(i;CH)

�
; for i 2 f 0; : : : ;Mg;
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Figure 41: Network topology.

� the minimum PER in the cluster

PERmin = min(PER(i)) = min
�

NpFalseRx(i;CH)
NpRx(i;CH)

�
; for i 2 f 0; : : : ;Mg;

� the maximum PER in the cluster

PERmax= max(PER(i)) = max
�

NpFalseRx(i;CH)
NpRx(i;CH)

�
; for i 2 f 0; : : : ;Mg;

� the average BER in the cluster as

BER=

M
å

i= 0
NbFalseRx(i;CH)

M
å

i= 0
NbRx(i;CH)

; and

� the average PER in the cluster as

PER=

M
å

i= 0
NpFalseRx(i;CH)

M
å

i= 0
NpRx(i;CH)

:

Each node has an associated relay that can be set by the user at the beginning of the simulation.
For this study, we have done several simulations with different choice of relay for each node.
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Figure 42 and Figure 43 present the minimum, maximum and average BER and PER for direct
transmission and how these values evolve when using simple or cooperative relaying with an
optimal relay choice for each user and also with a non-optimal choice.

Figure 42: Bit Error rates in the cluster.

Figure 43: Packet Error rates in the cluster.

Most of the time, the cooperative relaying improves the average performances in the cluster
whereas the simple relaying transmission needs an optimized relay choice to reach such a goal.

We can also notice that using a relay assisted transmission implies a ºperformance inversionº.
The sensor having the worst performances with a direct transmissions appears to have better
performances than the average with a relayed transmission and the one having the best perfor-
mances with a direct transmission becomes the one having less good performances than the
average. This is due to the fact that even if we choose the optimized relay for a node in a given
topology, it is not necessary the optimized position for the transmission.
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Therefore, it appears to be very interesting in a network to use an adaptive protocol which
chooses the best relay but also the best transmission scheme for a given metric.

4.2.6 ADAPTIVE PROTOCOL

We point out that there is no optimal transmission scheme that achieves the best BER and PER
for all the con®gurations. Thus, in order to solve this issue, we looked at an adaptive relaying
protocol. This type of protocol consists in ®nding and using the transmission scheme that leads
to the best PER for a given con®guration. To avoid geometrical con®gurations that change with
the network parameters and topology, we de®ne a con®guration as a triplet of SNR (SNRsource-
destination, SNRsource-relay, SNRrelay-destination) also denoted by (SNRsd, SNRsr, SNRrd).

NETWORK ADAPTATION FOR THE ADAPTIVE PROTOCOL

In such a protocol, on top of its basic functionalities de®ned in Section 4.2.2, the cluster head
would be in charge of:

� determining the best transmission scheme and the node used as the relay if one is needed,

� transmitting this information to other nodes of the cluster.

For this second point, it appears that the added signalization in beacon messages, presented in
Section 4.2.4 appears to be suf®cient for such a new protocol. Indeed, as the added signalization
depends on the transmission scheme used, it already contains the transmission scheme to be
used.

Concerning the transmission scheme determining, we adopt the use of a look-up table (LUT)
which would list for each con®guration (triplet of SNR) the transmission scheme to use. Assum-
ing that each node can regularly send SNR information in HELLO messages, the cluster head
will be able to determine which transmission scheme has to be used each time a communication
starts.

ADAPTIVE PROTOCOL PERFORMANCE

Simulation hypothesis This study is realized thanks to a simpler simulator based on C lan-
guage that only simulate the physical layer of a source, a destination and a relay. The source is
also equipped with a module deciding the transmission scheme that is to be used, and perfectly
knows all SNR between all nodes so as to be like the cluster head in the OMNeT++ simulator
but avoiding signalization sending.

In the following simulations, the carrier frequencyf is set to 400 MHz, the signal bandwidthB
equals 21.7 kHz and the transmission powerA2

e on this bandwidth equal to 0.178 Watt.

Moreover, the receiver thermal noise is set to -114 dBm.

Concerning the channel characteristics, the path loss is simpli®ed to a free-space (one-slope
model) path loss as de®ned as follows:

PL =
�

c

4p f da pl=2

� 2

;
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