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Abstract

Wireless sensor networks (WSNs) consist of a large number of sensor nodes which are

usually battery-powered and designed to operate for a long period of time. Consequently,

minimizing the energy consumption is a very important design consideration in WSNs.

In this thesis, based on cooperative relay techniques, a novel cooperative transmission

protocol (i.e. the fully distributed space-time coded (fDSTC) protocol) and an energy

efficient cooperative MAC protocol (i.e. RIC-MAC) are proposed and considered to

minimize the total energy consumption for WSNs.

Recently, cooperative relay techniques (e.g. repetition-based or distributed space-time

code based (DSTC-based) protocols) are increasingly of interest as one of the advanced

techniques to mitigate the fading effects of transmisison channel. The fDSTC protocol

is firstly proposed and compared with the conventional distributed space-time coded

(cDSTC) protocol. Then, the thorough comparison of the fDSTC and cDSTC proto-

cols in case of non-regenerative relays (NR-relays) and regenerative relays (R-relays) are

considered in terms of error performance, outage probability, diversity order and energy

consumption via both numerical simulations and mathematical analysis. In addition,

the fDSTC protocol is verified via multi-antenna systems and shown to be more energy-

efficient than the cDSTC protocol using either a typical energy model widely-used in the

literature or a real energy model based on the PowWow platform. Besides, a mathemat-

ical analysis in terms of energy consumption is complementarily given to show how to

choose the best cooperative models to prolong the lifetime of WSNs.

The aforementioned works consider the energy efficiency of the cooperative relays tech-

niques under the view of ideal medium access control (MAC) protocol. However, the

MAC protocol is responsible for regulating the shared wireless medium access of the net-

works, therefore, it has great influences on the total energy consumption of the networks.

That leads to a big motivation to design cooperative MAC protocols, RIC-MAC and

adaptive RIC-MAC, by combining preamble sampling and cooperative relay techniques.

I



The analytic results still confirm the interest of using cooperative relay techniques. How-

ever, the energy efficiency of the cooperative relay systems may be affected by the MAC

protocol design, the traffic loads of the networks and the desired latency.



"We must not forget that when radium was discovered no one knew that it would prove

useful in hospitals. The work was one of pure science. And this is a proof that scientific

work must not be considered from the point of view of the direct usefulness of it. It must

be done for itself, for the beauty of science, and then there is always the chance that a

scientific discovery may become like the radium a benefit for humanity."

–Marie Curie–
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Introduction

Energy is really not only a crucial factor for economic competitiveness and employment

but also a vital key for human life. In fact, adequate and affordable energy supplies are

significant to economic development and energy is indispensable to most industrial and

commercial wealth. It is a sign for relieving poverty, improving human welfare and raising

living standard. However, like the other resources (e.g. water, minerals, etc.) energy

is limited. In addition, that energy needs nowadays increase quickly leads to many

problems such as greenhouse effects, resource depletion, etc. Consequently, scientists

have recently focused on the sustainable development (i.e. development that meets the

needs of the present without promising the ability of future generations to meet their own

needs). Therefore, sustainable energy defined as energy which is replenishable within a

human lifetime and causes no long-term damage to the environment is a very hot topic.

It includes renewable energy and energy efficiency. Renewable energy terminology (i.e.

green energy) focuses on the ability of an energy source to continue providing energy

without any significant negative impact to the environment. On the other hand, moving

towards energy sustainability will require changes not only in the way energy is supplied,

but in the way it is used with the objective of reducing the amount of required energy.

It relates to energy efficiency that represents the main interest of this thesis.

In wireless communication network design and operation, financial and environmental

considerations have motivated a trend to minimize the amount of energy consumption.

Such a trend is referred to as green radio communications. In green radio communica-

tions, a main network design objective is to reduce the amount of energy consumption

while maintaining satisfactory quality of service (QoS). Although silicon technology is

progressing exponentially, doubling about every two years [1], processor power consump-

tion is also increasing by 150% every two years [2]. In contrast, the improvement in
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battery technology is much slower, increasing a modest 10% every two years [3], lead-

ing to an exponentially increasing gap between the demand for energy and the battery

capacity offered. Futhermore, the shrinking device sizes are also imposing an ergonomic

limit on the available battery capacity. Hence, energy efficiency is becoming more and

more important for battery-driven wireless communication. Energy consumption is af-

fected by all layers of system design, ranging from physical to application layers. In

this thesis, we will focus on improving the energy efficiency of transmission and medium

access control (MAC) protocols for resource-constrained networks such as wireless sensor

networks (WSNs).

Multiple-input and multiple-ouput (MIMO) techniques have been shown to be capable to

improving wireless system capacity and spectral efficiency [4]. In addition, it is also shown

that further energy efficiency improvement is achievable by adapting multi-antenna en-

coding to channel conditions [5] (e.g. precoders, space-time codes, etc.). However, that

a wireless sensor node can typically support only one antenna due to the limited size

and cost makes the direct application of multi-antenna technique to distributed WSNs

impractical. Fortunately, the sensor nodes can cooperate with each others to deploy a

virtual MIMO transmission (i.e. cooperative MIMO) [6, 7] or exploit the spatial diversity

(i.e. cooperative relay) [8]. Cooperative relay techniques, in which the neighbor nodes

serve as the relay nodes to forward different faded signals to destination, are shown to

be able to increase spectral efficiency [9] and provide significant energy efficiency im-

provement [10]. Thanks to these advantages, the cooperative relay techniques will be

considered in this thesis as energy-efficient transmission protocols to achieve energy effi-

ciency.

The advantages of cooperative relay techniques come with a signalling overhead and

additional energy consumption. In addition, cooperation can also cause collisions that

may affect throughput adversely and thus decrease energy efficiency due to its compli-

cated transmission protocol. Therefore, MAC protocol has significant influences on the

energy efficiency of the cooperative relay techniques. Since MAC layer is responsible for

regulating the shared wireless medium access of the networks, the energy-efficient MAC

protocols for cooperative strategies will be thoroughly designed and considered in this

thesis in order to further improve the benefits of the cooperative relay techniques and

reduce their inconveniences such as delay, collision, etc.
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Thesis contributions

In this thesis, based on existing cooperative relay techniques in the literature, a new

energy-efficient cooperative relay technique, called fully distributed space-time coded

(fDSTC) protocol is proposed to improve the performances of cooperative relay systems

[a]. The fDSTC protocol in which relays will use distributed space-time codes (DSTC)

to forward their received signals to destination belongs to DSTC-based cooperative relay

techniques. However, unlike conventional DSTC (cDSTC) protocol existing in the liter-

ature, in the fDSTC protocol the relays will exchange their data with each other before

the forwarding phase.

Besides energy efficiency which is the main concern of this thesis, the error performance,

spectral efficiency and diversity order of the fDSTC protocol, using non-regenerative

relays (NR-relays) and regenerative relays (R-relays), are also thoroughly considered and

compared with the cDSTC protocol. It is proved in this thesis through mathematical

analysis and numerical simulations that the fDSTC protocol outperforms the cDSTC

protocol in terms of error performance, spectral efficiency, diversity order and of course

energy efficiency [b].

The fDSTC protocol is then exploited in MIMO systems to show the interest of the

association between cooperative relay techniques and MIMO techniques to further im-

prove the performances of wireless systems [c]. In addition, two precise energy models,

one based on an artificial energy model widely used in the literature, the other based on

real energy model developed by CAIRN/IRISA, are presented to accurately evaluate the

energy consumption of the systems [d,e].

Finally, new MAC protocols for cooperative relay systems are proposed to completely

consider the energy efficiency of cooperative relay systems from physical to MAC layers

[f]. RIC-MAC, i.e. cooperative MAC protocol based on fixed relay, is shown to be

able to gain energy as compared to single-input single-output (SISO) systems and multi-

hop SISO systems. Moreover, adaptive RIC-MAC, i.e. RIC-MAC with relay selection

technique, is shown to further increase the energy efficiency of the cooperative relay

systems.
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Structure of the thesis

Chapter 1: Cooperative relay techniques

In this chapter, most of the existing works concerning cooperative relay techniques are

re-presented. Cooperative relay techniques are classified into two main categories based

on the method that relays forward their signals to destination, i.e. repetition-based and

DSTC-based cooperative relay techniques. Moreover, some advanced techniques such as

relay selection, power allocation and two-way relays are shown to be able to combine with

cooperative relay techniques to further improve the performances of cooperative relay

systems. At the end of this chapter, some numerical results are figured out to illustrate

the outperformance of cooperative relay techniques with or without the combination with

the advanced techniques.

Chapter 2: Fully distributed space-time codes

The fDSTC protocol is firstly proposed and considered using both NR-relays and R-

relays. In terms of error performance, the average symbol error probability (ASEP) is

explicitly derived to verify the numerical simulations. In addition, outage probability

of the protocols is also thoroughly given through mathematical approximation and nu-

merical simulations. Then, the diversity multiplexing trade-off (DMT) and maximum

diversity order of the protocols are derived. In terms of energy efficiency, two energy

models (i.e. typical and real energy models) used to evaluate the energy consumption

of the cooperative systems throughout this thesis are also re-presented. Besides, the

best power allocation among the transmitters is also considered through simulations to

further increase the BER performance of the fDSTC protocol.

Chapter 3: MIMO cooperative relay systems

In this chapter, the fDSTC and cDSTC protocols are once again considered, however

in the context of MIMO systems. The association of cooperative relay techniques and

MIMO techniques are shown to further increase the system performance in terms of error

performance and energy efficiency. Besides, a thorough analysis on energy consumption of

cooperative relay systems is given to show the best cooperative strategy. In addition, the
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effect of synchronization error on the bit error rate (BER) performance is also thoroughly

considered.

Chapter 4: MAC protocols for low-power cooperative sensor networks

This chapter proposes MAC protocols for low-power cooperative sensor networks. De-

tailedly, MAC protocols based on preamble sampling or low power listening techniques,

well-known as energy efficient techniques, are designed for cooperative relay systems.

RIC-MAC, a cooperative MAC protocol using receiver initiated techniques [11], is con-

sidered for fixed relay networks in terms of average energy consumption per packet and

latency. The total energy consumption is derived through mathematical analysis with

the help of two energy models presented in Chapter 2. The effect of traffic load on the

energy consumption and latency is also considered. In addition, adaptive RIC-MAC, as-

sociation RIC-MAC with relay selection technique, is shown to be able to further increase

the energy efficiency of RIC-MAC.

Finally, the conclusions and perspectives are given individually at the end of this thesis.

Publications
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Chapter 1

Cooperative Relay Techniques

1.1 Introduction

In wireless communications, the quality of a received signal is attenuated by not only

additive noise, but also path-loss and multi-path fading effects. These challenges can

be traditionally overcome by high reliable transmission, e.g. sophisticated coding, which

leads to complicated signal processing. However, it is not suitable for small-device and

resource-constrained wireless networks such as wireless sensor networks (WSNs). Re-

cently, new solutions to exploit the multi-path propagation, i.e. cooperative communica-

tions, are proposed to combat fading effects [8, 12]. In fact, cooperative communications

are considered to exploit spatial diversity gains via cooperation of user terminals without

the need of multiple antenna transceiver. Two well-known cooperative communication

techniques are cooperative MIMO and cooperative relay. In cooperative MIMO, two

neighbor terminals collaborate in the first transmission phase and serve as a virtual

MIMO antenna array [10]. In cooperative relay, the terminals acting as relays do not

have data to transmit. They only forward copied versions of data to destination to

achieve the spatial diversity, thus increasing performance of the original transmission

(i.e. source-destination transmission) [12].

Although cooperative MIMO is also well-known as an advanced technique to replace

traditional MIMO [6, 7], the inter-communication between neighbor nodes is assumed

to be free error or the distance [6, 7] between neighbor nodes is considered as much
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smaller than the transmission distance [10]. That limits the application range of coop-

erative MIMO in reality. On the other hand, in cooperative relay techniques, relays can

be placed anywhere, but in the communication range between source and destination.

In WSNs, sensor nodes are randomly distributed. The hard constraint of the distance

between neighbor nodes, therefore, may not be satisfied. Considering the general WSNs,

in this thesis, we only focus on cooperative relay techniques. Based on the transmis-

sion protocol at relays, we can classify them into two main categories: repetition-based

and distributed space-time code-based (DSTC-based) cooperative relay techniques [9].

In repetition-based cooperative relay techniques, each relay after receiving signal from

source will consecutively forward the signal to destination. Each transmitted signal

(including the original one transmitted from source to destination) is passed through

multiple independent paths and thus, the probability that the signal fails to reach the

destination is significantly reduced. In contrast to repetition-based cooperative relay

techniques, in DSTC-based cooperative relay techniques, the relays will take advantages

of distributed space-time coded (DSTC) protocol to simultaneously forward the signal

to the destination and hence, the spectral efficiency of the system is increased.

Besides, it is also claimed that advantages of cooperation can be further exploited by

applying some advanced techniques in the cooperative relay systems such as power allo-

cation, relay selection, two-way relay, etc. [13–15]. On the one hand, without knowing

the channel conditions, each terminal is given a fair opportunity of utilizing the coopera-

tive relaying channel. However, if the channel conditions (i.e. channel state information

(CSI)) are available to the terminals, the resource usage or traffic load can be redis-

tributed to improve the communication efficiency [13]. On the other hand, optimal

relay selection is also important for reaping the performance benefit of cooperative relay

techniques [14]. Recently, bidirectional relays or two-way relays are also investigated to

improve bandwidth efficiency of cooperative relay systems [15].

The rest of this chapter is organized as follows. Section 1.2 will present the repetition-

based cooperative relay techniques. The DSTC-based cooperative relay techniques will be

presented in Section 1.3. Then, in Section 1.4, some advanced techniques for cooperative

relay systems are presented to further exploit the best performance of cooperative relay

techniques. The performance of the cooperative relay systems will be re-simulated to

once again confirm their advantages over SISO system in Section 1.5. Finally, conclusion

is given in Section 1.6.

8
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1.2 Repetition-based cooperative relay techniques

Based on signal processing at relays before the relays forward signal to the destination,

the relays can be classified as non-regenerative (NR) or amplify-and-forward (AF) relays,

regenerative (R) or decode-and-forward (DF) relays, coded cooperation (CC) relays, and

compress-and-forward (CF) relays. For NR-relays, the relays simply amplify the received

signal from the source and forward it directly and consecutively to the destination without

decoding. For R-relays, the relays will firstly decode the received signal and then forward

the decoded signal to the destination. When the decoded signal is additionally encoded

to provide additional error protection to the original signal, it is referred to the case

of CC-relays. On the other hand, in CF-relays, the relays retransmit a quantized or

compressed version of the received signal, exploiting the statistical dependencies between

the signal received at the relays and that received at the destination. Among these relays,

NR-relays and R-relays are the most popular one due to their simplicity and intuitive

designs. Therefore, they will be considered in this thesis. In order to evaluate the

Figure 1.1: Repetition-based cooperative relay system

performance of the repetition-based cooperative relay techniques, the system with one

source, Mr relays and one destination which all equipped with one antenna is considered

(Fig. 1.9). In repetition-based cooperative relay techniques, the transmission protocol is

composed of two phases. In the first phase, the source will simultaneously transmit its

9
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signal to the relays and the destination. The received signal at the destination, ysd is

ysd =
√
ǫshsdx+ zsd, (1.1)

and the received signal at the relay j, ysj is represented as

ysj =
√
ǫshsjx+ zsj , j ∈ {r1, r2, ..., rMr}, (1.2)

where hsd, hsj are the channel coefficients of the transmission link from the source to the

destination and the relay j respectively; zsd and zsj are the noise at the destination and

the relay j and ǫs is the source transmit power.

1.2.1 NR-relays

Figure 1.2: Repetition-based cooperative relay system using NR-relays

With NR-relays, after receiving a noisy version of the signal transmitted from the source,

the relays just amplify and then consecutively retransmit this noisy version to the des-

tination (Fig. 1.2). The signal received at the destination from the relay j is expressed

as

yjd = Gjhjdx+ zjd, j ∈ {r1, r2, ..., rMr}, (1.3)

10
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with hjd and zjd the channel and noise coefficients of the link between the relay j and the

destination respectively and Gj =
√

ǫj
|hsj |2ǫs+Nsj

the amplifying factor [12] of the relay

j where ǫj is the transmit power of the relay j and Nsj is the variance of the additive

noise zsj .

The destination firstly combines the signals received from the source and the relays by

using the maximal ratio combining (MRC) technique and then makes a final decision.

Although the noise is also amplified at the NR-relays, the destination node receives

Mr+1 independently faded versions of the transmit signal. Therefore, it can exploit the

diversity gain to make a more precise decision on the final combined signal. Using the

MRC technique, the combined signal at the destination is given by

yd =

√
ǫsh

∗
sd

Nsd
ysd +

∑

j∈{r1,r2,...,rMr}

h∗jdG
∗
jh

∗
sj

|hjd|2|Gj |2Njd +Nsj
yjd. (1.4)

Then the total signal to noise ratio (SNR) at the destination can be derived as

γd = γsd +
∑

j∈{r1,r2,...,rMr}

γsjγjd
γsj + γjd + 1

,

= γsd +
∑

j∈{r1,r2,...,rMr}

γsjd,
(1.5)

where γsj =
ǫs|hsj |

2

Nsj
is the SNR of the link between the source and the relay j, γjd =

ǫj |hjd|
2

Njd
is the SNR of the link between the relay j and the destination, γsd = ǫs|hsd|

2

Nsd
is

the SNR of the source-destination link, and γsjd is the SNR of the transmission from the

source to the destination via the relay j.

The average symbol error probability (ASEP) of the repetition-based cooperative re-

lay system using NR-relays based on moment generating function based (MGF-based)

approach of [16, Eq. 9.12] for BPSK simulation can be derived as

Pγd =
1

π

∫ π/2

0

∏

j∈{r1,r2,...,rMr}
Mγsjd(−gBPSK

sin2θ
)

1 + gBPSKγsd
sin2θ

dθ, (1.6)

where Mγsjd [17, Eq. 13] is the moment generation function of the source-destination

link via the relay j, gBPSK = 1 [16] and Mγsd =
(

1 + gBPSKγsd
sin2θ

)−1
[16, Tab 9.1]. The
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moment generating function (MGFs) of {γsjd}j∈{r1,r2,...,rMr}
are found in [17]

Mγsjd(s) =
γ̄1,j γ̄2,j − 4γ̄3,j

γ̄24,j
− sγ̄3,j

(

γ̄4,j + 2γ̄3,j
)

γ̄34,j
e

γ̄2,j−γ̄4,j
2γ̄3,j E1

( γ̄2,j − γ̄4,j
2γ̄3,j

)

sγ̄3,j
(

γ̄4,j − 2γ̄3,j
)

γ̄34,j
e

γ̄2,j+γ̄4,j
2γ̄3,j E1

( γ̄2,j + γ̄4,j
2γ̄3,j

)

,

(1.7)

where γ̄1,j = γ̄sj + γ̄jd, γ̄3,j = γ̄sj γ̄jd, γ̄2,j = γ̄1,j − γ̄3,js, γ̄4,j =
√

γ̄22,j − 4γ̄3,j , γ̄sj and

γ̄jd are respectively the mean of the random variable γsj and γjd which have exponential

distribution and E1(.) is the exponential integral function defined in [18, Eq. 5.11]. The

proof of (1.7) is given in [17, Appendix A].

With the assumption that ǫs = ǫj and Nsd = Nsj = Njd = N0,∀j, the outage probability

of the system in high SNR region can be approximated as [19, Eq. 32]

P out ∼ 1

(Mr + 1)!

1

Ω2
sd

∏

j∈{r1,r2,...,rMr}

Ω2
sj +Ω2

jd

Ω2
sjΩ

2
jd

(2(Mr+1)R − 1

SNR

)Mr+1
, (1.8)

where Ω2
sd, Ω2

sj and Ω2
jd are the variances of the channel coefficient hsd, hsj and hjd

respectively, R is the spectral efficiency and SNR = ǫs/N0. Therefore, the maximum

diversity order of the system can be illustrated to be equal to Mr + 1.

1.2.2 R-relays

In the second phase of the repetition-based cooperative relay techniques, instead of just

amplifying the analog received signal as in NR-relays, the R-relays will attempt to decode

the received signal and then retransmit the detected signal to the destination as shown in

Fig. 1.3. Let x̂j is the detected signal at the relay j, the received signal at the destination

from the relay can be expressed as

yjd =
√
ǫjhjdx̂j + zjd, j ∈ {r1, r2, ..., rMr}. (1.9)

The combined signal using the MRC technique is

yd =

√
ǫsh

∗
sd

Nsd
ysd +

∑

j∈{r1,r2,...,rMr}

√
ǫjh

∗
jd

Njd
yjd. (1.10)
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Figure 1.3: Repetition-based cooperative relay system using R-relays

If the signal is perfectly decoded at the relays, the total SNR at the destination is given

by

γd = γsd +
∑

j∈{r1,r2,...,rMr}

γjd. (1.11)

By using the R-relays, the noise amplification drawback of the NR-relays can be elim-

inated. As we see, if there is no error decoding at the R-relays, the total SNR at the

destination is greater than that in case of NR-relays. However, if the detection at the

R-relays is not reliable, the performance of the MRC combination at the destination may

be quickly degraded which leads to a worse performance in comparison with NR-relays.

Due to the nonlinear characteristic of the maximum likelihood (ML) decoder at the

relays, exact analysis in terms of error performance of the cooperative relay systems

with R-relays is considered as a challenging problem. However, in [20] the authors gave

an attempt to derive exact expressions for the BER of the cooperative system employing

a single R-relay. Then these results are extended to the case of multiple R-relays for the

piecewise linear combiner, known to be a close approximation of the ML detector.
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Besides, the outage probability of the cooperative relay system with one R-relay in high

SNR region is shown in [9] as

P out ∼ 1

Ω2
sr1

22R − 1

SNR
. (1.12)

The result in (1.12) indicates that the cooperative relay system with R-relays does not

offer maximum diversity gains for high SNR, because requiring the R-relays to fully de-

code the source signal limits the performance of R-relays to that of direct transmission

between the source and relays. To exploit full spatial diversity and overcome the short-

comings of the R-relays in the cooperative relay system, the relay selection technique

will be used as presented in Section 1.4.

1.3 DSTC-based cooperative relay techniques

The DSTC-based cooperative relay techniques are also composed of two phases of com-

munication. The first phase is the signal broadcast from the source to the relays and the

destination. In the second phase, instead of the consecutive signal transmission of each

relay to the destination, all the relays will simultaneously forward the received signal to

the destination using a space-time block code [5, 21] (e.g. Alamouti or Tarokh, etc. )

as shown in Fig. 1.4. That leads to more bandwidth efficiency or spectral efficiency in

comparison with the repetition-based cooperative relay model.

The received signals at the destination and the relays in the broadcast phase are illus-

trated in (1.1) and (1.2) respectively. We assumed that the channel coefficients remain

the same for Mr consecutive time intervals. Then, the signals received at the destination

from the relays, yrdyrdyrd are given by

yrdyrdyrd = UUUhrdhrdhrd + zrdzrdzrd, (1.13)

where hrdhrdhrd =
[

hr1d hr2d ... hrMrd

]T
is the Rayleigh channel coefficient vector, zrdzrdzrd is

the AWGN noise vector at the destination and UUU is the forwarded signal matrix. The

dimension of yrdyrdyrd and zrdzrdzrd vectors depends on the dimension of the UUU matrix. Based

on the type of relays (i.e. NR-relays or R-relays), the components of UUU matrix will be

correspondently designed.
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Figure 1.4: DSTC-based cooperative relay system

1.3.1 NR-relays

In case of NR-relays, the UUU matrix is designed using orthogonal space time block code

[21] based on the basic component of uj which is the forwarded signal at the relay j,

j ∈ {r1, r2, ..., rMr} and is given by

uj = Gjysj , (1.14)

with Gj the amplifying factor of the relay j.

Based on different assumptions on channel state information (CSI) knowledge at the

relays, several amplifying factors are chosen to satisfy an average output energy constraint

per symbol.

• Case 1: when there is no instantaneous CSI at the relays, but statistical CSI is

available, Gj is given by [22]

Gj =

√

ǫj
ǫsΩ2

sj +Nsj
. (1.15)
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This amplifying factor ensures that an average output energy per symbol is main-

tained, but allows the instantaneous output power to be much larger than the

average.

• Case 2: if the relays know backward channel coefficients hsj , the following ampli-

fying factor can be used [23]

Gj =

√

ǫj
ǫsΩ2

sj +Nsj

h∗sj
|hsj |

. (1.16)

Although in this case, the instantaneous output power may be larger than the

average, unlike case 1, all existing space-time block codes can be used.

• Case 3: to prevent saturating the relay amplifier, automatic gain control (AGC)

adjusts the input power to the amplifier and facilitates controlling the instantaneous

output power of each relay so that it remains constant. An appropriate amplifying

factor for this case is given by [17]

Gj =
h∗sj
|hsj |

√

ǫj
ǫs|hsj |2 +Nsj

. (1.17)

The Alamouti receiver is used at the destination to process the signals received from

the relays. In order to recover the original transmit signal, the output of the Alamouti

receiver is combined with the signal received from the source ysdysdysd using MRC technique.

As a result, the post-detection SNR at the destination can de derived as

γd = γsd +
ǫs

(

∑

j∈{r1,r2,...,rMr}
|hsjGjhjd|2

)2

∑

j∈{r1,r2,...,rMr}
Nsjd|hsjGjhjd|2

, (1.18)

where Nsjd = |hjdGj |2Nsj +Njd. If Nsjd is constant ∀j, [24, Eq. 13] can be re-found

γd = γsd +
ǫs
∑

j∈{r1,r2,...,rMr}
|hsjGjhjd|2

∑

j∈{r1,r2,...,rMr}

(

|hjdGj |2Nsj +Njd

) . (1.19)
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If the amplifying factor of case 1 and case 2 is used, the post-detection SNR at the

destination can be expressed as

γd = γsd +
∑

j∈{r1,r2,...,rMr}

ǫsǫj
ǫsΩ2

sj+Nsj
∑

j∈{r1,r2,...,rMr}
ǫj

ǫsΩ2
sj+Nsj

Ω2
jdNsj +Njd

|hsjhjd|2

= γsd +
∑

j∈{r1,r2,...,rMr}

µsjd|hsjhjd|2

= γsd +
∑

j∈{r1,r2,...,rMr}

γsjd.

(1.20)

Then, the MGFs of {γsjd}j∈{r1,r2,...,rMr}
are derived as shown in [24]

Mγsjd(s) =
1

sµsjdΩ
2
sjΩ

2
jd

e
1

sµsjdΩ
2
sj

Ω2
jd E1

( 1

sµsjdΩ
2
sjΩ

2
jd

)

. (1.21)

The BER of the DSTC-based cooperative relay system employing BPSK modulation and

using NR-relays and amplifying factor as in case 1 and case 2 is given by (1.6) where

Mγsjd is shown in (1.21).

On the other hand, if the AGC is used at the relays, the post-detection SNR at the

destination (1.19) becomes

γd = γsd +
∑

j∈{r1,r2,...,rMr}

ǫsǫj
ǫs|hsj |2+Nsj

∑

j∈{r1,r2,...,rMr}
ǫj

ǫs|hsj |2+Nsj
|hjd|2Nsj +Njd

|hsjhjd|2. (1.22)

Because of the summation terms in the denominator of (1.22) consisting of another

rational function, obtaining the corresponding probability density function (PDF) is

very complicated. Therefore, the upper bound of (1.22) is analyzed

γd ≤ γUd = γsd +
∑

j∈{r1,r2,...,rMr}

γsjd, (1.23)

where γsjd =
ǫs|hsjGjhjd|

2

Nsjd
. If Ωsj = Ωjd, Nsj = Njd and ǫj = ǫ, ∀j, γsjd becomes

γsjd =
γsjγjd

γsj + γjd + 1
. (1.24)

As a result, the lower bound on ASEP of the DSTC-based cooperative relay system
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using NR-relays and employing BPSK modulation is the same as ASEP of repetition-

based cooperative relay systems as given by (1.6).

The DSTC-based cooperative relay system is shown to achieve full diversity order (i.e.

Mr + 1) with amplifying factor of case 1 and case 2 by mathematical analysis [24].

However, it is claimed in [24] by simulation that in case of AGC at the relays, the system

can not get full diversity order.

Moreover, in order to get higher rate, instead of using distributed orthogonal space-time

code [21] at the relays, in [22], the authors considered the distributed linear dispersion

[25] at the relays while the distributed GABBA space time codes (full-rate code) is

used in [26]. These prior works focused on two-hop models. Recently, the DSTC-based

cooperative relay system are considered with communications having more than two hops

in [27].

1.3.2 R-relays

Unlike NR-relays, with R-relays, the relays firstly detect the signal received from the

source and then form the space time coded signal matrix UUU . Therefore, the components

of UUU depend on the decoded signal x̂j at the relay j. Like in case of NR-relays, the matrix

UUU can be designed based on orthogonal space-time block codes or GABBA space-time

codes or linear dispersion codes.

Recall that, the DSTC-based transmission at the relays will induce the inter-symbol

interference (ISI) due to the error detection at the relays. If the ISI can be removed,

the DSTC-based cooperative relay system can achieve the same error performance as the

repetition-based cooperative relay system. Therefore, if the source-relay links are error-

free [28], the total SNR at the destination is given in (1.11). For BPSK modulation, the

average error performance over the channel realizations is derived as shown in [29]

Pb =
1

2

∏

j∈{r1,r2,...,rMr}

γjd
γjd − γsd

(

1−
√

γsd
1 + γsd

)

+
1

2

∑

j∈{r1,r2,...,rMr}

πjd

(

1−
√

γjd
1 + γjd

)

,

(1.25)

where πjd =
∏

i,j∈{r1,r2,...,rMr},i 6=j
γid

γid−γjd
.

Otherwise, if the effect of intermediate decision errors at the relays is taken into account,

the overall performance of the DSTC-based cooperative relay system will be degraded
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as a consequence of the ISI. Since the repetition-based cooperative relay system is not

affected by the ISI, it outperforms the DSTC-based cooperative relay system in terms

of BER performance. Nevertheless, if the quality of the source-relay link increases,

translating to less errors at the relays, the performance gap between the repetition-based

and DSTC-based cooperative relay systems is expected to diminish.

In the presence of the error detection at the relays, the optimal maximum-likelihood (ML)

and suboptimal scalar detectors are considered in [30] to derive closed form on BER of

the DSTC-based cooperative relay system. When using an ML detector, the destination

must have perfect knowledge of the error probability vectors, occurring at the relay. This

requires an exchange of information between the relays and the destination. In addition,

this information has to be updated with a rate depending on the channel coherence time.

If this information is not available at the destination, a sub-optimum scalar detector can

be implemented instead of the ML detector. In this case, the decision on the transmitted

signal x[n] can be simply detected as

x̂[n] = sign{Re{yd[n]]}}, (1.26)

where Re{x} stands for the real part of a complex number and yd[n] is the received signal

at the destination after using MRC technique to combine the signal received from the

source and the relays. The closed form error probability with ML and sub-optimum scalar

detectors for DSTC-based cooperative relay system using two R-relays (i.e. Mr = 2) are

given in [30]. Because of the complexity of these expressions, the closed form error

probability in the case of Mr relays is not derived here, but can be reserved for future

works.

Using two R-relays, it is claimed in [31] that the DSTC-based cooperative system does

not collect the full diversity with suboptimal scalar detector. Furthermore, the highest

diversity achieved by the DSTC-based cooperative relay system is the diversity of the

source-relay channel. Even though, the ML receiver has the potential to collect diversity,

it still can not collect the full diversity of the DSTC-based cooperative relay system as a

result of the ISI channel induced by the error detection at the R-relays. In order to collect

the full diversity of the ISI channel, the receiver needs full (deterministic) information

about all channel taps and not just statistical information, which is the case when error

probability at the R-relays is available at the destination.
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The novel error aware distributed space-time (EADST) system with two R-relays relying

on feedback from the destination is proposed in [31]. Based on the minimum error

probability at the destination, it is demonstrated to be able to overcome the loss of

diversity of DSTC-based cooperative relay system by switching between cooperation

using the DSTC-based transmissions and one-hop transmissions [31]. The feedback-free

EADST system which improves on DSTC-based cooperative relay system by allowing

the amplification at the relays to depend on the relays’ own error rate is also considered

in [31].

In EADST system with feedback from the destination. First, the destination has to know

the error probability at the R-relays to determine the amplifying factor since the BER

performance of whole system depends on the error probability of not only the source-relay

link but also the relay-destination link [31, Eq. 13]. Second, the amplifying factor has to

be transmitted from the destination to the relays. In contrast, in feedback-free EADST

system, the amplifying factor will be approximated at the relays depending only on the

error probability at the relay [31, Eq. 14]. The simulations in [31] showed that without

knowledge of the relays’ error probability at the destination, the error performance of

the DSTC-based cooperative relay system performs poorly (i.e. the diversity order of

the system is only one). The feedback-free EADST system is shown to lose diversity at

high SNR regions while the EADST system with feedback always gets full diversity.

1.4 Advanced techniques in cooperative relay systems

In comparison with traditional multi-input multi-output (MIMO) systems, the cooper-

ative relay systems suffer a considerable degradation in terms of BER performance due

to the noise amplification of NR-relays or the error detection of R-relays. As a result,

many advanced techniques such as relay selection, power allocation, two-way relays, etc.

are considered together with cooperative relay systems to improve BER performance,

diversity order, spectral efficiency and energy efficiency.

1.4.1 Relay selection or opportunistic relay

The cooperative transmission protocol models using relays can be either repetition-based

or DSTC-based depending on how the received signals at the relays are forwarded to the
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destination. However, in many practical scenarios, all the nodes in the network do not

simultaneously participate in the transmission; therefore, the suitable nodes based on

different constraints will be selected as the relays for cooperative transmission. The

relay selection methods can be classified into two main categories: relay selection with or

without feedback from the destination as shown in Fig 1.5. Relay selection techniques

have been extensively studied in the literature [13, 32–40]. However, only some well-

known techniques are presented here as the examples of relay selection techniques.

Figure 1.5: Classification of distributed relay selection schemes

1.4.1.1 Relay selection without feedback from the destination

1.4.1.1.a CSI-Timer Mapping Relay Selection (CTMRS)

A distributed relay selection scheme that does not require global topology information

is proposed in [13]. In the CTMRS scheme, all potential relays (e.g. Mr) can deduce

the channel quality (hsj , hjd) from the strength of the received request-to-send (RTS)

or clear-to-send (CTS) sequences and derive a timeout from it. The timeout serves as a

back off and node with the earliest timeout becomes the cooperating relay. The initial

timer value for node j is proportionally inversed of gj where gj is defined based on one

of the two following policies.
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Policy I: the minimum of (hsj , hjd) is selected

gj = min{|hsj |2, |hjd|2}. (1.27)

Policy II: the harmonic mean of the source-relay and relay-destination links is used

gj =
2|hsj |2|hjd|2
|hsj |2 + |hjd|2

. (1.28)

A node being the best candidate as a relay has its timer reduced to zero first. When the

timer of a potential relay expires, it broadcasts a flag packet to inform itself as a relay

if the channel is free. Then the other potential nodes stop their timers and back off. It

is claimed by the work in [13] that the achieved diversity of CSI-Timer mapping relay

selection scheme is on the order of the number of cooperating terminal (e.g. Mr + 1)

even though only one relay forwards the received signal.

1.4.1.1.b Power-Aware Relay Selection (PARS)

The power-aware relay selection (PARS) is considered in [32] to maximize network life-

time by combining the optimal transmit power and the residual power level of the source

and potential relay. The algorithm consists of two phases.

• Firstly, each potential relay performs the optimal power allocation (OPA) algorithm

to get the optimal transmit power for both the source and each potential relay at

the given transmission rate.

• Secondly, the PARS derives a timeout based on the optimal transmit power and

the residual power level of each pair of source and potential relay.

In addition, PARS is shown to be able to extend the network lifetime by about 100% as

compared to [13].

1.4.1.1.c Geographic Information based Relay Selection (GIRS)

A simple geographic-based relay selection in which the best relay can be efficiently de-

termined by using the geographical information among nodes is proposed in [34]. In this

algorithm, the distance information is assumed to be perfectly known at each node and

the goal is to select the best relay to maximize the cooperation gain, and hence minimize
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the symbol error probability (SEP) at the destination. The source chooses the best relay

(e.g. relay j∗) which has the minimum selection metric ∆j as follows

j∗ = argmin
j∈{r1,r2,...,rMr}

{∆j}, ∆j = c21d
α
sj + c2d

α
jd, (1.29)

where c1 and c2 are two parameters based on modulation scheme [34] and dsj and djd

are the distances of source-relay and relay-destination respectively. Then, the source

broadcasts a message to indicate which node is chosen as a relay for its transmission.

The simulation results show the improvement and outperformance of this scheme over

random relay selection protocol in terms of SEP.

1.4.1.1.d Simple Relay Selection (SRS)

The authors in [37] consider a network having a set M of m nodes. Each node s ∈ M
has data to transmit to its own destination d(s) /∈ M, and acts as a relay for other nodes

in M. The SRS scheme works as follows

• Firstly, each node broadcasts its data to its respective destination and decodes the

data from the other m − 1 sources. Then, it determines if it can be a relay for

the source si (i.e. correct detection of the signal received from si). After that, it

declares itself as a member of relay set D(si) which is transmitted to each source

si

• Secondly, the source si will pick in its relay set Dsi the relay which has the highest

instantaneous SNR for the cooperative transmission.

Through analysis and simulation, it is shown that the SRS scheme achieves full diversity

order.

1.4.1.2 Relay selection with feedback from the destination

1.4.1.2.a Switched-and-Examined Node Selection (SENS)

The relay selection scheme based on timeout can lead to collision when the timer of two

or more potential relays expires at the same time. Furthermore, that all potential nodes

need to listen to channel all the time wastes energy. In [33], an algorithm using the
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idea of switched diversity with post selection is proposed. First, an arbitrary node j is

selected as a relay. If the SNR of the source-relay link is greater than a target threshold

(e.g γsj > γT ), the relay node requests the CSI from the destination. If the estimated

SNR of the relay-destination link is higher than the threshold (e.g. γjd > γT ), this

potential relay will confirm it as a relay. Otherwise, the procedure loops through the list

of potential relays. The SENS scheme is shown to achieve the same performance as the

CTMRS scheme [13], but with less collision and more energy efficiency.

1.4.1.2.b Opportunistic Relay with Limited Feedback (ORLF)

The protocol of ORLF scheme consists of two phases [36].

• In the first phase, source transmits data to both destination and potential relays.

The potential relays will indicate success or failure of the signal detection to the

destination via one bit of data.

• In the second phase, the destination selects the best relay based on the estimated

relay-destination SNR and announces its decision with one bit feedback per relay.

The analysis results show that this scheme can get the same diversity-multiplexing trade-

off achieved by space-time coded protocol [36].

1.4.1.2.c Opportunistic Cooperative Diversity with Feedback (OCDF)

In [35], the automatic repeat request (ARQ) technique is combined with opportunistic

relay to achieve a remarkable performance gain. The relay selection algorithm is totally

the same as in [13]. However, the selected relay will not transmit the received message

until it receives a single-bit feedback from the destination, indicating that the message

has not been correctly decoded in the first phase. That means when the destination

successfully receives the message from the source, the relay-destination transmission is

unnecessary.

1.4.1.2.d Incremental Transmission Relay Selection (ITRS)

In [38], an incremental transmission relay selection (ITRS) where the source itself is

also considered in the selection procedure is proposed. The source broadcasts signal in

the first phase. If destination can not successfully decode the signal, it will identify

and pick up the best potential node from among successful relays and the source for
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retransmission after performing a limited hand-shake like [35] in the second phase. The

diversity multiplexing trade-off of ITRS is shown to improve the system performance in

comparison with [13].

1.4.1.2.e Outage-Optimal Relay Selection (OORS)

A relay selection combined with feedback and adaptive forwarding, called outage-optimal

relay selection (OORS), is proposed in [40]. If the cooperation is necessary (i.e. the

source-destination transmission is failed), a decision threshold is introduced. Each relay

independently evaluates its potentiality for cooperation and forms a set of cooperative

nodes. The destination will select a node in this set that has the maximum instantaneous

mutual information as a relay. If the set is null, the source will be chosen for retrans-

mission. Simulation results show that OORS outperforms ORLF [35] and ITRS [38] in

terms of outage probability.

1.4.2 Power allocation

Besides relay selection techniques, the advantages of cooperative communications in re-

source constrained networks (e.g. WSNs) can be made more efficient with suitable power

allocation. Different power allocation schemes have been proposed in the literature

[14, 41–44] depending on the desired gain as shown in Fig. 1.6, e.g. minimization of

transmit power, guaranty of a required data rate, maximization of network lifetime, etc.

In [14], the power allocation expression for a two hop non-regenerative cooperative relay

Figure 1.6: Optimal power allocation schemes

system is derived to maximize the channel capacity under power constraint. Based on

BER performance analysis, the optimum power allocation for the regenerative cooper-

ative relay system is derived when CSI is available at the destination [41]. It is shown
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that the optimum power allocation does not depend on the direct link between source

and destination, it depends only on the channel links related to the relay. Besides, when

only mean channel gain information is available at the transmitters, the power alloca-

tion problem for regenerative cooperative relay system with random node locations is

considered in [42] to minimize outage probability under total transmit power constraint.

On the other hand, for energy-limited wireless networks such as WSNs, maximizing

the network lifetime is more important for uninterrupted data transmission without re-

plenishing batteries frequently [43]. Therefore, in [43] four power-allocation strategies,

namely, the minimum transmission power (MTP), maximum residual energy (MRE),

maximal energy-efficiency index (MEI), and minimum outage probability (MOP) strate-

gies, to prolong network lifetime are proposed. Furthermore, a strategy to minimize

the total transmit power in a regenerative user cooperative uplink, such that each user

satisfies its quality-of-service (QoS) at fixed data rate is considered in [44].

1.4.3 Two-way relays

In traditionally unidirectional cooperative relay systems, several relays assist in the

source-destination communication in order to achieve spatial diversity [8, 9, 12]. How-

ever, the half-duplex constraint of the relays induces a severe loss of bandwidth efficiency

due to occupying more time slots for one-round information. In order to overcome the

performance loss in the use of spectral resources, a novel transmission scheme referred as

bidirectional cooperative networks or two-way relay networks have been recently studied

in the literature. In contrast to conventional schemes, fewer transmission cycles are re-

quired in two-way relay transmission, which consequently provides improvement in the

performance of spectrum efficiency [45]. In fact, in two-way relay transmission one or

multiple relays are deployed to establish a reliable bidirectional communication between

the two transceivers. The key idea with the two-way relay communication is that each

terminal can cancel the interference (generated by its own transmission) from the sig-

nal received from the relay to recover the signal transmitted from the other terminal.

Currently, according to the required time slots, the two-way relay transmission can be

grouped into the time division broadcast (TDBC) (i.e. three phase communication pro-

tocol) [15] and the multiple-access broadcast (MABC) (i.e. two-phase communication

protocol) [46].
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Figure 1.7: MABC protocol

1.4.3.1 MABC protocol

The MABC tranmission protocol consists of two phases as shown in Fig. 1.7. In the fist

phase, two sources S1 and S2 transmit simultaneously their symbol x1 and x2 to the

relays respectively. The NR-relays or R-relays then broadcast their received signal to S1

and S2 using repetition-based or DSTC-based cooperative relay protocols. Since S1 and

S2 know their own symbol x1 and x2, the self-interference at S1 and S2 can be removed.

Therefore, S1 and S2 can obtain interference-free signals.

1.4.3.2 TDBC protocol

The TDBC protocol needs three time-slots for a complete communication between two

terminals with the help of relays depicted in Fig. 1.8. At the first time slot, S1 will

transmit x1 to the relays and S2 at the same time. Similarly, S2 simultaneously transmits

x2 to S1 and the relays. Finally, after combining the two received signals (i.e. x1 and

x2), the NR-relays or R-relays will broadcast the combined signal to S1 and S2 using

repetition-based or DSTC-based cooperative relay protocols.
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Figure 1.8: TDBC protocol

1.4.3.3 MABC vs TDBC

Due to the different required temporal phases, the main characteristic for both protocols

can be summarized as follows [46]

1. MABC

• The MABC protocol needs only two time slots for two data flows. Therefore

the channel resources are used more efficiently

• That both sources simultaneously access the channel leads to interference

• The MABC can not utilize the direct transmission between the two sources.

Thus, it only achieves the first diversity order (Mr = 1).

2. TDBC

• The TDBC protocol requires three time slots for two data flows which results

in suboptimal utilization of the channel resources.

• The relay deals with a single transmission at each time; therefore there is no

interference.

• In the TDBC protocol, the direct transmission between the two sources is

taken into account. Thus it can get the second diversity order (Mr = 1).

28



Chapter 1. Cooperative Relay Techniques

1.4.4 Association between the advanced techniques

The above advanced techniques are shown to be able to increase the performance of coop-

erative relay systems in terms of BER, spectral efficiency and energy efficiency. Moreover,

the suitable association between these techniques (i.e. relay selection, power allocation

and two-way relay) are recently illustrated to further improve the system performance.

In [15], a bidirectional relay networks based on MABC and TDBC, consisting of two

different end-sources and multiple NR-relays, is considered together with relay selection

technique. The outage probability is shown to be minimized through a max-min crite-

rion. On the other hand, relay selection techniques for two-way R-relay systems based on

MABC are proposed to get benefits in terms of outage probability and diversity gain [46].

Besides, the combination of relay selection and optimal power allocation techniques are

considered in [47, 48]. In [48], a relay selection and power allocation scheme for R-relays

is proposed and shown to be able to extend the network lifetime while an adaptive power

control for the selected R-relay is considered in [47] in order to satisfy the given data

rate requirement.

In addition, an optimal joint relay selection and power allocation scheme for two-relay

networks is considered in [49]. In [50], the proposed two-way relay system with re-

lay selection and optimal power allocation is shown to have considerable performance

improvement over equal power allocation scheme. Recently, an energy-efficient relay

selection and power allocation scheme is studied for TDBC networks in [51] with the

objective of minimizing transmit power consumption at required end-to-end rates.

1.5 Simulation Results

In this section, the BER performance of repetition-based and DSTC-based cooperative

relay systems is re-simulated with or without using the advanced techniques. For a fair

comparison between the cooperative relay systems and SISO system, the total transmit

powers of all the systems are the same. That means if in SISO, source transmits signal

to destination with the transmit power of P , in cooperative relay systems, the total

transmit power of all terminals must be equal to P (i.e. ǫr +
∑

j∈{r1,r2,...,rMr}
ǫj = P ).

Unless otherwise stated, for the following simulations the transmit power of all terminals
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(relays and source) will have equal allocation (i.e. ǫs = ǫj = ǫ, ∀j). The relays are

assumed to be in the middle of the source and the destination.

1.5.1 Repetition-based cooperative relay systems

The BER performance of repetition-based cooperative relay systems using BPSK modu-

lation is shown in Fig. 1.9 when the number of relays changes from 1 to 4. Fig. 1.9a shows

the performance for NR-relays while the performance of R-relays is shown in Fig. 1.9b.

The simulation results are well-matched with the previous results illustrated in the lit-

erature [8, 13]. With NR-relays, the diversity order of the system is Mr. That means

when the number of NR-relays increases the diversity order of the system will increase

proportionally. Otherwise, with R-relays, because of error detection at the relays, the

diversity order of the system will always be one although how many R-relays are used in

the cooperative system.

1.5.2 DSTC-based cooperative relay systems

The BER performance of DSTC-based cooperative relay systems with NR-relays and R-

relays is shown in Fig. 1.10. For the simplicity, this simulation is only done for the case

Mr = 2. As shown in the figure, the BER performance of R-relays is considerable with

SISO system. Therefore, the diversity order of the system with R-relays is only one. For

NR-relays, the BER performance is simulated depending on different amplifying factor

used at the relays. It is claimed through the simulation that using AGC (1.16) (case 3),

the system can get second diversity order. However, with the amplifying factor in (1.16)

(case 2) the system is shown to be able to achieve full diversity order (i.e. 3). The results

are totally well-matched with the results in [24].

1.5.3 DSTC-based vs repetition-based cooperative relay systems

Fig. 1.11 shows the BER comparison between repetition-based and DSTC-based coop-

erative relay systems in case of NR-relays and R-relays. Instead of using 3 time slots to

transmit a signal from source to destination via two relays like repetition-based coop-

erative relay systems, in DSTC-based cooperative relay systems (e.g. Mr = 2), it only
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(a) NR-relays

(b) R-relays

Figure 1.9: BER performance of repetition-based cooperative relay system

needs 2 time slots. Although having more bandwidth efficiency than repetition-based co-

operative relay systems, DSTC-based cooperative relay systems have worse performance

than repetition-based cooperative relay systems in terms of BER as shown in Fig. 1.11.

To prevent the saturation at relays, AGC is used in cased of NR-relays.

1.5.4 Relay selection

One can also wonder about the benefits of relay selection technique in improving the

BER performance of cooperative relay system. The performance of repetition-based co-

operative system with relay selection technique is shown in Fig. 1.12. In this simulation,

the CTMRS technique [13] with the relay selection policy based on the harmonic mean

of the source-relay and relay-destination links (1.28), mentioned CTMRS in the figure,
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Figure 1.10: BER performance of DSTC-based cooperative relay system

Figure 1.11: BER performance comparison of DSTC-based and repetition-based co-
operative relay systems

is used. The results without mentioning CMTRS are reserved for the BER performance

of the system without using relay selection technique. Although in the relay selection

technique, there is only one best relay forwarding signal to destination, it is illustrated to

further improve the performance of the system using NR-relays. Besides, for the system

using R-relays, the relay selection technique is shown to be able to improve the diversity

order of the system. Instead of one, the system can fully achieve the diversity order of

Mr.

1.5.5 Power allocation

Finally, the effect of optimal power allocation on the BER performance of repetition-

based and DSTC based cooperative systems is also shown in Fig. 1.13. In this simulation

the transmit power of the terminals is no way equal allocation. Instead of this we have
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(a) NR-relays

(b) R-relays

Figure 1.12: BER performance of repetition-based cooperative relay system with
relay selection technique (CTMRS)

ǫs+Mrǫr = P (ǫj = ǫr ∀j) where ǫs = cPP and ǫr = (1−cP )P/Mr. Fig. 1.13a shows the

SNR required as a function of cP when the BER desired is equal to 10−4 for repetition-

based cooperative relay systems. The optimal power allocation for NR-relays happens

when cP = 0.6 while for R-relays, the system will need the less SNR required when

cP = 0.7. On the other hand, the optimal power allocation for DSTC-based cooperative

relay systems is shown in Fig. 1.13b when BER = 10−3. As shown in the figure, for

NR-relays, the best performance is achieved when cP = 0.7. In contrast, for R-relays,

cP = 0.9 is the optimal power allocation ratio.
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(a) repetition-based

(b) DSTC-based

Figure 1.13: BER performance of cooperative relay system with power allocation
technique

1.6 Conclusion

In this chapter, a survey of cooperative relay systems (i.e. repetition-based and DSTC-

based) with advanced techniques (i.e. relay selection, power allocation and two-way

relay) is proposed. Their performances in terms of error probability are considered

and generalized for multiple relays (i.e. Mr) in case of NR-relays and R-relays. It is

shown that in repetition-based cooperative relays systems, maximum diversity order is

proportionally increased with the number of NR-relays. However, in case of R-relays,

the maximum diversity order of the systems is always one no matter how many R-relays

are used. Similarly, for DSTC-based cooperative relay systems, the maximum diversity

order can not be achieved for both NR-relays (using AGC at relays) and R-relays.
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Relay selection technique and power allocation are shown to be able to increase the

performance in terms of BER for DSTC-based and repetition-based cooperative relay

systems. Especially, the relay selection technique can help repetition-based cooperative

relay systems to achieve maximum diversity order in case of R-relays.

DSTC-based cooperative relay systems clearly get better bandwidth efficiency than

repetition-based cooperative relay systems due to using less time slots for a whole commu-

nication. However, the comparison in terms of BER performance shows that, repetition-

based cooperative relay systems have significant gain as compared to DSTC-based ones

thanks to their higher diversity orders. Although power allocation techniques are shown

to have capacity to increase the BER performance of the DSTC-based cooperative relay

systems, the maximum diversity order of the systems is unchanged. In this thesis, another

technique, based on inter-communication betweens relays, is investigated in Chapter 2.

It is proved via mathematical analytic and numerical simulations to be able to increase

the maximum diversity order of DSTC-based cooperative relay systems, thus leading to

a significant improvement of performances of in terms of not only BER, but also spectral

efficiency as well as energy efficiency.

35





Chapter 2

Fully Distributed Space-Time Codes

2.1 Introduction

Cooperative MIMO (Multi-Input Multi-Output) has recently emerged as an advanced

technique to replace traditional MIMO when terminals can only support one antenna

due to their limited sizes. In [6] and [7] cooperation among users is considered to achieve

spatial diversity and therefore to reduce the required transmit power at the same data

rate or to get higher data rate at the same power level as compared to SISO systems.

Nowadays, besides cooperative MIMO, cooperative relay has also been identified as a

core technique to overcome challenges in wireless environments. Although the relay

technique is firstly considered in 1979 by T. Cover and A. Gama in terms of capacity

[52], the advantages of using relay to combat shadowing effects and to get diversity

gain have just been proposed in the last decade [12, 53–57]. In [12], energy-efficient

transmission protocols, called antenna sharing transmission protocols, are shown to be

able to overcome noisy channel between distributed antennas and to outperform single-

hop and multi-hop transmissions. Diversity of a system equipped with one and two

amplify-and-forward (AF) relays is illustrated through analytical results and numerical

simulations in [54]. In [55], effects of multiple antennas at source on outage probability

for AF relaying system are considered. Moreover, relaying has been lately investigated in

the 3GPP (3rd Generation Partnership Project) LTE-Advanced (Long Term Evolution-

Advanced) and agreed to be standardized to fulfill coverage and capacity requirements

in a cost-efficient way [56, 57].

36



Chapter 2. Fully Distributed Space-Time Codes

2.1.1 Related work

Initial work on using distributed space-time coded (DSTC) protocols over relay channel

is considered in [8, 9, 17, 58]. We denote them as conventional distributed space-time

coded (cDSTC) protocols, in which the whole communication only consists of two phases.

Firstly, source transmits its signal to relays (with or without direct transmission to

destination). Secondly, non-regenerative or regenerative relays (NR-relays or R-relays)

use the DSTC protocols to forward signals to destination.

Error probability of the cDSTC protocols is derived for NR-relays in [17, 22, 24, 31, 59].

An approximate formula of average symbol error probability (ASEP) for a DSTC system

based on multi-user cooperation is found in [17]. On the other hand, performance of

the cDSTC protocol in regenerative relay networks is derived in [28, 30, 41, 58, 60, 61].

In [58], a regenerative cDSTC protocol is applied for source and relay with optimal

allocation of transmit power in order to minimize the average Bit Error Rate (BER) at

final destination. In [61], Anghel et al. propose two Error-Aware Distributed Space-Time

(EADST) protocols to overcome worse BER performance of R-relays induced by decoding

errors at the relays. However, these two protocols require feedback from destination.

Recently, an extension of the cDSTC protocols for more than two hops is considered in

[27].

Besides BER performance consideration, in [8] the cDSTC protocol is shown to be ef-

fectively used for higher spectral efficiency and to achieve full spatial diversity in some

specific cases. In [9], the performance of cooperative protocols is considered in terms of

outage probability. The authors show that, except for fixed decode-and-forward (DF)

protocol, all of their cooperative protocols are efficient in the sense of achievement of full

diversity. In [22], the cDSTC system is shown to have the same diversity as a multiple-

antenna system when the coherence interval is greater than the number of relays. With

NR-relays, the diversity of the cDSTC system is shown to depend on the scaling factor

of the relays [24]. In [62], a diversity-multiplexing trade-off (DMT) analysis is considered

in multi-hop MIMO relay networks. A DMT analysis is also considered recently for an

AF two path half-duplex relaying scheme in [63]. Wicaksana et al. showed that DMT is

achievable for finite codeword lengths with a careful choice of coding strategy.

Cooperative techniques are recently potential candidates to reduce energy consumption in

wireless networks. In [64], using cooperative MIMO systems, a tremendous energy saving
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is shown for long transmission distances in comparison with SISO systems. Besides, the

energy efficiency of different cooperative relaying techniques has been investigated. In

LTE-Advanced networks, using relay nodes, it has been shown that energy saving up

to 15.6% is possible in the two hop schemes, and up to 8.5% are possible with the

multicast cooperative scheme [65]. In [66], a transparent relay with cooperative strategy

is shown to save about 60% power consumption as compared to the transparent relay in

IEEE 802.16j under given simulation configurations. In [67], cooperative transmission,

especially when a feedback channel is available and line-of-sight (LOS) is present between

nodes, is shown to be more energy-efficient than non-cooperative transmission even in

small transmission ranges.

2.1.2 Contributions

The main contributions of the chapter can be summarized as follows:

1. A new cooperative DSTC protocol, called the fully distributed space-time coded

(fDSTC) protocol, in which there is an added inter-relay communication phase, is

proposed to improve performances of DSTC-based cooperative relay systems. It is

thoroughly considered with both NR-relays and R-relays.

2. A closed-form average symbol error probability (ASEP) for NR-relays and a closed-

form expression of error probability for R-relays are derived to verify good perfor-

mance of the fDSTC protocol.

3. Considering positions of the relays, the effects of the relative distance of relays and

the distance between the relays on BER performance are figured out.

4. In addition, the best power allocation between the transmitters is also considered

to further increase the BER performance of the fDSTC protocol.

5. For a fair comparison on the data rate, considerations on the outage probability of

the fDSTC and cDSTC protocols are given. In addition, the diversity-multiplexing

tradeoff (DMT) is also derived.

6. Total energy consumption of the two protocols is estimated using typical and real

energy models for a fair consideration on power consumption.
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The rest of this chapter is organized as follows. System model is thoroughly described

in Section 2.2 to exploit the fDSTC protocol. In Section 2.3, error performance of the

fDSTC protocol with NR-relays and R-relays is analyzed through mathematical expres-

sions and followed by numerical results. The outage probability and DMT are considered

in Section 2.4 to evaluate the protocol performance in terms of spectral efficiency. Sec-

tion 2.5 presents two energy models used to evaluate the total energy consumption of

the systems and shows energy efficiency of the protocols. Finally, conclusion is given in

Section 2.6.

2.2 System Model

In this chapter, a cooperative relay system including one source, one destination and

two relays which have only one antenna (Fig. 2.1) is considered to exploit the fully

distributed space-time code (fDSTC) protocol. In the system, the relays only play a

role to enhance the quality of the source-destination link. They do not have their own

data to transmit. In order to avoid self-interference, the relays are used in half-duplex

mode, which means they can not transmit and receive data simultaneously. The ideal

channel state information (CSI) is known at the receiver, but not at the transmitters. A

BPSK modulation is considered for all the analysis and simulations. We assume that all

communications are performed over a flat Rayleigh fading channel. Channel coefficients

remain the same for two consecutive time intervals. Statistically, we model the channel

coefficient hij [n] with i ∈ {s, r1, r2}, j ∈ {r1, r2, d} and i 6= j as zero mean, independent,

complex Gaussian random variables with variances Ω2
ij . Similarly, we model AWGN

(Additive White Gaussian Noise) zij [n] as zero mean mutually independent complex

Gaussian random variable with variance Nij . For the clarity of the following expressions,

the symbols hij [n], Gij [n], γij [n] will be rewritten in brief form of hij , Gij , γij .

The fDSTC protocol can be mathematically described as below. In the first phase, the

source transmits signals xxx =
[

x[2k] x[2k + 1]
]T

(E[x[n]] = 0, and E[x2[n]] = 1) with

the transmit power ǫs = ǫsd = ǫsr1 = ǫsr2 to the relays and the destination at the same

time. The received signals at the relays and the destination (Fig. 2.1) can be represented

as ysr1ysr1ysr1, ysr2ysr2ysr2 and ysdysdysd respectively

ysjysjysj =
√
ǫsjhsjxxx+ zsjzsjzsj , j ∈ {r1, r2, d}, (2.1)

39



Chapter 2. Fully Distributed Space-Time Codes

!"#"

$%"

$&"

'('"

'()" ')'"

'))"

*+&,-%."""*+&,."

/('+&,-%."""/('+&,."

/()+&,-%.""/()+&,."
% %

/()+&,-%.""/()+&,."
& &

/)'+&,-%."

/)'+&,."

!"

Figure 2.1: fDSTC protocol for a system including one source (S), two relays (R1,
R2) and one destination (D). Source-relay distance, source-destination distance, relay-
destination distance and relay-relay distance are respectively denoted as dsr, dsd, drd

and drr.

where ysjysjysj =
[

ysj [2k] ysj [2k + 1]
]T

and zijzijzij =
[

zij [2k] zij [2k + 1]
]T

.

In the second phase, the two relays exchange their data with each other. The received

signals at relay R1 from relay R2 and vice versa, respectively symbolized as yr2r1yr2r1yr2r1 and

yr1r2yr1r2yr1r2 , are given by

yijyijyij = hijGsiysiysiysi + zijzijzij , i, j ∈ {r1, r2}, i 6= j, (2.2)

where Gsi is the automatic gain control (AGC) which prevents saturating the relay i [12]

and can be chosen as Gsi =
√

ǫij
ǫs|hsi|2+Nsi

, i, j ∈ {r1, r2}, i 6= j, with ǫrr = ǫr1r2 = ǫr2r1

the transmit power between the relays. Traditionally, distance between the two relays

is very small in comparison with transmission distance. Therefore, to economize energy,

the transmit power between the relays can be chosen as one tenth of the transmit power

from the relays to the destination. As a result, the destination can not overhear the

inter-communication between the relays.
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Then, each relay uses the Maximum Ratio Combining (MRC) technique to combine the

signals received from the source and from the other relay

ujujuj =
h∗sj

√
ǫsj

Nsj
ysjysjysj +

√
ǫsjh

∗
ijG

∗
sih

∗
si

|hij |2|Gsi|2Nsi +Nij
yijyijyij , (2.3)

where i, j ∈ {r1, r2}, i 6= j, yijyijyij =
[

yij [2k] yij [2k + 1]
]T

and ujujuj =
[

uj [2k] uj [2k + 1]
]T

.

In the last phase, the two relays use distributed space-time codes to simultaneously

transmit the Alamouti re-encoded signals UUU to the destination (see Section 2.3.1 for

more details). The components of the matrix UUU depend on the protocol that the relays

use to forward the signals to the destination: non-regenerative or regenerative. The

signals received at the destination from the relays, yrdyrdyrd =
[

yrd[2k] yrd[2k + 1]
]T

, are

expressed as

yrdyrdyrd = UUUhrdhrdhrd + zrdzrdzrd, (2.4)

where hrdhrdhrd =
[

hr1d[2k] hr2d[2k]
]T

is the Rayleigh channel coefficient vector and zrdzrdzrd =
[

zrd[2k] zrd[2k + 1]
]T

is the AWGN noise vector.

At the destination, the Alamouti receiver is used to process the signals received from R1

and R2. Then, the output of the Alamouti receiver is combined with
[

ysd[2k] ysd[2k + 1]
]T

using the MRC technique.

The protocol of the cDSTC is the same as that of the fDSTC except that there is no data

exchange between the two relays. In the first phase, the source transmits its signals to

the two relays and the destination. In the second phase, the relays encode their received

signals into a "distributed" Alamouti code with (NR-relays) or without decoding the

received signals (R-relays). Then, they transmit the coded signals to the destination.

2.3 BER performance

2.3.1 fDSTC protocol with NR-relays

In this section, the bounds and closed-form ASEP of non-regenerative fDSTC (NR-

fDSTC) protocol is derived. The SNR at terminal j after receiving signals from terminal i

is found as γij =
ǫij |hij |

2

Nij
which has an exponential distribution with the mean γij =

ǫijΩ
2
ij

Nij
.
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From (2.3), the post-detection SNR at the relay j can be referred as

γj = γsj +
γsiγij

γsi + γij + 1
i, j ∈ {r1, r2}, i 6= j. (2.5)

In the NR-fDSTC protocol, after receiving signals from both the source and the other

relay, each relay re-encodes the combined signals ujujuj (2.3) with Alamouti space-time code

to form the Alamouti re-encoded signals UUU =





Gr1dur1 [2k] Gr2dur2 [2k + 1]

−G∗
r1d

u∗r1 [2k + 1] G∗
r2d

u∗r2 [2k]



.

The combined signals at the relays (2.3) can be remodeled as

ujujuj =
√
γjxxx+ zuj

zujzuj
, j ∈ {r1, r2}, (2.6)

where γj is found in (2.5) and zuj
zujzuj

=
[

zuj
[2k] zuj

[2k + 1]
]T

is AWGN with zero mean

and variance Nuj
= 1. To prevent the saturation at the relay j, the AGC Gjd is chosen

as Gjd =
√

ǫjd
γj+1 , j ∈ {r1, r2} with ǫjd the transmit power of relay j to the destination

(ǫr = ǫr1d = ǫr2d).

The output signal from Alamouti receiver is

yryryr =
[

∣

∣hr1dGr1d
√
γr1

∣

∣

2
+
∣

∣hr2dGr2d
√
γr2

∣

∣

2
]

xxx+ zyrzyrzyr , (2.7)

where yryryr =
[

yr[2k] yr[2k + 1]
]T

and zyrzyrzyr =
[

zyr [2k] zyr [2k + 1]
]T

is AWGN with vari-

ance Nzyr =
[

∣

∣hr1dGr1d
√
γr1

∣

∣

2
+
∣

∣hr2dGr2d
√
γr2

∣

∣

2
][

∣

∣hr1dGr1d

∣

∣

2
+
∣

∣hr2dGr2d

∣

∣

2
+1

]

.

Combining the output signals from Alamouti receiver (2.7) and the received signals from

the source (2.1) using MRC technique, the signal at the destination is

ydydyd =
h∗sd

√
ǫsd

Nsd
ysdysdysd +

1
∣

∣hr1dGr1d

∣

∣

2
+
∣

∣hr2dGr2d

∣

∣

2
+1

yryryr, (2.8)

with ydydyd =
[

yd[2k] yd[2k + 1]
]T

.

Based on (2.8), the post-detection SNR at the destination can be derived as

γd = γsd +

∑

j∈{r1,r2}
γjdγj
γj+1

∑

j∈{r1,r2}
γjd
γj+1 + 1

. (2.9)

42



Chapter 2. Fully Distributed Space-Time Codes

2.3.1.1 Lower and upper bounds on ASEP of the NR-fDSTC protocol

We have

γL < γd < γU , (2.10)

where γL is the lower bound of γd (γij ≫ γsj , i, j ∈ {r1, r2}, i 6= j)

γL = γsd +
γsr1γr1d

γsr1 + γr1d + 1
+

γsr2γr2d
γsr2 + γr2d + 1

= γsd + γLsr1d + γLsr2d,

(2.11)

and γU is the upper bound of γd

γU = γsd +
(γsr1 + γsr2)γr1d

γsr1 + γr1d + γsr2 + 1
+

(γsr2 + γsr1)γr2d
γsr1 + γsr2 + γr2d + 1

= γsd + γUsr1d + γUsr2d.

(2.12)

From (2.10), let the lower and upper bounds on ASEP of the fDSTC system be PL
γd

and PU
γd

respectively. Since the ASEP is inversely proportional to the SNR, we have

PL
γd

= PγU and PU
γd

= PγL . That means

PL
γd

= PγU < Pγd < PγL = PU
γd
. (2.13)

In order to find the lower bound on ASEP of the fDSTC system, we first derive the

moment generating function (MGF) of γUsid, i ∈ {r1, r2} which is proved in Appendix A.

MγU
sid

(s) =eαi/2
[ 2

pi
√
pi

(

( pi
γid

− σi +
σi
2γid

)δJ0
δβi

+
( σi
γid

+ 2
) δ2J0
δαiδβi

)

+
2

p2i

(

(2pi
γid

+ σi
)δ2J0
δα2

i

+
pi
γid

δJ0
δαi

− σi
4
J0

)]

,

(2.14)

where t0 = γid, σi = γid + γsi, pi = γidγsi, βi = 2/
√
pi and αi = (σi − pis)/pi. The

formula of J0,
δJ0
δαi

, δJ0
δβi

, δ2J0
δα2

i

and δ2J0
δαiδβi

can be found in Appendix A. Note that with

the assumption γsr = γsr1 = γsr2 , the random variable γsr = γsr1 + γsr2 will have the

probability density function fγsr(γ) =
1

γsr2
γe

− γ
γsr .
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Then, the lower bound on ASEP of the fDSTC system, PL
γd

, for BPSK modulation can

be derived based on MGF-based approach of [16, Eq. 9.12]

PL
γd

=
1

π

∫ π/2

0

∏

i∈{r1,r2}
MγU

sid
(−gBPSK

sin2θ
)

1 + gBPSKγsd
sin2θ

dθ, (2.15)

where gBPSK = 1 [16] and Mγsd =
(

1 + gBPSKγsd
sin2θ

)−1
[16, Tab 9.1].

Similarly, the upper bound on ASEP of the fDSTC system, PU
γd

, can be written as

PU
γd

=
1

π

∫ π/2

0

∏

i∈{r1,r2}
MγL

sid
(−gBPSK

sin2θ
)

1 + gBPSKγsd
sin2θ

dθ. (2.16)

Fortunately, the moment generating function of γLsid, i ∈ {r1, r2} is already found in [17,

Eq. 13]

MγL
sid

(s) =
2

pi
eαi/2

[

−2
δJ0
δαi

− σi
pi

δJ0
δβi

]

, (2.17)

where σi = γid + γsi, pi = γidγsi, βi = 2/
√
pi and αi = (σi − pis)/pi. The formula of δJ0

δαi

and δJ0
δβi

is given in Appendix A.

On the other hand, for the NR-DSTC protocol where there is no data exchange between

the two relays, the post-detection SNR at destination is found as

γ
′

d = γsd + ǫsd

∑

j∈{r1,r2}
|hjdG

′

jda
′

j |2
∑

j∈{r1,r2}
|hjdG′

jd|2 + 1
, (2.18)

where a
′

j = hsj and G
′

jd =
h∗
sj

|hsj |

√

ǫj
ǫs|hsj |2+1

.

We find that γ
′

d < γL so PU
γd

= PγL is also the lower bound on ASEP of the NR-DSTC

system.

2.3.1.2 Closed-form ASEP of the NR-fDSTC protocol

In this part, a closed-form ASEP of the NR-fDSTC protocol is derived when the relay-

relay SNR is much larger than the source-relay SNR (γij ≫ γsi). (2.5) can be rewritten

as γj ≈ γsj + γsi i, j ∈ {r1, r2}, i 6= j. One should note that the equality happens

(γj = γsj + γsi) when there is no error in the data exchange between the two relays.
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Since γr1 = γr2 = γr ≈ γsr1 + γsr2 , (2.9) can be approximated by

γd ≈ γsd +

(

γr1d + γr2d
)

γr

γr1d + γr2d + γr + 1
= γsd +

γrdγr
γrd + γr + 1

= γsd + γsrd, (2.19)

with γrd = γr1d + γr2d and γsrd = γrdγr
γrd+γr+1 .

Once again using the MGF-based approach, the closed form ASEP of the NR-fDSTC

protocol can be derived by evaluating the MGF of γsd and γsrd. The MGF of γsd is

already shown in (2.15).

The MGF of γsrd proved in Appendix B is given by

Mγsrd(s) =eα/2
[ 2

p
√
p

(

−
(

1− σ2

p

)δJ0
δβ

+
(σ2

p
− 2σ

p
− 2

) δ2J0
δαδβ

− 4σ

p

δ3J0
δβδα2

)

+
2

p2

(

−
(σ2

p
+ 4

)δ3J0
δα3

− 1

2

(σ2

p
+ 4

)δ2J0
δα2

+
σ2

p

δJ0
δα

− σ2

8p
J0

)]

,

(2.20)

where σ = γrd + γr, p = γrdγr, and α = (σ − ps)/p. The formulas of J0,
δJ0
δα , δJ0

δβ ,

δ2J0
δα2 , δ2J0

δαδβ , δ3J0
δβδα2 and δ3J0

δα3 can be found in Appendix B. Note that the random variable

γrd = γr1d+γr2d will have a probability density function fγrd(γ) =
1

γrd
2 γe

− γ
γrd . Similarly,

the probability density function of random variable γr = γsr1+γsr2 is fγr(γ) =
1

γr2
γe

− γ
γr .

The ASEP of the NR-fDSTC protocol, with BPSK modulation, can be derived as

Pγd =
1

π

∫ π/2

0

Mγsrd(−gBPSK

sin2θ
)

1 + gBPSKγsd
sin2θ

dθ, (2.21)

where gBPSK = 1 [16].

2.3.2 fDSTC protocol with R-relays

In this work, the destination is not aware of the error probabilities at the relays, making

the use of the ML decoder at the destination impossible. Therefore taking the decoding

errors at the two relays into account, the error probability of regenerative fDSTC (R-

fDSTC) protocol, conditioned to the channel, is derived via a sub-optimal decoder at

the destination. The Alamouti re-encoded signals UUU of the R-fDSTC protocol have the

form of

UUU =





√
ǫr1 x̂r1 [2k]

√
ǫr2 x̂r2 [2k + 1]

−√
ǫr1 x̂

∗
r1 [2k + 1]

√
ǫr2 x̂

∗
r2 [2k]



 , (2.22)
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where x̂j [n] is obtained by decoding the combined signal uj [n] (2.3) at the relay j ∈
{r1, r2} using ML decoder.

Using the MRC technique, the combined signal at the destination is

yd[2k] =
ǫs
∣

∣hsd
∣

∣

2

Nsd
x[2k] +

ǫr1
∣

∣hr1d
∣

∣

2

Nr1d
x̂r1 [2k] +

ǫr2
∣

∣hr2d
∣

∣

2

Nr2d
x̂r2 [2k]

−
√
ǫr1ǫr2h

∗
r1d

hr2d

Nr2d
x̂r1 [2k + 1] +

√
ǫr1ǫr2h

∗
r1d

hr2d

Nr1d
x̂r2 [2k + 1] + zyd [2k],

(2.23)

where zyd is AWGN with zero mean and variance Nzyd
=

ǫr1

∣

∣hr1d

∣

∣

2

Nr1d
+

ǫr2

∣

∣hr2d

∣

∣

2

Nr2d
+

ǫs

∣

∣hsd

∣

∣

2

Nsd
.

The sub-optimal scalar decoder [30] is used instead of the ML decoder to decode the

combined signal yd[2k]. The decision on the transmitted symbol x[2k] can be specifically

obtained as

x̂[2k] = sign{Re{yd[2k]}}. (2.24)

Then, in the presence of the decision errors at the relays, the closed-form expression

of the error probability, conditioned to the channel, for the R-fDSTC protocol can be

derived as (see Appendix C for more details)

P2k =
1

2

(

1− pr12k
)(

1− pr22k
)

[

(

1− pr12k+1

)(

1− pr22k+1

)

+pr12k+1p
r2
2k+1

]

erfc(β2k)

+
1

2

(

1− pr12k
)

pr22k

[

(

1− pr12k+1

)(

1− pr22k+1

)

+pr12k+1p
r2
2k+1

]

erfc(δ2k)

+
1

2
pr12k

(

1− pr22k
)

[

(

1− pr12k+1

)(

1− pr22k+1

)

+pr12k+1p
r2
2k+1

]

erfc(λ2k)

+
1

2
pr12kp

r2
2k

[

(

1− pr12k+1

)(

1− pr22k+1

)

+pr12k+1p
r2
2k+1

]

erfc(φ2k)

+
1

4

(

1− pr12k
)(

1− pr22k
)

[

pr12k+1

(

1− pr22k+1

)

+
(

1− pr12k+1

)

pr22k+1

][

erfc(β2k + θ2k) + erfc(β2k − θ2k)
]

+
1

4

(

1− pr12k
)

pr22k

[

pr12k+1

(

1− pr22k+1

)

+
(

1− pr12k+1

)

pr22k+1

][

erfc(δ2k + θ2k) + erfc(δ2k − θ2k)
]

+
1

4
pr12k

(

1− pr22k
)

[

pr12k+1

(

1− pr22k+1

)

+
(

1− pr12k+1

)

pr22k+1

][

erfc(λ2k + θ2k) + erfc(λ2k − θ2k)
]

+
1

4
pr12kp

r2
2k

[

pr12k+1

(

1− pr22k+1

)

+
(

1− pr12k+1

)

pr22k+1

][

erfc(φ2k + θ2k) + erfc(φ2k − θ2k)
]

,

(2.25)

where

β2k =
√

γr1d + γr2d + γsd; δ2k =
γr1d − γr2d + γsd√
γr1d + γr2d + γsd

λ2k =
−γr1d + γr2d + γsd√
γr1d + γr2d + γsd

; φ2k =
−γr1d − γr2d + γsd√
γr1d + γr2d + γsd
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θ2k =

√
ǫr1ǫr2Re{h∗r1dhr2d}√
γr1d + γr2d + γsd

( 1

Nr1d
+

1

Nr2d

)

; erfc(z) =

∫ ∞

z

exp(−x2/2)√
2π

dx

and pj2k, p
j
2k+1 (j ∈ {r1, r2}) are the conditional error probabilities at relay j on x[2k] and

x[2k + 1] respectively. When considering the R-cDSTC protocol, the R-fDSTC protocol

without transmission errors between relays (ideal case) and the R-fDSTC protocol with

transmission errors between relays, pj2k can be found as

pj2k =



























1
2 erfc(

√
γsj), R-cDSTC protocol

1
2 erfc(

√
γsr1 + γsr2), R-fDSTC protocol without transmission errors between relays

1
2 erfc(

√

γsj +
γsiγij

γsi+γij+1), R-fDSTC protocol with transmission errors between relays

(2.26)

2.3.3 Simulation results

Assuming that both relays have the same distance from source dsr = dsr1 = dsr2 , let

denote r = dsr
dsd

the relative distance of relays defined by the ratio of the source-relay

distance dsr and the source-destination distance dsd and rr = drr
dsd

the relative inter-

distance of relays defined by the ratio of the relay-relay distance drr and the source-

destination distance. In this section, the BER performance of the fDSTC protocol is

evaluated for NR-relays and R-relays. Using a common transmission model, we set the

path-loss Ωij ∝ d−pl
ij where dij is the distance between terminal i and terminal j, and pl

is the path-loss exponent. In our simulations, pl = 2 is used and BPSK modulation is

considered. For a fair comparison, the total transmit power of the protocol is kept as the

same (i.e. P ). For the cDSTC protocol ǫs + 2ǫr = P . In the other hand, for the fDSTC

protocol, we have ǫs + 2ǫr + 2ǫrr = P (ǫrr =
1
10ǫr). Unless other stated, we assume that

ǫs = ǫr.

2.3.3.1 Bounds on ASEP of the NR-fDSTC protocol

To evaluate the bounds on ASEP of the NR-fDSTC protocol, we first consider the special

case of a symmetric network in which the fading variances are identical, e.g, Ωij = 1 ∀i, j.
In this simulation, the condition that γij ≫ γsj , i, j ∈ {r1, r2}, i 6= j is satisfied. From

Fig. 2.2, the BER performance of the NR-fDSTC protocol is exactly in the middle of

the upper and lower bounds on ASEP, PU
γd

and PL
γd

respectively. Moreover, from the
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Figure 2.2: Upper bound and lower bound of the fDSTC system

simulation results, PU
γd

is shown to be exactly the lower bound on ASEP of the NR-

cDSTC protocol as mentioned in the end of Section 2.3.1.1.

2.3.3.2 fDSTC protocol vs cDSTC protocol

Fig. 2.3 shows the BER comparison between the fDSTC and cDSTC protocols as a

function of the SNR (P/N0) under some cases of the relative inter-distance between

relays, rr. Fig. 2.3(a) shows the simulations for NR-relays while the simulations for

R-relays are shown in Fig. 2.3(b). In these simulations, the relays are in the middle of

the source and the destination (r = 0.5). The performance of the fDSTC protocol in

terms of BER is shown to be much better than that of the cDSTC protocol thanks to

the data exchange between the relays. When the relative inter-distance of relays is small

(rr < 0.2), the performance of the fDSTC protocol is still comparable in comparison with

the ideal case (Ω2
rr ≫ Ω2

sr) where there is no errors in the data exchange between the

two relays. However, when the quality of the relay-relay link is too bad (Ω2
rr ≪ Ω2

sr), the

BER performance of the fDSTC protocol logically tends to that of the cDSTC protocol

since the inter-relay transmission does not bring any gain as compared to the cDSTC

protocol. Mathematically, when Ω2
rr

Ω2
sr

→ 0, the post-destination SNR at relays γj (2.5)

tends to the source-relay SNR γsj (γj ≈ γsj + γij ≈ γsj) as a result of γsj , γsi ≫ γij .

That leads to equal BER performance between the cDSTC and fDSTC protocols.

48



Chapter 2. Fully Distributed Space-Time Codes

(a) non-regenerative fDSTC (NR-fDSTC)

(b) regenerative fDSTC (R-fDSTC)

Figure 2.3: Effect of the inter-distance between relays when the relays are in the
middle of the source and the destination (r = 0.5) for: a) NR-fDSTC protocol, b)

R-fDSTC protocol.

2.3.3.3 Effect of the relative distance of relays

The effect of the relative distance of relays on the BER performance of the fDSTC and

cDSTC protocols is shown in Fig. 2.4. At a desired BER = 10−5, the required SNR is

shown as a function of the relative distance of relays. Obviously, there will be a difference

in the required SNR of each protocol when the relative distance of relays, r changes from

0.1 to 0.9. For the NR-cDSTC protocol, the difference is 6.3dB. However, for the NR-

fDSTC protocol, this difference is decreased to 1.6dB, which means that the effect of the

relative distance of relays is reduced by up to 75%. For R-relays, we still get up to a

64% reduction of the effect of the relative distance of relays. The difference of required

SNR changes from 20.5dB in case of the R-cDSTC protocol down to 7.4dB in case of the
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R-fDSTC protocol. This is a very impressive result especially for the mobile relays since

for the fDSTC protocol, the required SNR has almost no change (NR-relays) or a little

change (R-relays) when the relays are moving between the source and the destination.

Figure 2.4: Required SNR versus relative distance of relays for a desired BER = 10−5

and when the relative inter-distance of relays is equal to 0.1 (rr = 0.1).

The SNR gain of the fDSTC protocol over the cDSTC protocol versus the relative dis-

tance of relays at a desired BER = 10−5 is shown in Fig. 2.5. The average SNR gain of

the NR-fDSTC protocol over the NR-cDSTC protocol is 3.7dB as shown in [68]. How-

ever, the average SNR gain of the R-fDSTC protocol over the R-cDSTC protocol is even

much more impressive. By using the simple data exchange between the two relays, we

can get the average SNR gain up to 18.1dB.

Figure 2.5: SNR gain of the fDSTC protocol over the cDSTC protocol as a function
of the relative distance of relays (BER = 10−5 and rr = 0.1).
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2.3.4 Power allocation

Let ǫs = cPP (0 < cP < 1) and ǫr = 10
22(1 − cP )P . Using the exhautive search by

simulation, we can find the best value of cP (i.e. coptP ) to further increase the BER

performance of the fDSTC protocol as shown in Fig. 2.6. The best power allocation

points of the fDSTC protocol for NR-relays and R-relays are respectively coptP = 0.4 and

coptP = 0.6 when considered in the case BER = 10−5, r = 0.5 and rr = 0.1. In addition,

as compared to the case of equal power allocation (i.e. cP = 10/32), the SNR gains of

0.5dB (NR-relays) and 1.5dB (R-relays) are obtained.

Figure 2.6: Optimal power allocation of the fDSTC protocols (rr = 0.1 and r = 0.5).

2.4 Spectral efficiency

In this section, the cDSTC and fDSTC protocols are considered in terms of outage prob-

ability while having the same spectral efficiency R(bits/s/Hz). Using the methodology in

[9] to find the approximations of the outage probability of the protocols, it is shown that

the NR-fDSTC protocol can achieve the maximum diversity order despite using AGC

at the relays. Besides, the R-fDSTC protocol also brings us a higher diversity oder in

comparison with the R-cDSTC protocol.
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2.4.1 Outage probability analysis

Outage probability is defined as Pout = Pr{I < R} where I is the maximum average

mutual information between source and destination and R is the spectral efficiency. In

this work, without loss of generality we note Ω2
sr = Ω2

sr1 = Ω2
sr2 and Ω2

rd = Ω2
r1d

= Ω2
r2d

.

The function f(x, y) = xy
x+y+1 used for the fading coefficients in the following expressions

is defined in [9].

For a fair comparison, once again the total transmit power is the same for the protocols,

i.e. ǫs + 2ǫr = P (cDSTC) and ǫs + 2ǫr + 2ǫrr = P (fDSTC with ǫrr = 1
10ǫr). Let

the transmit power be equally allocated among source and the relays (ǫs = ǫr = ǫ,

Nij = N0 (∀i, j) and SNR = ǫ/N0. The outage probability of the protocols is determined

based on the SNR parameter for different types of relays. For shortening the following

expressions, we note |hsr|2 = min{|hsr1 |2, |hsr2 |2}, ||asrasrasr||2 = |hsr1 |2+|hsr2 |2 and ||ardardard||2 =
|hr1d|2 + |hr2d|2.

2.4.1.1 NR-relays

a/ cDSTC protocola/ cDSTC protocola/ cDSTC protocol

The maximum average mutual information can be expressed as

INR
cDSTC =

1

2
log

(

1 + SNR.|hsd|2 + f
(

SNR.|hsr|2, SNR.||ardardard||2
)

)

. (2.27)

In the high SNR region, the outage probability of the cDSTC protocol can be approxi-

mated as

Pr{INR
cDSTC < R} = Pr

{

|hsd|2 +
1

SNR
f
(

SNR.|hsr|2, SNR.||ardardard||2
)

<
22R − 1

SNR

}

∼ 1

2

1

Ω2
sr

1

Ω2
sd

(22R − 1

SNR

)2
when SNR → ∞.

(2.28)

Using AGC at the relays, it is claimed in [24] that the NR-fDSTC protocol can not

achieve full diversity. Here, the maximum diversity order is only two. This result is

totally suitable to the simulation results in [24].

b/ fDSTC protocolb/ fDSTC protocolb/ fDSTC protocol
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The maximum average mutual information can be derived as

INR
fDSTC =

1

4
log

(

1 + SNR.|hsd|2 + f
(

SNR.||asrasrasr||2, SNR.||ardardard||2
)

)

. (2.29)

The approximation of the outage probability in the high SNR region is

Pr{INR
fDSTC < R} = Pr

{

|hsd|2 +
1

SNR
f
(

SNR.||asrasrasr||2, SNR.||ardardard||2
)

<
24R − 1

SNR

}

∼ 1

3!

Ω4
sr +Ω4

rd

Ω4
srΩ

4
rd

1

Ω2
sd

(24R − 1

SNR

)3
when SNR → ∞.

(2.30)

With NR-relays, the fDSTC protocol can achieve full diversity order.

2.4.1.2 R-relays

a/ cDSTC protocola/ cDSTC protocola/ cDSTC protocol

The maximum average mutual information can be expressed as

IRcDSTC =
1

2
min

{

log(1 + SNR.|hsr|2), log
(

1 + SNR.(|hsd|2 + ||ardardard||2)
)

}

. (2.31)

The outage probability in high SNR regions can be approximated as

Pr{IRcDSTC < R} = Pr
{

min
{

|hsr|2, |hsd|2 + ||ardardard||2
}

<
22R − 1

SNR

}

∼ 1

Ω2
sr

(22R − 1

SNR

)

when SNR → ∞.

(2.32)

The diversity order of the R-cDSTC system is only 1.

b/ fDSTC protocolb/ fDSTC protocolb/ fDSTC protocol

The maximum average mutual information can be derived as

IRfDSTC =
1

4
min

{

log
(

1 + SNR.||asrasrasr||2
)

, log
(

1 + SNR.(|hsd|2 + ||ardardard||2)
)

}

. (2.33)
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In high SNR regions, the outage probability becomes

Pr{IRfDSTC < R} = Pr
{

min
{

||asrasrasr||2, |hsd|2 + ||ardardard||2
}

<
24R − 1

SNR

}

∼ 1

2

1

Ω4
sr

(24R − 1

SNR

)2
when SNR → ∞.

(2.34)

The R-fDSTC protocol can not achieve the full diversity. However, it can help us increase

the system diversity order from 1 to 2 in comparison with the R-cDSTC protocol.

2.4.2 Diversity-multiplexing tradeoff (DMT)

The diversity-multiplexing tradeoff illuminates the relationship between the reliability

of data transmissions in terms of diversity gain, and the spectral efficiency in terms of

multiplexing gain. The multiplexing gain which illustrates how fast the source data rate

varies with respect to SNR is defined as [69]

g = lim
SNR→∞

R

logSNR
. (2.35)

The diversity gain d(g) can be characterized as a function of g [69]

d(g) = lim
SNR→∞

− logPout

logSNR
. (2.36)

Based on the approximations of outage probability for the protocols in the above parts,

the DMT of the cDSTC and fDSTC protocols for NR-relays and R-relays can be ex-

pressed respectively as

dNR
cDSTC(g) = 2(1− 2g), (2.37)

dNR
fDSTC(g) = 3(1− 4g), (2.38)

dRcDSTC(g) = 1(1− 2g), (2.39)

dRfDSTC(g) = 2(1− 4g). (2.40)
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2.4.3 Numerical results

In this subsection, numerical results of the outage probability for the protocols are con-

sidered in statistically symmetric networks, e.g. Ω2
ij = 1 and in small fixed R regime, e.g.

R = 1. Fig. 2.7 shows the outage probability of the cDSTC and fDSTC protocols for NR-

relays and R-relays as a function of SNRnorm which is defined by SNRnorm = P
N0

1
[2R−1]

[9]. The analytic expressions perfectly match with the simulation results in high SNR

region. The R-fDSTC protocol has better performance than the R-cDSTC protocol when

SNRnorm is greater than 21dB. Similarly, in the case of NR-relays, the fDSTC protocol

provides better performance than the cDSTC protocol when SNRnorm is greater than

30.5dB. This result is quite interesting since, despite using more time slots for the trans-

mission protocol (due to the data exchange between relays), the fDSTC protocol still

reaches a better outage probability than the cDSTC protocol in the high SNR region,

no matter what type of relays is used as a result of higher diversity order of the fDSTC

system as compared to the cDSTC system.

Figure 2.7: Outage probability versus SNRnorm, small, fixed R regime (R=1) and
for statistically symmetric networks, i.e. Ω2

ij = 1.

The tradeoff between the diversity order and the multiplexing gain of the systems is

shown in Fig. 2.8. The NR-fDSTC system can achieve a maximum diversity order

(d(g) = 3 for a system with one source, two relays and one destination). On the other

hand, the diversity order of the NR-cDSTC system is only two. For R-relays, while

the cDSTC system only gets the first diversity order, the fDSTC system can achieve

the second diversity order. This means, in all cases (i.e. NR-relays or R-relays), using

the fDSTC system can help to get higher diversity order. Moreover, there are some

interesting sharp transitions in Fig. 2.8. We will use the fDSTC protocol for R-relays
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when g < 1/6, otherwise when g > 1/6 the cDSTC protocol is used; similarly for NR-

relays, the fDSTC will be preferred for g < 1/8.
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Figure 2.8: Diversity order d(g) versus multiplexing gain g.

2.5 Energy efficiency

Energy consumption in wireless communications becomes a crucial design in future wire-

less generation, i.e green communications. Therefore, many energy-efficient communica-

tion protocols are proposed. However, they only consider on transmission energy, but

forget circuit energy consumption. That leads to inaccurate evaluation of total energy

consumption of the protocols. Consequently, for a precise comparison in terms of energy

efficiency, the total energy consumption of the communication techniques including both

the transmission energy and the circuit energy should be considered.

In the literature, many energy models (i.e. artificial or real models) have been addressed

to evaluate the total energy consumption in recent years. Some famous artificial energy

models based on theoretical calculations are derived in [70–72]. In [73], the parameters

of the low power FSK radio transceiver developed at CSEM within the WiseNET project

[70] is used to evaluate the energy performance of the WiseMAC protocol. In [11, 74], the

authors used an On-Off-Keying transceiver designed by the PicoRadio RF group BWRC

[71]. On the other hand, in [64], an energy model of a sensor node is given based on [72]

by Shuguang Cui et al. Thanks to the accuracy and simplicity, Cui energy model are

widely used to evaluate the total energy consumption of the protocols in [10, 67, 75–79].

Besides the artificial energy models, realistic energy models of a sensor node which are

based on a real platform are also interesting to evaluate the total energy consumption
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since the estimation of energy consumption is more precise. In [80], Rene Motes using

the Atmel AT90LS8535 micro-controller [81] and the TR1000 radio transceiver of RF

Monolithics [82] is considered to show the energy efficiency of the S-MAC protocol.

The Mica2 mote and the CC1000 transceiver are considered in [83, 84] to evaluate the

energy performance of the B-MAC and CL-MAC protocols respectively. Recently, a

pragmatic and precise hybrid model is proposed based on the PowWow platform [85].

Besides, a realistic power consumption model for a sensor node based on two widely used

transceivers, CC1000 and CC2420 is also presented by Qin Wang and his colleagues in

[86].

Energy modeling is also an important issue for designing low power sensor networks.

However, it is out of bounds of this thesis where we only use some existent energy

models to evaluate the energy efficiency of our protocols. To compare our results with

the previous works, we will consider the widely used artificial energy model (i.e. Cui

energy model) and to have a more precise energy evaluation, a realistic energy model

based on PowWow platform is chosen. For the rest of the thesis, unless otherwise stated,

all the statements about typical energy model and realistic energy model are respectively

referring to Cui model and the PowWow platform.

2.5.1 Energy models

2.5.1.1 Typical energy model

In this section, a typical energy model is presented for a general communication link

connecting two wireless nodes. In order to have a precise estimation, the total energy

consumption consists of the transmission and circuit energy. Here, the circuit energy con-

sumption is the sum of all the energy consumed by all the circuit blocks at the transmitter

and the receiver (i.e. Analog to Digital Converter (ADC), Digital to Analog Converter

(DAC), Intermediate Frequency Amplifier (IFA), Frequency Synthesizer, Mixer, Low

Noise Amplifier (LNA), Power Amplifier (PA), and base band Digital Signal Process-

ing (DSP)). However, in order to keep the energy model from being over-complicated,

baseband DSP blocks (e.g. source coding, pulse-shaping, and digital modulation) are

intentionally omitted. The energy model is also assumed to include no Error Correction

Code (ECC) blocks.
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The typical radio frequency (RF) system blocks of transmitter and receiver are respec-

tively shown in Fig. 2.9 and Fig. 2.10 where Mt and Mr are the number of transmitter

and receiver antennas respectively.

Figure 2.9: Transmitter Circuit Blocks

Figure 2.10: Receiver Circuit Blocks

As mentioned above, the total average power consumption along the signal path can be

divided into two main components: the transmission power consumption consisting of the

power consumption of all the power amplifiers PPA and the circuit power consumption

referred as the power consumption of all other circuit blocks Pc. PPA depends on the

needed transmission power Pneeded
Tx . In this thesis, the channel is square law path loss

(i.e. power loss factor pl = 2). Consequently, the needed transmission power Pneeded
Tx can

be calculated as a function of transmission distance dsd

Pneeded
Tx (dsd) = ĒbRb ×

(4πdsd)
2

GtGrλ2
c

MlNf , (2.41)

where Ēb is the mean required energy per bit for ensuring a given error rate requirement,

Rb is the bit rate, dsd is the transmission distance, Gt and Gr are the transmitter and

receiver antenna gains, λ is the carrier wave length, Ml is the link margin, Nf is the re-

ceiver noise figure defined as Nf = Nr/N0 with N0 = −174dBm/Hz single-side thermal

noise Power Spectral Density (PSD) and Nr is the PSD of the total effective noise at

receiver input.
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The power consumption PPA of the power amplifiers can be approximated as

PPA = (1 + co)Pout, (2.42)

where co =
ξ
η − 1 with η the drain efficiency of the RF power amplifier and ξ the Peak-

to-Average Ratio (PAR) which depends on the modulation scheme and the associated

constellation size.

fc = 2.5GHz ξ = 0.35
GtGr = 5dBi η = 1

B = 10KHz σ2 = N0
2 = −174dBm/Hz

Pmix = 30.3mW Psyn = 50.0mW
Pb = 10−5 PLNA = 20mW
Pfilt = Pfilr = 2.5mW PIFA = 3mW
PADC = 6.69mW PDAC = 15.4mW
Nf = 10dB Ml = 40dB

Table 2.1: The system parameters

The total circuit power consumption Pc of the general communication link is the sum of

the circuit power consumption of the transmitter and receiver and is given by

Pc ≈ MtxP
tx
c +MrxP

rx
c , (2.43)

where Mtx and Mrx are the number of transmit and receive antennas respectively, P tx
c =

PDAC + Pmix + Pfilt + Psyn is the circuit power consumption of the transmitter, P rx
c =

PLNA+Pmix+PIFA+Pfilr+PADC+Psyn is the circuit power consumption of the receiver,

PDAC , Pmix, PLNA, PIFA, Pfilt, Pfilr, PADC and Psyn are the power consumption values

for the DAC, the mixer, the LNA, the IFA, the active filters at the transmitter side, the

active filters at the receiver side, the ADC, and the frequency synthesizer, respectively. To

estimate the values of PDAC , Pmix, PLNA, PIFA, Pfilt, Pfilr, PADC and Psyn, the artificial

transceiver model introduced in [72] is used. Its parameters are shown in Tab. 2.1.

Finally, the total energy consumption per bit for a fixed rate system can be obtained as

Eb = (PPA + Pc)/Rb. (2.44)
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2.5.1.2 Realistic energy model

2.5.1.2.a PowWow platform

The energy consumption of the systems can also be evaluated based on the parameters

of PowWow platform (Fig. 3), developed by INRIA/CAIRN project-team [87] in 2008.

PowWow is a hardware platform for wireless sensor networks and its associated soft-

ware infrastructure. As the main constraint in WSN is energy consumption, both are

specifically designed to be very energy efficient:

Figure 2.11: PowWow platform

• To reduce the radio activity, the MAC layer is based on an asynchronous rendez-

vous scheme initiated by the receiver

• Architectural and circuit level optimizations were performed to design the platorm,

which offers the possibility to add efficient FPGA co-processing

• The software is derived from the Protothread library of Contiki and offers the

flexibility and the compactness of event-driven programming

As a consequence, PowWow requires a lighter hardware system than ZigBee to be pro-

cessed (memory usage is less than 10kb), the lifetime of WSN is increased, and the
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price per node is decreased. Currently some demo applications are provided (a temper-

ature monitoring and a motion tracking for mobile node) and PowWow is already used

in several research projects (CAPTIV, SVP, GEODES) [88]. In order to optimize the

network regarding a particular application, PowWow offers the following extra features:

over-the-air re-programmation (and soon reconfiguration), analytical power estimation

based on software profiling and power measurements, a network analyzer to probe and

fix transmission errors in the network.

PowWow platform is composed of:

• The motherboard, designed to reduce power consumption of sensors node, embeds

an MSP430 microcontroller and all needed components to process PowWow pro-

tocol except radio chip. JTAG, RS232, and I2C interfaces are available on this

board.

• The radio chip daughter board is currently based on a TI CC2420.

• The coprocessing daughter board includes a low-power FPGA which allows for

hardware acceleration for some PowWow features and also includes dynamic volt-

age scaling features to increase power efficiency. The current version of PowWow

integrates an Actel IGLOO AGL250 FPGA and a programmable DC-DC converter.

2.5.1.2.b Energy Analysis

The real experiments on PowWow claimed that for a RF transmission, the energy con-

sumption of mother board is much less significant in comparison with radio chip daughter

board. Therefore, in this thesis the energy consumption of mother board is considered

as negligible. The component consuming the most significant energy is the TI CC2420

transceiver. The RF structure of CC2420 transceiver chip can be modeled in Fig. 2.12

The total power consumption for transmitting and for receiving, denoted by PT and PR

are calculated by:

PT (dsd) = PTB + P tx
c + PPA(dsd) = PT0 + PPA(dsd), (2.45)

PR = PRB + P rx
c + PLNA = PR0, (2.46)

61



Chapter 2. Fully Distributed Space-Time Codes

Figure 2.12: RF components of CC2420 chip

where PTB/PRB is the power consumption (mW) in baseband digital signal processing

circuit for transmitting or receiving, P tx
c /P rx

c is the power consumption (mW) in front-

end circuit for transmitting or receiving (including ADC, DAC, IFA, etc.). PPA is the

power consumption (mW) of the power amplifier, PLNA is the power consumption (mW)

of the low noise amplifier. Since PTB and P tx
c do not depend on the transmission distance

dsd, the two components can be modeled as a constant, PT0. Similarly, since PRB, P rx
c

and PLNA do not depend on the transmission distance, the power consumption of the

receiving circuit can also be considered as a constant, PR0. Unlike the above typical

artificial energy model, here, the energy consumption for baseband DSP is taken into

account.

In general, the power consumption of the power amplifier, for reliable transmission

PPA(dsd) depends on the needed transmit power Pneeded
Tx (dsd) and is given by

PPA(dsd) =
Pneeded
Tx (dsd)

η
, (2.47)

with η the drain efficiency.

From (2.45) and (2.47) the total transmitting power consumption is expressed as

PT (dsd) = PT0 +
Pneeded
Tx (dsd)

η
. (2.48)

From [89], we can draw the function of PT depending on Pneeded
Tx , as illustrated by

Fig. 2.13. Moreover, as mentioned in [86], the PR0 and PT0 values of TI CC2420

transceiver is measured to be equal to 59.1mW and 26.5mW respectively.
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Figure 2.13: The total transmitting power consumption at the needed transmit power
(Vdd = 3.3V )

On the other hand, in free space propagation, the needed transmit power can be derived

as a function of the desired receive power at the receiver [90].

Pneeded
Tx (dsd) = P desired

Rx × (4πdsd)
2L

GtGrλ2
c

, (2.49)

where Gt and Gr are the transmitter and receiver antenna gains, L is the system loss

factor not related to propagation, λ is the carrier wavelength and P desired
Rx is the desired

receive power at destination. (2.49) is very close to (2.45) except that P desired
Rx is precisely

calculated (2.50) instead of a rough estimation like (2.45).

P desired
Rx can be referred as [91]

P desired
Rx = N0ρ

(Pe,r)(1 + cf )NfRb, (2.50)

with cf the roll-off factor, Nf the noise figure, ρ(Pe,r) the needed SNR at the receiver

which is a function of the desired error probability Pe and the relative distance of relay r,

N0 the single-sided thermal noise Power Spectral Density and Rb the transmit bit rate.

Replacing (2.50) into (2.49), Pneeded
Tx (dsd) can be derived as

Pneeded
Tx =

N0ρ
(Pe,r)(1 + cf )Nf (4πdsd)

2LRb

GtGrλ2
. (2.51)
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In a CC2420 transceiver, the maximum transmit power, Pmax
Tx , is 0dBm and the sensi-

tivity of the receiver low noise amplifier Pmin
Rx is −95dBm. Therefore, in a real commu-

nication, the following conditions must be satisfied

Pneeded
Tx ≤ Pmax

Tx (0dBm), (2.52)

P desired
Rx ≥ Pmin

Rx (−95dBm). (2.53)

Finally, the total energy consumption per bit of a fixed rate system using the PowWow

platform is derived as

Eb = (PT (dsd) + PR)/Rb. (2.54)

For the energy consumption estimation of systems using the PowWow platform, the real

parameters of TI CC2420 transceiver (Tab. 2.2) are used in this thesis

fc = 2.4GHz cf = 0.25
GtGr = 1 Rb = 250kbit/s
PR0 = 59.1mW PT0 = 26.5mW
Nf = 10dB L = 1
N0
2 = −174dBm/Hz Pe = 10−5

Table 2.2: Parameters of CC2420 transceiver

2.5.2 Simulation results

To have a fair comparison in the total power consumption of the two protocols, the total

energy consumption for both protocols (fDSTC and cDSTC) is considered. Obviously,

the fDSTC protocol consumes supplement transmit and circuit energy due to the inter-

relay communication. However, by simulations, the fDSTC protocol is shown to be an

energy-efficient protocol for long-range transmissions.

The total energy consumption per bit of the fDSTC protocol Eb
fDSTC can be calculated

by the sum of the total energy consumption per bit of the broadcast phase of the source

Eb
s, the data exchange phase between the two relays Eb

rr, the transmission phase from

the relays to the destination Eb
rd. The total energy consumption per bit of the cDSTC

protocol Eb
cDSTC is the same except that there is no energy consumption for the data
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exchange phase between the relays.

Eb
fDSTC = Eb

s + Eb
rr + Eb

rd, (2.55)

Eb
cDSTC = Eb

s + Eb
rd. (2.56)

Note that Eb
s, E

b
rr, and Eb

rd are calculated based on the energy models in previous parts

based on the typical or realistic energy models.

On the one hand, Fig. 2.14 shows the total energy consumption per bit of the cDSTC

and fDSTC protocols with NR-relays and R-relays based on parameters of typical energy

model as shown in Tab. 2.1 in two cases: (a) when the transmission distance dsd <

30m and (b) when dsd > 100m. The case when 30m < dsd < 100m is not illustrated

since there is no cross-over point. At short-range transmissions, the fDSTC protocol

consumes more energy than the cDSTC protocol due to the data exchange between

the relays. However, for long-range transmissions, the lower transmission energy of

the fDSTC protocol makes it become energy-efficient. With R-relays, at dsd = 25m,

the fDSTC protocol can save up to 50% of the total energy consumption. Otherwise,

with NR-relays, the fDSTC protocol consumes less energy than the cDSTC only when

dsd > 200m and at dsd = 270m, the fDSTC protocol can save 20% of the total energy

consumption.

On the other hand, the parameters extracted from TI CC2420 (Tab. 2.2) are used to

illustrate the total energy consumption per bit of the cDSTC and fDSTC protocols.

Unlike some typical energy models used to evaluate the energy consumption, the real

transceiver has its own maximum transmit power, Pmax
Tx , and sensitivity of receiver low

noise amplifier is Pmin
Rx . These constraints must be considered in the real transmission

(i.e. the total transmit power of the protocols must be lower than Pmax
Tx ). For TI

CC2420, Pmax
Tx = 0dBm and Pmin

Rx = −95dBm. The fDSTC protocol consumes more

circuit energy than the cDSTC protocol due to the data exchange between the relays.

However, the lower transmission energy of the fDSTC protocol makes it able to increase

the transmission range, dsd (Fig. 2.15). With R-relays, dsd is increased from 15m to

190m. Otherwise, with NR-relays, the fDSTC protocol can widen dsd from 165m to

290m.
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Figure 2.14: Total energy consumption per bit of the fDSTC and cDSTC protocol
with NR-relays and R-relays for two cases: a) the transmission distance dsd < 30m, b)

the transmission distance dsd > 100m).

2.6 Conclusion

The main contribution of this chapter is to propose and evaluate the fDSTC protocol

with NR-relays and R-relays. A thorough analysis on error performance of the fDSTC

protocol, followed by simulation results, is given to show its good performance. With

two simple SISO transmissions added between the two relays, a significant SNR gain is

obtained (3.7dB for NR-relays and 18.1dB for R-relays). The relative distance of relays is

shown to have a large impact on the BER performance of the cDSTC protocol. However,

thanks to the fDSTC protocol, this impact can be significantly reduced by up to 75%.

Besides, the suitable power allocation among the source and the relays is shown to be

able to further increase the BER performance of the fDSTC protocol. In terms of outage
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Figure 2.15: Total energy consumption per bit of the fDSTC and cDSTC protocol
with NR and R-relays

probability, at the same spectral efficiency, the fDSTC protocol turns out to outperform

the cDSTC protocol in high SNR regions. This is due to the fact that the fDSTC

protocol helps to get higher system diversity order (full diversity in case of NR-relays) as

compared to the cDSTC protocol. In terms of energy consumption, the fDSTC protocol

is still more energy efficient than the cDSTC protocol for long-range transmissions or

gets longer maximum transmission distance. Although the fDSTC protocol is not shown

to be the best cooperative protocol in any case, with its many advantages in comparison

with the cDSTC protocol, it could be one of the promising cooperative protocols.

The good performance of the fDSTC protocol is clearly demonstrated in this chapter by

using simple NR-relays and R-relays in single-antenna system. The deployment of the

fDSTC protocol in multi-antenna systems and its performance will be considered in next

chapter.
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MIMO Cooperative Relay Systems

3.1 Introduction

It is well known that cooperative techniques such as cooperative MIMO and cooperative

relay are among the best candidates to form virtual MIMO networks in case that the de-

ployment of multi-antenna system is impossible due to the limited size and cost of devices.

However, in some networks such as cellular networks, base stations are normally designed

with many antennas. In addition, with the quick development of nanotechnology and

material sciences, it is expected that one day not far the deployment of multi-antenna on

a small device (e.g. sensor nodes, mobile phones, etc.) will be passed through without

difficulty. Therefore, besides having a role of forming virtual MIMO systems, the cooper-

ative techniques can be associated with MIMO systems to further improve performances

of the systems. While in [8, 92], the cooperative techniques are considered as a function

of virtual MIMO systems the use of cooperative relay techniques in MIMO systems is

considered in [93, 94]. In [93], the BER performance analysis of a multi-antenna coop-

erative relay system is derived. In [94], using beam forming technique and Amplify and

Forward (AF) relaying, a system having a two-antenna source, two one-antenna relays

and one-antenna destination is proposed. However, the proposed model does not include

a direct transmission from source to destination and use repetition-based cooperative

relay protocols to forward signals from relays to destination. In [95], the distributed

space-time coding (DSTC) between source and relay is considered to exploit diversity

and rate gain. Furthermore, a DSTC-based cooperative system with two relays stations

is proposed and its average symbol error probability is also derived in [17].
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In the previous chapter, the fDSTC protocol in which the relays cooperate with the

source to form a virtual MIMO is shown to be able to improve the performance of

the DSTC-based cooperative system in terms of error probability, outage probability,

diversity order, spectral efficiency and energy efficiency. However, it is only considered

in a single-antenna system. The present chapter will exploit the fDSTC protocol in a

multiple-antenna system which have a two-antenna source, two one-antenna relays and

one-antenna destination. This system can be referred as the downlink in the cellular

networks where the source is the base station and the relays and the destination are

mobile users. Depending on the cooperative relay protocols (i.e. fDSTC or cDSTC) it is

classified into two models: MIMO full cooperative relay (MFCR) exploiting the fDSTC

protocol and MIMO simple cooperative relay (MSCR) exploiting the cDSTC protocol.

Once again, the performance of the models will be evaluated via BER, spectral efficiency

and energy efficiency.

Contributions

The contributions of the chapter are:

1. Two models, MSCR and MFCR, are proposed to associate the DSTC-based coop-

erative relay techniques with multi-antenna system and compared with the model

in [94] (including a direct transmission from source to destination), called MIMO

normal cooperative relay model (MNCR), exploiting repetition-based cooperative

relay protocol.

2. The analytic results in terms of error probability are derived in the models using

non-regenerative relays (NR-relays). However, in the simulation section, the per-

formances of the models with regenerative relays (R-relays) are figured out. Like

Chapter 2, the effects of the relative distance of relays (r) on the bit-error-rate

(BER) performance are also considered.

3. The outage probability and diversity order of the systems using NR-relays are

derived.

4. Unlike Chapter 2, in this chapter the total energy consumption is thoroughly con-

sidered through mathematical analysis and numerical simulations to illustrate the
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best cooperative strategy for multi-antenna systems. In addition, the error syn-

chronization effect on the BER performance is also carefully discussed.

The remainder of this chapter is organized as follows. In Section 3.2, the transmission

protocols of the MFCR, MSCR and MNCR models are thoroughly described. Then the

analysis of error probability followed by the simulations for MSCR and MFCR are con-

sidered in Section 3.3. The outage probability and the diversity order of the models are

derived in Section 3.5. In addition, in Section 3.6 the energy consumption of these mod-

els is thoroughly analyzed. Section 3.7 illustrates the effect of the synchronization error

of the DSTC transmission from the relays to the destination on the system performance.

Finally, conclusion is given in Section 3.8.

3.2 System Model

In this chapter, we consider a system consisting of a two-antenna source, a one-antenna

destination and two one-antenna relays (Fig. 3.1). From this system, we distinguish

three models. That is MNCR, MSCR and MFCR. While MNCR uses repetition-based

cooperative relay protocols, MSCR and MNCR take advantage of the DSTC-based coop-

erative relay protocols (i.e using the fDSTC protocol in case of MFCR and the cDSTC

protocol in case of MSCR). The transmission process of these communication models

can be divided into the following steps:

Figure 3.1: Cooperative Model

Step 1:
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The two-antenna source (S1, S2) transmits simultaneously the Alamouti coded signal

XXX =





x[2k] x[2k + 1]

−x∗[2k + 1] x∗[2k]



 to the two relays (R1, R2) and to the destination (D)

(where x[2k] and x[2k+1] are two consecutive signals at the source). The received signals

at the two relays and at the destination are ysr1ysr1ysr1 , ysr2ysr2ysr2 , ysdysdysd respectively:

yijyijyij =
√
ǫijXXXhijhijhij + zijzijzij i ∈ {s}, j ∈ {r1, r2, d}, (3.1)

where hijhijhij =
[

hij [2k] hij [2k + 1]
]T

is the Rayleigh channel coefficient vector, yijyijyij =
[

yij [2k] yij [2k + 1]
]T

, zijzijzij =
[

zij [2k] zij [2k + 1]
]T

is the AWGN noise vector and ǫs =

ǫsd = ǫsr1 = ǫsr2 is the source transmit power.

Step 2:

• For MNCR, the two relays use repetition-based protocols to forward the signals

consecutively to the destination. The received data at the destination from the

relays is given by

yjd[m] =











√
ǫjdhjd[m]Gjduj [m] + zjd[m], j ∈ {r1, r2},m ∈ {2k, 2k + 1}, NR-relays

√
ǫjdhjd[m]x̂sj [m] + zjd[m], j ∈ {r1, r2},m ∈ {2k, 2k + 1}, R-relays

(3.2)

where ǫr = ǫr1d = ǫr2d is the transmit power of the relays, x̂sjx̂sjx̂sj is obtained by

decoding the signal ysjysjysj at the relay j ∈ {r1, r2}, and Gjd is the amplying factor of

the NR-relay j. The forwarded signal at the relays, uj [m], can be expressed as

ujujuj = (HH
sjHH
sjHH
sj ỹsjỹsjỹsj)/

√
ǫs(H

H
sjHH
sjHH
sjHsjHsjHsj), j ∈ {r1, r2}, (3.3)

where ỹsjỹsjỹsj =
[

ysj [2k] y∗sj [2k + 1]
]T

, ujujuj =
[

uj [2k] uj [2k + 1]
]T

and

HsjHsjHsj =





hsj [2k] hsj [2k + 1]

h∗sj [2k + 1] −h∗sj [2k]



 .
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• For MSCR, the two relays use the cDSTC protocol to transmit simultaneously the

Alamouti re-encoded signals UUU to the destination, where

UUU =

















































Gr1dur1 [2k] Gr2dur2 [2k + 1]

−G∗
r1d

u∗r1 [2k + 1] G∗
r2d

u∗r2 [2k]






, NR-relays







x̂sr1 [2k] x̂sr2 [2k + 1]

−x̂∗sr1 [2k + 1] x̂∗sr2 [2k]






, R-relays

with uj [m], j ∈ {r1, r2} are found by (3.3) and Gjd the amplying factor [12]. Similar

to MNCR, here x̂sj [2k] and x̂sj [2k+1] are obtained by decoding the signals ysj [2k]

and ysj [2k + 1] at the relay j ∈ {r1, r2} respectively. The received signal at the

destination is

yrdyrdyrd =
√
ǫrUUUhrdhrdhrd + zrdzrdzrd, (3.4)

where hrdhrdhrd =
[

hrd[2k] hrd[2k + 1]
]T

and zrdzrdzrd =
[

zrd[2k] zrd[2k + 1]
]T

are the

Rayleigh channel coefficient and AWGN noise vectors of the relay-destination link

respectively and yrdyrdyrd =
[

yrd[2k] yrd[2k + 1]
]T

.

• For MFCR, before forwarding the signals to the destination, the two relays ex-

change their data (ysr1ysr1ysr1 and ysr2ysr2ysr2) with each other to get the reception diversity.

From the previous chapter, it is claimed that when the distance between the relays

is small enough, the system performance still remains. Therefore, in this work, we

assume that there is no error in the inter-communication between the two relays.

As a result, the forwarded signals at two relays are the same, ur1ur1ur1 = ur2ur2ur2 and can

be represented by

ur1ur1ur1 = ur2ur2ur2 = ururur =
(HH

sr1
HH

sr1HH
sr1ỹsr1ỹsr1ỹsr1 +HH

sr2
HH

sr2HH
sr2ỹsr2ỹsr2ỹsr2)√

ǫs(H
H
sr1

HH
sr1HH
sr1Hsr1Hsr1Hsr1 +HH

sr2
HH

sr2HH
sr2Hsr2Hsr2Hsr2)

, (3.5)

where HsjHsjHsj =





hsj [2k] hsj [2k + 1]

h∗sj [2k + 1] −h∗sj [2k]



 , ururur =
[

ur[2k] ur[2k + 1]
]T

,

ujujuj =
[

uj [2k] uj [2k + 1]
]T

, and ỹsjỹsjỹsj =
[

ysj [2k] y∗sj [2k + 1]
]T

with j ∈ {r1, r2}.
The received signal at the destination is represented by (3.4) with the Alamouti
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re-encoded signals

UUU =

















































Grdur[2k] Grdur[2k + 1]

−G∗
rdu

∗
r [2k + 1] G∗

rdu
∗
r [2k]






, NR-relays







x̂sr[2k] x̂sr[2k + 1]

−x̂∗sr[2k + 1] x̂∗sr[2k]






, R-relays

where x̂sr[2k] and x̂sr[2k + 1] are obtained by decoding the signals ur[2k] and

ur[2k + 1] and Grd is the amplying factor at the relays.

Step 3:

At the destination, all the received signals are combined together to take advantage of

spatial diversity and the maximal ratio combining (MRC) technique is used to decode

the signals.

We assume that the communications are performed over flat Rayleigh fading channel.

The channel coefficients remain the same for two consecutive time intervals. Statistically,

we model hij [m] with i ∈ {s, r1, r2} and j ∈ {r1, r2, d} as zero mean, independent,

complex Gaussian random variables with variances Ω2
ij . Similarly, we model zij [m] as

zero mean mutually independent complex Gaussian random variable with variance N0.

The protocols of these models with NR-relays are summarized in the following tables,

Tab. 3.1 for MNCR, Tab. 3.2 for MSCR and Tab. 3.3 for MFCR. One should note

that, the white cells represent the transmission phases, the light gray cells represent the

reception phases and the bold gray cells represent the sleep phases of the terminals.

Time Slot S1 S2 R1 R2 D

2k x[2k] x[2k + 1] ysr1 [2k] ysr2 [2k] ysd[2k]

2k + 1 −x∗[2k + 1] x∗[2k] ysr1 [2k + 1] ysr2 [2k + 1] ysd[2k + 1]

2k + 2 Gr1dur1 [2k] yr1d[2k]

2k + 3 Gr1dur1 [2k + 1] yr1d[2k + 1]

2k + 4 Gr2dur2 [2k] yr2d[2k]

2k + 5 Gr2dur2 [2k + 1] yr2d[2k + 1]

Table 3.1: Protocol of the MIMO normal cooperative relay model (NR-relays)
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Time slot S1 S2 R1 R2 D

2k x[2k] x[2k + 1] ysr1 [2k] ysr2 [2k] ysd[2k]

2k + 1 −x∗[2k + 1] x∗[2k] ysr1 [2k + 1] ysr2 [2k + 1] ysd[2k + 1]

2k + 2 Gr1dur1 [2k] Gr2dur2 [2k + 1] yrd[2k]

2k + 3 −G∗
r1d

u∗r1 [2k + 1] G∗
r2d

u∗r2 [2k] yrd[2k + 1]

Table 3.2: Protocol of the MIMO simple cooperative relay model (NR-relays)

Time Slot S1 S2 R1 R2 D

2k x[2k] x[2k + 1] ysr1 [2k] ysr2 [2k] ysd[2k]

2k + 1 −x∗[2k + 1] x∗[2k] ysr1 [2k + 1] ysr2 [2k + 1] ysd[2k + 1]

2k + 2 ysr1 [2k] ysr1 [2k]

2k + 3 ysr1 [2k + 1] ysr1 [2k + 1]

2k + 4 ysr2 [2k] ysr2 [2k]

2k + 5 ysr2 [2k + 1] ysr2 [2k + 1]

2k + 6 Grdur[2k] Grdur[2k + 1] yrd[2k]

2k + 7 −G∗
rdu

∗
r [2k + 1] G∗

rdu
∗
r [2k] yrd[2k + 1]

Table 3.3: Protocol of the MIMO full cooperative relay model (NR-relays)

3.3 Error Probability Analysis

In this section, the error probability of MFCR and MSCR is considered in the case of

NR-relays. The error probability (for BPSK modulation) is

Pγd = Q(
√

2γd), (3.6)

with Q(x) = 1
2π

∫∞
x e

−z2

2 dz the error function and γd the received SNR at the destination.

3.3.1 MIMO full cooperative relay model (MFCR)

In this model, after receiving the signal transmitted from the source and exchanging data

with each other, each relay needs to combine and normalize the signals before forwarding

to the destination. The relays will forward the signals ururur (3.5) using the fDSTC protocol

to the destination.

In our work, Grd = 1 is chosen. So, the forwarded signals at the relays can be expressed

as

ururur = xxx+ (HH
sr1

HH
sr1HH
sr1z̃sr1z̃sr1z̃sr1 +HH

sr2
HH

sr2HH
sr2z̃sr2z̃sr2z̃sr2)/

√
ǫs(||hsr1hsr1hsr1 ||2 + ||hsr2hsr2hsr2 ||2), (3.7)
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with z̃sjz̃sjz̃sj =
[

zsj [2k] z∗sj [2k + 1]
]T

, j ∈ {r1, r2}.

The power of the forwarded signals at the relays is guaranteed to be normalized to one:

E(ur[m]∗ur[m]) = E(x[m]∗x[m]) +
1

ǫs(||hsr1hsr1hsr1 ||2 + ||hsr2hsr2hsr2 ||2)
.

So, when ǫs ≫ 1, we have E(ur[m]∗ur[m]) ≈ E(x[m]∗x[m]) = 1.

Then the two NR-relays will use two time slots to forward the re-encoded signals UUU =




ur[2k] ur[2k + 1]

−u∗r [2k + 1] u∗r [2k]



 to the destination. The combined signal can be derived as

ydydyd = xxx+
ǫr||hrdhrdhrd||2(HH

sr1
HH

sr1HH
sr1z̃sr1z̃sr1z̃sr1 +HH

sr2
HH

sr2HH
sr2z̃sr2z̃sr2z̃sr2)√

ǫs(||hsr1hsr1hsr1 ||2 + ||hsr2hsr2hsr2 ||2)(ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2)

+

√
ǫsH

H
sdHH
sdHH
sdz̃sdz̃sdz̃sd +

√
ǫrH

H
rdHH
rdHH
rdz̃rdz̃rdz̃rd

(ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2)
,

(3.8)

with ydydyd =
[

yd[2k] yd[2k + 1]
]T

.

If all noises are mutually independent, the probability distribution of yd[2k] and yd[2k+1]

is also a normal one with the mean and the variance:

yd[2k] ∼NNN(x[2k],Ω2
F ),

yd[2k + 1] ∼NNN(x[2k + 1],Ω2
F ),

where Ω2
F = ǫ2r||hrdhrdhrd||

4

ǫs(||hsr1
hsr1hsr1 ||

2+||hsr2
hsr2hsr2 ||)(||ǫshsdhsdhsd||2+ǫr||hrdhrdhrd||2)2

+ 1
(ǫs||hsdhsdhsd||2+ǫr||hrdhrdhrd||2)

).

Finally, the SNR at the destination can be derived as

γd =
E(|x|2)

4

ǫs(||hsr1hsr1hsr1 ||2 + ||hsr2hsr2hsr2 ||2)(ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2)2
ǫ2r ||hrdhrdhrd||4 + ǫs(||hsr1hsr1hsr1 ||2 + ||hsr2hsr2hsr2 ||2)(ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2)

. (3.9)

Here, we normalize the power of each signal constellation to be 1/4, thus the total received

power at the destination is unity.

3.3.2 MIMO simple cooperative relay model (MSCR)

Since no data is exchanged between the two relays, after receiving signal from the source,

the relays will forward the signals ujujuj (3.3) using the cDSTC protocol to the destination.
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If we choose the amplifying factor Gr1d = Gr2d = 1, the forwarded signals of the relays

are UUU =





ur1 [2k] ur2 [2k + 1]

−u∗r1 [2k + 1] u∗r2 [2k]



 with

ujujuj = xxx+HH
sjHH
sjHH
sj z̃sjz̃sjz̃sj/

√
ǫs||hsjhsjhsj ||2, j ∈ {r1, r2}. (3.10)

Let note źsjźsjźsj = HH
sjHH
sjHH
sj z̃sjz̃sjz̃sj/

√
ǫs||hsjhsjhsj ||2 where źsjźsjźsj =

[

źsj [2k] źsj [2k + 1]
]T

is the received

noise at the relay j ∈ {r1, r2} respectively. Then, the forwarded signals of the relays UUU

can be rewritten as

UUU =XXX + ŹsrŹsrŹsr, (3.11)

where XXX =





x[2k] x[2k + 1]

−x∗[2k + 1] x∗[2k]



 is the original transmitted signals and ŹsrŹsrŹsr =





źsr1 [2k] źsr2 [2k + 1]

−ź∗sr1 [2k + 1] ź∗sr2 [2k]



 is the received noise at the relays.

So, the signal received at the destination from the relays is

yrdyrdyrd =
√
ǫrXXXhrdhrdhrd +

√
ǫrŹsrŹsrŹsrhrdhrdhrd + zrdzrdzrd

=
√
ǫrXXXhrdhrdhrd + z̄rdz̄rdz̄rd,

(3.12)

where z̄rdz̄rdz̄rd =





z̄rd[2k]

z̄rd[2k + 1]



 =





√
ǫrhrd[2k]źsr1 [2k] +

√
ǫrhrd[2k + 1]źsr2 [2k + 1] + zrd[2k]

−√
ǫrhrd[2k]ź

∗
sr1 [2k + 1] +

√
ǫrhrd[2k + 1]ź∗sr2 [2k] + zrd[2k + 1]





is the total noise at destination.

(3.12) can be rewritten as

ỹrdỹrdỹrd =
√
ǫrHrdHrdHrdxxx+ z̃rdz̃rdz̃rd, (3.13)

with z̃rdz̃rdz̃rd =





z̄rd[2k]

z̄∗rd[2k + 1]



 and ỹrdỹrdỹrd =





yrd[2k]

y∗rd[2k + 1]



.

Then, the combined signal at the destination is given by

ydydyd = xxx+ (
√
ǫsH

H
sdHH
sdHH
sdz̃sdz̃sdz̃sd +

√
ǫrH

H
rdHH
rdHH
rdz̃rdz̃rdz̃rd)/(ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2). (3.14)
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The probability distribution of ydydyd is

yd[2k] ∼NNN(x[2k],Ω2
S), (3.15)

yd[2k + 1] ∼NNN(x[2k + 1],Ω2
S), (3.16)

where Ω2
S =

ǫs||hsdhsdhsd||
2+ǫr||hrdhrdhrd||

2( ǫr
ǫs||hsr1

hsr1hsr1 ||2
+ ǫr

ǫs||hsr2
hsr2hsr2 ||2

+1)

(ǫs||hsdhsdhsd||2+ǫr||hrdhrdhrd||2)2
.

Finally, the SNR at the destination of the MSCR model can be derived as

γd =
E(|x|2)

4
(

(ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2)2
ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2( ǫr

ǫs||hsr1
hsr1hsr1 ||

2 + ǫr
ǫs||hsr2

hsr2hsr2 ||
2 + 1)

). (3.17)

3.4 Simulation Results

In this section, the performances of MNCR, MSCR and MFCR using NR-relays and

R-relays are simulated in terms of BER. With a common model for path-loss, Ω2
ij ∝ d−pl

ij

where dij is the distance between terminal i and j, and pl = 2 is the path-loss exponent.

Taking the effects of relays’ positions into account, the performance of the models is

simulated depending on the relative distance of relays r = dsr
dsd

defined by the ratio of

the source-relay distance dsr and the source-destination distance dsd. In this chapter,

the performance of the models will be evaluated and compared with that of Alamouti

models since Alamouti model represents traditional MIMO system without cooperative

techniques. In addition, to have a fair comparison between the models, the total transmit

power of the models is kept the same (i.e. P ).

3.4.1 MNCR vs MSCR (NR-relays)

The BER performances of MNCR and MSCR using NR-relays with different values of r

in case of NR-relays are shown in Fig. 3.2. The performance of MNCR is lightly better

than that of MSCR. In MSCR, the re-encoded signals at the relays are not orthogonal.

Therefore, the performance of the DSTC transmission from the relays to the destination is

degraded. The closer the relays get to the destination, the less orthogonal the forwarded

signals at the relays is. That leads to worse performance of MSCR in comparison with

Alamouti 2-1 model (having a two-antenna source and a one-antenna destination) when

r is high.

77



Chapter 3. MIMO Cooperative Relay Systems

Figure 3.2: BER of MNCR and MSCR (NR-relays)

3.4.2 MSCR vs MFCR

Fig. 3.3 shows the performances of MFCR and MSCR in case of NR-relays at r equal

to 0.1, 0.5 and 0.9. On the one hand, the performance of the MFCR is always better

than that of the MSCR. Moreover, the larger r is, the better the performance of MFCR

is. However, when r is small (r = 0.1) the performances of MSCR and MFCR are the

same. On the other hand, in Fig. 3.3, the 3dB power reduction of MFCR (r = 0.9)

in comparison with Alamouti 2-2 scheme is due to the fact that the power of each

constellation in MFCR is normalized to be 1/4 while in Alamouti 2-2 scheme the power

of each constellation is only halved. The performance of the models in case of R-relays

is shown in Fig. 3.4. Similar to NR-relays, the performance of MFCR in case of R-relays

is always better than that of MSCR.

Figure 3.3: BER of MFCR and MSCR (NR-relays)
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Figure 3.4: BER of MFCR and MSCR (R-relays)

3.4.3 Performance comparison between NR-relays and R-relays

To compare the performance of the models in case of using NR-relays or R-relays, the

needed SNR for MFCR and MSCR at the desired BER equal to 10−5 is derived. The

results in Fig. 3.5 show that, for MSCR, R-relays bring a better performance than NR-

relays when r is larger than 0.3. On the other hand, in the MFCR, R-relays can obtain

better performance than NR-relays until when r is smaller than 0.8. These results are

important to choose the suitable relays depending on the relay position and the model.

Besides, we can also see that in the MSCR the needed SNR increases quickly when r

increases. However, in MFCR, the needed SNR is almost no change when r changes.

Therefore, in WSNs where the relays are mobile, the MFCR is recommended to ensure

the constant BER performance.

Figure 3.5: Performance comparison of NR-relays and R-relays
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3.5 Outage Analysis

In this section, we characterize the performance of the models using NR-relays in terms

of outage probability in high SNR regions. Let ǫs = ǫr = ǫ and define the signal to noise

ratio SNR = ǫ/N0, we can determine the outage probability of the models based on

SNR. Note that, for Rayleigh fading, |hij |2 is exponentially distributed with parameter

Ω−2
ij . Its probability density function is given by

px(x) =
1

Ω2
ij

e
− 1

Ω2
ij

x
, i ∈ {s, r1, r2}, j ∈ {r1, r2, d}. (3.18)

In this work, we assume that the two relays have the same relative distance to source

and destination. That means Ω2
sr1 = Ω2

sr2 = Ω2
sr and Ω2

r1d
= Ω2

r2d
= Ω2

rd. In addition,

the probability density function of random variable ||hijhijhij ||2 =
∣

∣hij [2k]
∣

∣

2
+
∣

∣hij [2k + 1]
∣

∣

2
is

given by

px(x) =
( 1

Ω2
ij

)2
xe

− 1

Ω2
ij

x
, i ∈ {s, r1, r2}, j ∈ {r1, r2, d}. (3.19)

3.5.1 MIMO Normal Cooperative Relay model (MNCR)

For MNCR, the maximum average mutual information between the source and the desti-

nation for random signals generated i.i.d circularly symmetric, complex Gaussian at the

source and two NR-relays can be shown to be

IMNCR =
1

3
log

(

1 + SNR||hsdhsdhsd||2 + f(SNR||hsr1hsr1hsr1 ||2, SNR|hr1d|2)

+ f(SNR||hsr2hsr2hsr2 ||2, SNR|hr2d|2)
)

,

(3.20)

with f(a, b) = ab
a+b+1 defined in [9]. The outage probability of MNCR for spectral

efficiency R is defined as

Pr[IMNCR < R] = Pr
[

|hsdhsdhsd||2 +
1

SNR
f(SNR||hsr1hsr1hsr1 ||2, SNR|hr1d|2)

+
1

SNR
f(SNR||hsr2hsr2hsr2 ||2, SNR|hr2d|2)

)

<
23R − 1

SNR

]

.

(3.21)
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Using the approximation in [6, eq. (16), (17)], the lower and upper bounds of the outage

probability of MNCR can be derived as

1

48

1

Ω4
rdΩ

4
sd

(23R − 1

SNR

)4
≤ Pr[IMNCR < R] ≤ 1

12

1

Ω4
rdΩ

4
sd

(23R − 1

SNR

)4
. (3.22)

3.5.2 MIMO Simple Cooperative Relay model (MSCR)

The maximum average mutual information between the source and the destination in

MSCR for random signals generated i.i.d circularly symmetric, complex Gaussian at the

source and two NR-relays can be shown to be

IMSCR =
1

2
log

(

1 + SNR||hsdhsdhsd||2 + f(SNR||hsrhsrhsr||2, SNR||hrdhrdhrd||2
)

, (3.23)

where ||hsrhsrhsr||2 = min(||hsr1hsr1hsr1||2, ||hsr2hsr2hsr2||2). Without the loss of generality, we assume that

||hsrhsrhsr||2 = ||hsr1hsr1hsr1||2.

So, the outage probability of MSCR for the spectral efficiency R is

Pr[IMSCR < R] = Pr
[

||hsdhsdhsd||2 +
1

SNR
f(SNR||hsrhsrhsr||2, SNR||hrdhrdhrd||2) <

22R − 1

SNR

]

. (3.24)

The outage probability of MSCR can be approximated in high SNR region by (proved

in Appendix D)

Pr[IMSCR < R] ∼ 1

4!

Ω4
sr +Ω4

rd

Ω4
srΩ

4
rd

1

Ω4
sd

(22R − 1

SNR

)4
. (3.25)

3.5.3 MIMO Full Cooperative Relay Model (MFCR)

For MFCR, the maximum average mutual information between the source and the desti-

nation for random signals generated i.i.d circularly symmetric, complex Gaussian at the

source and two NR-relays can be shown to be

IMFCR =
1

4
log

(

1 + SNR||hsdhsdhsd||2 + f
(

SNR||HsrHsrHsr||2, SNR||hrdhrdhrd||2
)

)

, (3.26)

where ||HsrHsrHsr||2 = ||hsr1hsr1hsr1||2 + ||hsr2hsr2hsr2||2 since there is an inter-communication between the

two relays in MFCR.
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The outage event for spectral efficiency R is given by IMFCR < R and is equivalent to

the event

SNR||hsdhsdhsd||2 + f(SNR||HsrHsrHsr||2, SNR||hrdhrdhrd||2) < 24R − 1. (3.27)

With the attention that the probability density function of random variable ||HsrHsrHsr||2 is

px(x) =
(

1
Ω2

sr

)4
x3e

− 1

Ω2
sr

x
, the outage probability of MFCR (proved in Appendix E) can

be derived as

Pr[IMFCR < R] ∼ 1

4!

1

Ω4
rdΩ

4
sd

(24R − 1

SNR

)4
. (3.28)

3.5.4 Simulation of outage probability

Fig. 3.6 shows the outage probability of MNCR, MSCR and MFCR (in case of NR-relays)

versus the rate-normalized SNRnorm = P
N0

1
[2R−1]

[9] in small, fixed R regime (R = 1)

for statistically symmetric networks, i.e. Ω2
ij = 1. Solid curves correspond to high-SNR

approximations obtained from the previous subsections. Dashed curves correspond to

the simulations obtained via Monte Carlo method. From Fig. 3.6, the obtained outage

probability approximations for MSCR and MFCR are well-matched with the simulations

at high SNR, while for MNCR the simulation results are exactly in the middle of the lower

and upper bound approximations. Furthermore, despite having the same diversity order

of 4, MSCR is the model which has the best outage probability. Moreover, in comparison

with the system [96] denoted by Karim06 (1-3-1) having 1 one-antenna source, 3 one-

antenna relays and 1 one-antenna destination, MNCR, MSCR and MFCR all have better

outage probability. The tradeoff between the diversity order, d(g) and the multiplexing

gain g at high SNR region is shown in Fig. 3.7. At the same diversity order d(g), the

MSCR has larger multiplexing gain than MNCR and MFCR.

3.6 Energy efficiency

In this section, the performance of the models in terms of energy efficiency is considered.

Using two energy models discussed in Chapter 2 (i.e. typical and realistic energy models),

the total energy consumption per bits of the models is derived.
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Figure 3.6: Outage probability versus SNRnorm, small, fixed R regime, for statisti-
cally symmetric networks, i.e. Ω2

ij = 1

Figure 3.7: Diversity order d(g) versus multiplexing gain g.

3.6.1 Typical energy model

We only evaluate the energy consumption of MSCR and MFCR via typical energy model.

The energy efficiency of MNCR in comparison with MSCR and MFCR will be thoroughly

evaluated via the realistic energy model in Section 3.6.2.

3.6.1.1 Analytic results

The total energy consumption per bits of MFCR Eb
F includes the energy consumption of

the three-phase communication. The source firstly broadcasts data to the two relays and

the destination. Secondly, the two relays exchange the received data with each other.

Finally, they use the DSTC protocol to forward the data to the destination. For MSCR,

its total energy consumption per bit Eb
S only consists of two phases since in MSCR there
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is no inter-communication between the two relays. Therefore, we get

Eb
F = Eb

srd + Eb
rr + Eb

rd, (3.29)

Eb
S = Eb

srd + Eb
rd, (3.30)

where Eb
srd = (PPA+2P tx

c +3P rx
c )/Rb is the energy consumption of the broadcast phase,

Eb
rr = 2Eb

SISO is the energy consumption of the inter-communication between the two

relays and Eb
rd = (PPA + 2P tx

c + P rx
c )/Rb is the energy consumption of the forward

phase. The amplify power PPA and the circuit consumption power for transmitting P tx
c

and receiving P rx
c are clearly demonstrated in Chapter 2.

3.6.1.2 Simulation results

MFCR and MSCR have better BER performances than Alamouti model. However, they

need more circuit energy consumption. Therefore, considering the typical energy model

with system parameters as in Tab. 2.1 the energy efficiency of these models based on

r and dsd is evaluated to have a fair comparison on their energy consumption. The

total energy consumption per bit of MFCR and MSCR as a function of transmission

distance and relative distance of the relays is illustrated on Fig. 3.8. Besides, Fig. 3.9

is the projection of Fig. 3.8 on the z axis to show the best model that minimizes the

total energy consumption. For instance, with r = 0.4, when dsd ≤ 132m we will choose

the Alamouti 2-1 model and the MSCR (NR-relays) has the best energy efficiency when

132m < dsd ≤ 300m, otherwise, MFCR (R-relays) is the best choice.

3.6.2 Real energy model

In this section, the total energy consumption per bit of MSCR, MNCR and MFCR is

considered via a real energy model with the parameters extracted from the transceiver,

CC2420.

84



Chapter 3. MIMO Cooperative Relay Systems

Figure 3.8: Total energy consumption per bit at BER = 10−5

Figure 3.9: The optimal energy efficient scheme selection at BER = 10−5

3.6.2.1 Analytic results

From Chapter 2, the total power consumption of MFCR is given by

P = PT (d) + PR =
N0γ

(Pe,r)
F (1 + α)Nf (4πdsd)

2LRb

ηGtGrλ2
+ 6PT0 + 6PR0. (3.31)

Therefore, the energy consumption per bit of MFCR Eb
F can be derived as

Eb
F =

N0γ
(Pe,r)
F (1 + α)Nf (4πdsd)

2L

ηGtGrλ2
+

6PT0 + 6PR0

Rb
. (3.32)

85



Chapter 3. MIMO Cooperative Relay Systems

Similarly, the energy consumption per bit for MSCR Eb
S , MNCR Eb

Nand Alamouti Eb
A

models are given respectively

Eb
S =

N0γ
(Pe,r)
S (1 + α)Nf (4πdsd)

2L

ηGtGrλ2
+

4PT0 + 4PR0

Rb
, (3.33)

Eb
N =

N0γ
(Pe,r)
N (1 + α)Nf (4πdsd)

2L

ηGtGrλ2
+

4PT0 + 5PR0

Rb
, (3.34)

Eb
A =

N0γ
(Pe)
A (1 + α)Nf (4πdsd)

2L

ηGtGrλ2
+

2PT0 + 1PR0

Rb
. (3.35)

Let denote dmax
F (Pe, r), d

max
S (Pe, r), d

max
N (Pe, r) and dmax

A (Pe) the maximum transmission

distances of MFCR, MSCR, MNCR and Alamouti models at the specific values of Pe

and r.

The MFCR is the best choice if Eb
F < min(Eb

S , E
b
N , Eb

A). From (3.32), (3.33), (3.34) and

(3.35) we can derive

max(B,C,D) < dsd < dmax
F (Pe, r), (3.36)

where B = min
(

√

(2PT0+2PR0)A

(γ
(Pe,r)
S −γ

(Pe,r)
F )

, dmax
S (Pe, r)

)

,

C = min
(

√

(2PT0+1PR0)A

(γ
(Pe,r)
N −γ

(Pe,r)
F )

, dmax
N (Pe, r)

)

,

D = min
(

√

(4PT0+5PR0)A

(γ
(Pe)
A −γ

(Pe,r)
F )

, dmax
A (Pe)

)

and A = ηGtGrλ2

N0(1+α)Nf (4π)2LRb
.

Similarly, Alamouti scheme is chosen if

0 < dsd < min(D,E, F ), (3.37)

where E = min
(

√

(2PT0+3PR0)A

(γ
(Pe)
A −γ

(Pe,r)
S )

, dmax
A (Pe)

)

,

and F = min
(

√

(2PT0+4PR0)A

(γ
(Pe)
A −γ

(Pe,r)
N )

, dmax
A (Pe)

)

.

The threshold for MSCR and MNCR is denoted by K. So, the MSCR is chosen if

dsd < K, (3.38)

where K = min
(

√

PR0A

(γ
(Pe,r)
S −γ

(Pe,r)
N )

, dmax
N (Pe, r)

)

.
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From (3.36), (3.37) and (3.38), we define the best cooperative strategy, as illustrated by

Fig. 3.10.

Figure 3.10: The best cooperative strategy

It is noteworthy that if K < min(D,E, F ) or K > max(B,C,D), MSCR or MNCR

respectively do not represent an energy efficient solution and hence will not be used.

3.6.2.2 Simulation results

Fig. 3.11 shows the simulation of the needed transmission energy at Pe = 10−5 for

MNCR, MSCR, MFCR (with NR-relays and R-relays) and Alamouti models. Due to

the best performance, MFCR needs less transmission energy than the others. However,

it requires the highest circuit energy consumption. So, to find the best energy-efficient

model, the total energy consumption must be considered.

Figure 3.11: Transmission energy per bit (Pe = 10−5)
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Fig. 3.12 shows the best energy-efficient model versus the function of transmission dis-

tance and relative distance of relays. Each colored area represents the model which is

the best choice for this range. In addition, the white on the right hand side of the fig-

ure is the out of range area in which using CC2420, it is impossible to get the desired

reliable transmission (Pe = 10−5). Despite its highest energy consumption, MFCR is

the one which has the longest maximum transmission distance. So it is the best choice

for long transmission distance. Alamouti 2-1 model has the most energy efficiency for

short transmission distances. For example, when the relative distance of relays r is equal

to 0.2, we will choose Alamouti scheme when the transmission distance dsd is less than

135m. When dsd is between 135m and 295m, the MSCR (R-relays) will bring us the

best energy efficiency. The MNCR(NR-relays) is the best energy-efficient model when

295m < dsd < 305m. Finally, when 305m < dsd < 320m the MFCR (R-relays) is the

best choice. One should note that the MNCR (R-relays) is not an energy efficient scheme,

since it is not present in this figure.

Figure 3.12: The optimal energy efficient scheme selection at Pe = 10−5

In the other hand, Fig. 3.13 shows the specific case when the relative distance of relay

is equal to 0.5. The maximum transmission distance of all models can be clearly de-

termined, e.g. using MFCR (R-relays), reliable transmission can be achieved until dsd

equals to 345m while Alamouti scheme only has the reliable transmission up to 135m.

The maximum transmission distances of MFCR (NR-relays), MNCR (NR-relays), MSCR

(NR-relays), MSCR (R-relays), MNCR (R-relays) are respectively 310m, 248m, 235m,

175m and 170m. From Fig. 3.13, we can derive the lower bound of total energy con-

sumption per bit of the system when the relative distance of relays r is equal to 0.5 as

shown in Fig. 3.14.
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Figure 3.13: Total energy consumption per bit with the transmit power lower than
0dBm (Pe = 10−5, r = 0.5)

Figure 3.14: The lower bound of energy consumption per bit (Pe = 10−5, r = 0.5)

3.7 Effect of synchronization error

3.7.1 Analysis

For all above parts, we assumed that there is a perfectly synchronized transmission from

the two relays to the destination. In fact, this is too difficult to ensure this condition in

reality because the two relays are separate and forward data independently to destination.

In this section, the effect of the unsynchronized transmission [97] from the relays to the

destination is considered. In this case, the DSTC transmission of the two relays seen

at destination is no longer orthogonal. After the synchronization process, there will be

the inter-symbol interference (ISI) of non-synchronized sequences. Therefore, we can

not have the orthogonal space time combination at the destination, thus decreasing the

desired signal amplitude and generating more interference.
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In case of the synchronization error, the received signal at the destination is expressed

as

yrd[2k] =
√
ǫr

(

∞
∑

l=−∞

hrd[l]ur[l]p
(

(2k − l)Ts

)

+

∞
∑

l=−∞

hrd[l + 1]ur[l + 1]p
(

(2k − l)Ts − δ
)

)

+nrd[2k],

(3.39)

yrd[2k + 1] =
√
ǫr

(

−
∞
∑

l=−∞

hrd[l − 1]u∗r [l]p
(

(2k + 1− l)Ts

)

+

∞
∑

l=−∞

hrd[l]u
∗
r [l − 1]p

(

(2k + 1− l)Ts − δ
)

)

+nrd[2k + 1],

(3.40)

where Ts the symbol period, p(t) the raised cosine pulse shape with roll-off factor of 0.25

and δ is the time offset error between the relay 1 and the relay 2.

For simplicity, we consider the ISI is just created by the four nearest neighbor symbols.

So, we have

yrd[2k] =
√
ǫr

(

hrd[2k]ur[2k] + hrd[2k + 1]ur[2k + 1] + ISI
(

ur[2k]
)

)

+nrd[2k],

yrd[2k + 1] =
√
ǫr

(

−hrd[2k]u
∗
r [2k + 1] + hrd[2k + 1]u∗r [2k] + ISI

(

u∗r [2k + 1]
)

)

+nrd[2k + 1],

where the inter symbol interference terms are:

ISI(ur[2k]) =hrd[2k + 1]
(

ur[2k + 1]
(

p(−δ)− 1
)

+u∗r [2k − 2]p(Ts + δ)

+ ur[2k − 1]p(2Ts + δ) + u∗r [2k]p(Ts − δ) + ur[2k + 3]p(2Ts − δ)
)

,

(3.41)

ISI(u∗r [2k + 1]) =hrd[2k + 1]
(

u∗r [2k](p(−δ)− 1) + ur[2k + 1]p(Ts + δ)

+ u∗r [2k − 2]p(2Ts + δ) + ur[2k + 3]p(Ts − δ) + u∗r [2k + 2]p(2Ts − δ)
)

.

(3.42)

In this case, the signal received at destination from relays can be rewritten:

yrdyrdyrd =
√
ǫrUUUhrdhrdhrd +nsrdnsrdnsrd, (3.43)
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where nsrdnsrdnsrd =





nsrd[2k]

nsrd[2k + 1]



 =





nrd[2k] +
√
ǫrISI(ur[2k])

nrd[2k + 1] +
√
ǫrISI(u

∗
r [2k + 1])



 with the distribu-

tion nsrd[2k], nsrd[2k + 1] ∼NNN(0, 1 + ǫrΩ
2
ISI) where Ω2

ISI is the variance of ISI.

So, for the MIMO full cooperative relay model, the SNR can be inferred:

γFd =
E(|x|2)

4
(

ǫ2r ||hrdhrdhrd||4
ǫs(||hsr1hsr1hsr1||2 + ||hsr2hsr2hsr2||)(||ǫshsdhsdhsd||2 + ǫr||hrdhrdhrd||2)2

+
1

(ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2)

+
ǫrΩ

2
ISI

(ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2)2
)−1.

(3.44)

Similarly, the SNR of MIMO simple cooperative model is:

γSd = (
ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2( ǫr

ǫs||hsr1hsr1hsr1||2
+ ǫr

ǫs||hsr2hsr2hsr2||2
+ 1)

(ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2)2
+

ǫrΩ
2
ISI

(ǫs||hsdhsdhsd||2 + ǫr||hrdhrdhrd||2)2
)−1E(|x|2)

4
.

(3.45)

3.7.2 Effect of the synchronization errors on the BER performance of

the models

In this work, the time offset error δ has a uniform distribution in [−∆Tsyn/2, ∆Tsyn/2]

with ∆Tsyn the synchronization error range. From Fig. 3.15, Fig. 3.16, Fig. 3.17 and

Fig. 3.18, the performance of MFCR and MSCR using NR-relays and R-relays with

different synchronization error ranges is shown. As we see the BER performance of the

models is still considerable with the perfect synchronization case when ∆Tsyn ≤ 0.2,

otherwise if ∆Tsyn > 0.2, the BER performance of the models is degraded very quickly.

3.8 Conclusion

In this chapter, the MFCR and MSCR models representing the association between

MIMO and cooperative relaying techniques are considered and compared with each other.

It is shown that besides having a role as forming virtual MIMO in single-antenna system,

the cooperative relay techniques can also be applied in MIMO systems to significantly

improve the system performance.
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Figure 3.15: MSCR (NR-relays) with desynchronization (r=0.5)

Figure 3.16: MFCR (NR-relays) with desynchronization (r=0.5)

In Chapter 2, it is claimed that single-antenna systems exploiting the fDSTC protocol

outperform that exploiting the cDSTC protocol in terms of BER, spectral efficiency

and energy efficiency. However, as illustrated in this chapter, multi-antenna systems

exploiting the fDSTC protocol (i.e. MFCR) are shown to have better performances than

that exploiting the cDSTC protocol (i.e. MSCR) except the spectral efficiency. Since

MSCR can achieve the full diversity order, the inter-communication between the relays

in MFCR can not help to get higher system diversity order. Therefore, that MFCR needs

more time slots for its communication make it less spectral efficiency than MSCR.

In WSNs, where the constraint of throughput and data rate is loosen, MFCR is one of the

best models to minimize the total energy consumption in long range transmissions. The

effect of r on the BER performance of these models is also figured out. The comparison

on BER of the models with NR-relays and R-relays shows that BER of MSCR is very

sensitive to the change of r, while that of MFCR changes slowly when r changes. The
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Figure 3.17: MSCR (R-relays) with desynchronization (r=0.5)

Figure 3.18: MFCR (R-relays) with desynchronization (r=0.5)

outage probability and the diversity order of the models are also derived. In addition,

simulations on energy consumption shows the optimal application range of these models

to get the best energy efficiency. Finally, the synchronization error of the models at

the relays is considered. It is shown that, BER of the models is still considerable if the

synchronization error range is lower than 0.2.

Obviously, through Chapter 2 and this chapter, the advantages of cooperative relays tech-

niques are shown to be able to significantly improve the system performances, especially

energy efficiency which is the most interested concern in resource-constrained networks,

such as WSNs. The good performances of cooperative relay techniques come from their

complicated protocols as a trade-off. In the previous results, the energy efficiency of

the cooperative relay systems is approximated and evaluated without concerning about

MAC protocols (i.e. ideal MAC protocols). However, the complicated transmission pro-

tocols of the cooperative relay systems bring many problems in designing energy-efficient
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cooperative MAC protocols and that can reduce their energy efficiency gain. As a re-

sult, the following chapter will thoroughly and precisely evaluate the energy performance

of the cooperative relay systems by considering real energy-efficient MAC protocols for

cooperative WSNs.
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Chapter 4

MAC Protocols for Low-Power

Cooperative Wireless Sensor

Networks

4.1 Introduction

In last decade, cooperative techniques such as cooperative relay and cooperative MIMO

have been shown to play an important role in the evolution of wireless networks. They

are shown to be able to enhance system capacity, improve the BER performance and

reduce the energy consumption. There is obviously an enormous interest in cooperative

techniques in the research community. However, most of the performance analysis for

cooperative communication is widely studied at physical layer [6–10, 12, 19, 30, 31,

55, 56, 61, 68]. In order to make cooperative techniques be able to be utilized in the

next generation of wireless networks, the higher layer protocols such as medium access

control (MAC) layer, routing layer, ... must be thoroughly considered. Among the higher

layers, MAC layer is responsible for regulating the shared wireless medium access of the

networks, therefore, it has great influences on the network performance. In addition,

MAC layer is also expected to improve throughput or energy efficiency, reduce delay

while keeping minimum collisions.

Recently, different MAC protocols for repetition-based and DSTC-based cooperative di-

versity algorithms were proposed in [98–109]. In repetition-based cooperative techniques,
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spatial diversity gain is obtained thanks to the help of relays which will forward another

fading version of signals to destination [12, 19, 56], while for DSTC-based cooperative

techniques, the relays themselves with or without the combination of the source will

utilize DSTC transmission to forward signals to destination [6–10, 30, 31, 55, 61, 68].

MAC protocols for repetition-based cooperative algorithms [98–104] represent relatively

simple protocols by utilizing the broadcasting nature of the wireless medium, while MAC

protocols for DSTC-based cooperative approach [105–109] tend to be more complicated

and may require hardware modifications.

4.1.1 Related work

Study on wireless sensor networks (WSNs) has impressively attracted many researchers

due to advances in integrated circuit technology. WSNs are expected to be low-cost,

reliable and easy to deploy. Each node in a WSN is powered by a small battery that

may not be rechargeable or renewable for a long time. Therefore, energy consumption is

the most critical constraint in WSNs. To preserve energy, many efforts are proposed in

literature for energy-efficient MAC protocols. Among them, low power listening (LPL)

or preamble sampling techniques, in which regular sleep periods are scheduled for each

node, are among the best strategies to satisfy the energy constraint of WSNs [11, 73, 74,

83, 110].

In repetition-based cooperative relay networks, the destination receives signals from dif-

ferent nodes through independent fading channels. Therefore, the performance of the

networks is increased, which leads to a reduction in the transmission energy. This is the

reason why cooperative relay is identified as a core technique to minimize total energy

consumption in WSNs. Considering the parameters of RF circuit with ideal MAC pro-

tocol, the comparison between cooperative and non-cooperative transmission schemes in

terms of energy efficiency has been explored a lot in the literature [67, 77, 111, 112]. In

[111], the effects of cell radius, relay position, number of relays and target data rate on

energy consumption are investigated for cooperative systems using low-cost fixed relays.

A thorough comparison on energy efficiency of single-hop, multi-hop and cooperative

transmission in WSNs is derived when the receiver is constrained by packet loss and end-

to-end throughput [67]. In [112], an energy efficient cooperative multicast transmission

scheme with power control is proposed to obtain a balance between system throughput
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and energy consumption. The application of energy-efficient cooperative techniques for

intelligent transport system networks is illustrated in [77].

The aforementioned articles [67, 77, 111, 112], however, always considered ideal MAC

protocols. Energy-efficiency evaluation of some MAC protocols in the case of coopera-

tive systems are considered in [79, 113–116]. In [113], a cooperative MAC protocol com-

bined with physical layer power/rate control is proposed to reduce energy consumption.

Non-cooperative Hybrid-Automatic-Repeat-ReQuest (HARQ) and cooperative HARQ

are considered in [79]. Results show that, selection of the transmission energy is not

only dictated by the outage constraint, but also affected by the need to reduce the num-

ber of retransmissions. In [114], the HARQ protocol is analyzed in conjunction with

hybrid relaying schemes from an energy efficiency perspective. CoopMAC is improved

by facilitating cooperative signal combining at the destination and employing two relays

in the context of a successive relaying technique in [115]. The evaluation of the en-

ergy consumption of Persistent Relay Carrier Sensing Multiple Access (PRCSMA) [116],

an 802.11-based MAC protocol, is proposed to coordinate the retransmissions from the

relays of wireless networks.

Previous works proposed MAC protocols supporting cooperative relay techniques. How-

ever, most of them extend the IEEE 802.11 standard for cooperative relay networks.

Unlike other networks, WSNs are low power and lossy. Therefore, it exists a need to

design low-power cooperative MAC protocols for WSN applications. The initial work

on this problem has been considered in [84]. A cooperative low-power MAC (CL-MAC)

protocol for WSNs is proposed in [84]. However, on the one hand CL-MAC protocol

is initiated by the transmitter which may lead in the worst performance under strong

fading conditions [11]. On the other hand, CL-MAC needs a perfect synchronization

between source, relay and destination which is somehow very difficult to be satisfied in

reality. Moreover, the energy consumption of CL-MAC is only derived as a function of

number potential of relays, but latency and traffic load are not thoroughly considered

though they also have considerable impacts on the energy consumption. The protocol

proposed in the present chapter takes advantage of receiver initiated protocols, such as

RICER [11, 74], to design a low power cooperative MAC protocol, RIC-MAC, which is

simultaneously considered with the latency and traffic load impacts.
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4.1.2 Contributions

The contributions of the chapter are:

1. RIC-MAC and adaptive RIC-MAC (associating with relay selection technique)

protocols are proposed for cooperative WSNs.

2. Unlike some existent relay selection techniques presented in Chapter 1, here a new

relay selection technique based on the wakeup period of nodes is proposed.

3. Energy consumption is precisely evaluated through parameters extracted from re-

alistic and typical energy models presented in Chapter 2.

4. A comparison of energy consumption between single-hop Single-Input Single-Output

(SISO), multi-hop SISO and cooperative relay systems is given for an ideal and a

real MAC protocol to show the significant impact of the MAC layer on the total

energy consumption.

5. The latency is considered, since energy consumption in WSNs is usually minimized

subjected to some latency constraints. Moreover, the traffic load is also shown to

have considerable impact on energy and latency.

The rest of this chapter is organized as follows. Section 4.2 presents the system model.

The RIC-MAC and adaptive RIC-MAC protocols are thoroughly detailed in Section 4.3

while the energy analysis is derived in Section 4.4. Results are presented in Section 4.5

to compare with existing non-cooperative approaches and, finally, conclusion is given in

Section 4.6.

4.2 System Model

In this chapter, a typical cooperative relay model (Fig. 4.1) which has one source (S), one

relay (R1) and one destination (D) is considered. All terminals are only equipped with

one antenna. Regenerative relays are used in the multi-hop SISO and cooperative relay

models. After receiving signals from the source, the relays will decode the signals and

then forward the decoded signals to the destination. The relays are uniformly distributed

between S and D and the distance between S and D is denoted as dsd. We assume that all
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communications are performed over flat Rayleigh fading channel and that the transmit

power is equally allocated among the transmitters (e.g. source and relays). Ideal channel

state information (CSI) is known at the receiver, but not at the transmitters. Using a

common transmission model, the signal to noise ratio (SNR) of the link from node i to

node j is γij ∝ d−α
ij where dij is the distance between i and j and α = 2 is the path-loss

exponent. BPSK modulation is considered. With these assumptions, the average SNRs of

other links can be derived based on the SNR of the S-D link, e.g. for the cooperative relay

system (similarly for multi-hop SISO systems), we can derive γ̄sr1 = γ̄r1d = γ̄sd + 3(dB)

where γ̄sr1, γ̄r1d and γ̄sd are average SNRs corresponding to S-R1, R1-D and S-D links.

Figure 4.1: SISO, multi-hop SISO and cooperative relay models

4.3 RIC-MAC and adaptive RIC-MAC protocols

4.3.1 Communication protocol

In receiver-initiated MAC protocols, packet exchanges are initiated by the targeted node.

Each receiver node X periodically wakes up. If the channel is free, it transmits a tagged

wakeup beacon (WB) and then monitors the channel in M slots to receive a request-

to-send (RTS) packet. When a source node S needs to transmit some packets to X, it

first needs to listen to the channel and to wait for the WB of X. Then, S sends a buzz

signal (BZ) right after the WB to initiate the communication with X. After sending BZ,

S randomly chooses one of the M slots to transmit its RTS and waits for a clear-to-send

(CTS) from X. If X does not receive BZ, it returns to sleep to reduce energy waste of

monitoring the M slots.
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(a) relay wakes up before destination

(b) destination wakes up before relay

Figure 4.2: RIC-MAC protocol for cooperative relay system when the relay wakes up
before the destination (a) and vice versa (b)

The principle of the RIC-MAC protocol is shown in Fig. 4.2. Each S-D transmission

takes advantage of a fixed relay node R1 to enhance communication performance. When

S wakes up, it senses the channel to know whether R1 or D are awake.

• Case 1: R1 wakes up before D

1. R1 transmits WB and waits for RTS packets from S if it receives BZ; otherwise

it returns to sleep.

2. After receiving RTS1, R1 sends CTS to S and waits for S-D connection.

3. S sends BZ then RTS2 to D when it receives WB from D.
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4. If S and R1 receive CTS from D, S starts to transmit data to D and R1. Then

R1 decodes data, forwards them to D then goes to sleep. Otherwise, S and

R1 return to sleep.

5. When D gets data from R1, it sends ACK to S to end the communication. If

ACK is not received by S, S returns to sleep and waits for another period to

resend data to D.

• Case 2: R1 wakes up after D. The communication protocol is nearly the same as

case 1, but with D receiving RTS1 from S and R1 receiving RTS2 from S.

In our scheme, there are three types of RTS packet (i.e. RTS0, RTS1 and RTS2).

• RTS0 is for SISO, multi-hop SISO communications.

• RTS1 and RTS2 are reserved for the cooperative relay communication.

The role of a terminal acting as a relay or a destination is included in the address field

of RTS0, RTS1 and RTS2 packets. X may receive RTS0, RTS1 and RTS2 in the same

wakeup period from different sources. To minimize the power consumption of monitoring,

X will choose the source depending on the priority order of RTS packets (RTS2 > RTS1

> RTS0). If X receives the same type of RTS packets (e.g. RTS0 or RTS1 or RTS2), it

will randomly choose a source to make a connection by sending CTS packet. The other

sources will go to sleep and wait for another period to communicate with X.

4.3.2 Models for transceiver and channel

4.3.2.1 MAC and Physical Layer Model

In order to evaluate the power consumption of MAC protocols, the MAC and physical

layer model (MAPLAP) [11] is considered. A node in WSNs is modeled as a probabilistic

state machine including the transmit (TX), receive (RX), monitor (MN), acquire (AQ)

and sleep (SP) states as shown in Fig. 4.3. A transceiver node is in one of these five

states at any given time instant. In the transmit and receive states, the node transmits

and receives packets respectively. The acquire states always precedes the receive state to

represent the compute and power intensive timing, phase or frequency acquisition. The
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node senses the channel in the monitor state. Finally, in the sleep state, the majority of

the node is powered off to economize energy consumption. Transition from one state to

the other states consumes a nonzero turnaround power. However, the turnaround power

is here assumed to be negligiable.

Figure 4.3: State diagram of MAPLAP model

4.3.2.2 Channel Model

A channel model is required to analyze performances of MAC protocols. In our work,

the Gilbert-Elliot channel as shown in Fig. 4.4 is considered. It consists of two states:

good state (G) and bad state (B) with the BER pG and pB respectively. The transition

probability from G to B and from B to G is pGB and pBG respectively.

The average probability of being in G and B are:

πG =
pBG

pBG + pGB
, (4.1)

πB =
pGB

pBG + pGB
. (4.2)

Therefore, the average BER of the channel is:

Pb = πGpG + πBpB. (4.3)
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Figure 4.4: Gilbert-Elliot channel model

4.3.3 Energy consumption analysis

In our system, we assume that each node has n neighbors and only one potential destina-

tion node. RTS0, RTS1 and RTS2 have the same packet length. RTS (including RTS0,

RTS1 and RTS2), CTS, DATA, ACK, WB and BZ take TRTS , TCTS , TDATA, TACK ,

TWB and TBZ seconds to transmit. The propagation delay and decoding time at R1 are

assumed to be negligible compared to the transmission time. All packets except for BZ

include a preamble for bit synchronization that takes Ta seconds. T is the wakeup period

of nodes. The network traffic is assumed to have Poisson distribution with mean of λ

packets per second per node.

Let Ptx, Prx, Paq, Pmn and Psp be the power consumption levels of the transmit, receive,

acquire, monitor and sleep states. Let δtx, δrx, δaq, δmn and δsp be the average time of

being in the above states for one successful communication. We assume that only one

channel is used to transmit all the packets and all transmissions are performed over slow

fading channel.

For the transmission from node i to node j, the expected number of WBs transmitted

in one second, E[NWB] is

E[NWB] = (1− pby)(1− λ
′
(E[W ] + 2MTRTS

+ 2TCTS + 2TDATA + 2TACK))/T,
(4.4)

where λ′ = λ/(πG(1− pco)) is the scaled traffic load due to retransmissions of the entire

session caused by channel fading which is represented by the average probability being

in good state πG, and collision rate pco; pby = 1−
(

1−
(

E[NWB]TWB+λ(TRTS+TCTS+
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TDATA + TACK)
)

)n
is the probability that a node detects the channel to be busy before

transmitting a WB and backs off until T seconds later.

Let pRTS be the probability that an RTS is successfully responded with a CTS and pWB

be the probability that a WB fails to be received. Then, the collision rate pco is derived

as

pco = 1− (1− pWB)pRTS . (4.5)

There are cases that source nodes do not receive a WB properly:

• The destination node may find the channel to be busy and back off with probability

pby.

• WB is lost due to fading channel with probability (1− πG).

So, the probability of WB failure is

pWB = 1− (1− pby)πG. (4.6)

Similarly, there are four cases in which the source node does not receive a CTS corre-

sponding to its RTS, given the WB is correctly received:

• The source node finds the channel with probability pby, then it backs off and does

not transmit RTS.

• RTS gets collision with the other RTSs in the M RTS slots or is not selected by

the destination node when there are more than one source node try to establish

the connection with the destination node with the probability p1.

• The corresponding CTS may collide with probability p2 = 1− (1− TWB/T )
n−1.

• The RTS or CTS may be corrupted by channel fading with probability (1− πG).

Therefore, the probability pRTS is

pRTS = (1− pby)(1− p1)(1− p2)πG. (4.7)
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The channel monitor time until a source node successfully receives a WB is

E[W ] = (
1

2T
(T − TWB)

2 +
pWB

1− pWB
T )/pRTS . (4.8)

Calculation of p1: assuming that in WSNs, there are maximum 3 neighbor nodes of

the destination nodes can generate a DATA in T seconds. It is reasonable because WSNs

are low rate networks. The probability of receiving k RTSs every time a node wakes up

is

Pr(n = k) =
(λT )k

k!
e−λT . (4.9)

Focusing on one particular source node, if none of the neighbor nodes of the destination

generated DATA in the past T seconds (probability Pr(n = 0)), the source node of

interest is alway selected by the destination node with probability 1. Let

n0 = Pr(n = 0)1.

If one of the destination node ’s neighbors generated a DATA in the past T seconds

(Pr(n = 1)), the probability that the two RTSs do not collide is M−1
M (M ≥ 2). If they

not collide, the probability of the source node is selected is 1/2. So,

n1 = Pr(n = 1)
M − 1

M

1

2
.

In the scenario that two of the destination node ’s neighbors generated a DATA in the

past T seconds (Pr(n = 2)). If all three RTSs do not collide (probability M−2
M

M−1
M 1,

M ≥ 3), the source node of interest is selected with probability 1/3. In the second

case, the other two RTSs collide while the RTS of interest is safe. This happens with

probability 1
M

M−1
M 1, M ≥ 2. In this case the source node is selected with probability 1.

Then, the probability that the source receives a CTS is

n2 = Pr(n = 2)
((M − 2)(M − 1)

M2

1

3
+

M − 1

M2
1
)

.
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Then, the overall probability of an RTS being responded by a CTS is approximated by:

p1 = n0 + n1 + n2

= e−λT + λe−λT M − 1

M

1

2
+

(λT )2

2
e−λT

((M − 1)(M − 2)

M2

1

3
+

M − 1

M2

)

.

(4.10)

These above expressions are reserved for a direct transmission from node i to node j.

For cooperative transmission, the source node firstly makes a connection with both the

relay and destination nodes before transmitting a DATA. Therefore, the total energy

consumption per successful transmission Etotal for cooperative relay system with RIC-

MAC can be approximated from the above expressions and can be expressed as follows:

δtx =2E[NWB]TWB + λ
′
((2TRTS + 2TCTS + 2TBZ)/pRTS

+ 2TDATA + TACK),
(4.11)

δrx =2E[NBZ ]TBZ + λ
′
((3TWB + 3TRTS + 2TCTS)/pRTS

+ 3TDATA + TACK − (
8

pRTS
+ 4)Ta),

(4.12)

δaq = λ
′
((8/pRTS + 4)Ta), (4.13)

δmn =2E[NBZ ]MTRTS + 2(E[NWB]− E[NBZ ])TBZ

+ 3λ
′
E[W ],

(4.14)

δsp = 1− δtx − δrx − δaq − δmn, (4.15)

Etotal = δtxPtx + δrxPrx + δaqPaq + δmnPmn + δspPsp, (4.16)

where the expected number of BZ that a node receives in one second is E[NBZ ] =

λ
′
/pRTS + nλ

′
(TCTS + TBZ)/T.

In RIC-MAC, the average latency L of a successful transmission (including retransmis-

sions if necessary) is derived as

L = 2TWB + 2MTRTS + 2TCTS +
3EW

1− pf5
+

pf5
1− pf5

T + 2Tbz, (4.17)

with pf5 = 1− pRTS(1− pby)πG, the handshake failure rate.
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4.3.4 Adaptive RIC-MAC

In RIC-MAC, while the S-R1 link is established and both nodes are waiting for D (i.e.

case 1), the S-D communication may fail due to the fading channel or collisions. In this

case, power is wasted at S and R1. The same kind of power is wasted in case 2 if the

S-R1 connection is failed while S and D are waiting. The adaptive RIC-MAC is proposed

to reduce this power waste.

Figure 4.5: Adaptive RIC-MAC protocol for cooperative relay systems

In adaptive RIC-MAC as shown in Fig. 4.5, the relay is adaptively chosen depending on

the channel and the wakeup time. In order to reduce the power due to monitoring the

channel, S only connects to the relay if the S-D link is successfully connected. After the

S-D link is established, S will make a connection with the relay that wakes up right after

S receives CTS from D. If this connection is failed, S will automatically choose another

relay that wakes up next. In dense WSNs, we can assume that S can choose a relay that

wakes up right after D without difficulty and therefore, the S-R1 connection is always

successful. In that case, the expected waiting time of the adaptive RIC-MAC can be

approximated as the same as the expected waiting time of a SISO transmission. The

energy consumption analysis of adaptive RIC-MAC is the same as RIC-MAC, except

that (4.11), (4.12) and (4.14) need to be modified as

δtx =(E[NWB] + 1)TWB + λ
′
((2TRTS + 2TCTS

+ 2TBZ)/pRTS + 2TDATA + TACK),
(4.18)
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δrx =(E[NBZ ] + 1)TBZ + λ
′
((3TWB + 3TRTS

+ 2TCTS)/pRTS + 3TDATA + TACK − (
8

pRTS
+ 4)Ta),

(4.19)

δmn =(E[NBZ ] + 1)MTRTS + (E[NWB]− E[NBZ ])TBZ

+ λ
′
E[W ].

(4.20)

The latency of adaptive RIC-MAC is modified as

L = 2TWB + 2MTRTS + 2TCTS +
EW

1− pf5
+

pf5
1− pf5

T + 2Tbz. (4.21)

4.4 Energy model

The evaluation of energy consumption of the systems is based on some parameters (ra-

dio transceiver power, antenna gain, sensitivity, etc.) extracted from the PowWow WSN

platform developed at INRIA [87] or typical energy model which are presented in Chap-

ter 2. In this study, the radio part is considered and the power due to digital signal

processing is neglected.

The total energy consumption per bit of the multi-hop SISO Eb
h−SISO, and cooperative

relay Eb
coop, can be calculated based on the total energy consumption per bit of SISO

transmission Eb
SISO

Eb
h−SISO = hEb

SISO, (4.22)

Eb
coop = Eb

sr1d + Eb
r1d, (4.23)

where h is the number of SISO hops, Eb
sr1d

= (PT (dsd) + 2PR)/Rb is the energy con-

sumption when S simultaneously transmits data to R1 and D and Eb
r1d

= Eb
SISO is the

energy consumption needed to forward data from R1 to D.

4.5 Simulation results

Whereas RIC-MAC is used for the cooperative relay system, RICER5b [74] is used for

SISO and multi-hop SISO systems, since RICER5b can be considered as a reference

for receiver-initiated MAC protocols. The simulations are done using a strong fading
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channel model with the parameters as in Tab. 4.1. BZ and DATA have a respective

need respectively 4 and 230 bits while all other packets use 60 bits. The wakeup period

T is modified depending on the traffic load to get the region of interest in which the

energy consumption decreases with increasing latency. Number of RTS slots is M = 2

and neighbor nodes is n = 7.

DATA length 230 bits

RTS, CTS, ACK, WB length 60 bits

BZ length 4 bits

Number of neighbors n = 7

Number of potential destination nodes 1

Number of RTS slots M = 2

Channel G to B transition probability pGB = 0.35

Channel B to G transition probability pBG = 0.65

Table 4.1: Simulation parameters

4.5.1 BER performance

For a fair comparison, it is assumed that the total received power at the destination for

all systems is the same as the receive power at the destination for the SISO system. This

means that for the cooperative relay system, the energy allocated to each symbol at the

source and the relay is halved. Note that, for the multi-hop SISO and cooperative relay

systems, the relays are uniformly distributed between the source and the destination. It

is shown in Fig. 4.6 that the cooperative relay system has better BER performance than

the SISO, 2-hop and 3-hop systems in high SNR regions.

Figure 4.6: BER performance of single-hop, multi-hop and cooperative relay systems
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4.5.2 Typical energy model

The comparison of energy consumption between SISO and cooperative relay systems

is given based on a typical artificial energy model [64] considering ideal (Fig. 4.7) or

real MAC protocols (Fig. 4.8). Fig. 4.7 shows that with an ideal MAC protocol, the

cooperative relay system can get an energy gain of 60% in comparison with SISO system

at a transmission distance dsd = 30m. However, Fig. 4.8 shows that regardless of latency,

cooperative relay system has no energy gain as compared to SISO system when using a

real MAC protocol. This demonstrates a significant impact of the MAC protocol on the

total energy consumption of the system.

Figure 4.7: Comparison of energy consumption between single-hop and cooperative
relay using an ideal MAC protocol (typical energy model)

Figure 4.8: Comparison of energy consumption between single-hop and cooperative
relay using real MAC protocols (typical energy model)
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4.5.3 Energy model based on a real platform

The impact of the MAC protocol can be clearly demonstrated through a typical energy

model. However, this does not give us a precise estimation since it is practically impossi-

ble to perform a successful transmission at any distance. Considering a real platform, e.g.

PowWow, Fig. 4.9 shows that each model has a maximum transmission distance depend-

ing on the desired BER, the maximum transmit power of the transceiver, i.e. CC2420

and the transmission protocol. Considering the PowWow platform, a direct SISO system

with BER = 10−5 has a maximum transmission distance of only 14.5m. The energy

consumption comparison between SISO and cooperative relay when dsd > 14.5m is some-

how meaningless. Since only 3-hop SISO and cooperative relay can get a transmission

distance over 30m, they will be used to make a comparison on energy consumption. Us-

ing an ideal MAC protocol, the cooperative relay system translates into a 33% energy

consumption gain in comparison with the 3-hop SISO system (Fig. 4.9).

Figure 4.9: Comparison of energy consumption between single-hop and cooperative
relay using an ideal MAC protocol (energy models based on PowWow platform)

The energy consumption for cooperative and non-cooperative MAC protocols are given

in Fig. 4.10 (at low traffic load) and Fig. 4.11 (at high traffic load). Thanks to channel

diversity of the cooperative relay system, the source S can still communicate with the

destination D for a distance dsd = 30m. This due to the fact with the help of the

transmission from R1, the whole cooperative relay system can get the desired BER =

10−5 for dsd = 30m. The transmit power Ptx is calculated based on the results in Fig.

4.6 and the energy model in Section 4.4. Regardless of the latency, the energy gain of

cooperative relay over SISO decreases when using real MAC protocols, i.e. 28% (Fig.
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Figure 4.10: Comparison of energy consumption between single-hop and cooperative
relay using real MAC protocols (energy models based on PowWow platform) in low

traffic load networks

Figure 4.11: Energy consumption with real MAC protocol (PowWow platform) in
high traffic load networks

4.10) instead of 33% (Fig. 4.9). As the traffic load increases (e.g. λ = 0.5) this gain is

only 19% (Fig. 4.11). The complex MAC protocol of the cooperative relay system with

many packet transmissions for establishing the rendez-vous between nodes, obviously gets

into trouble for high traffic load. So, unlike the consideration on energy consumption

with an ideal MAC protocol in which cooperative relay system always gets energy gain

over SISO system in long range transmission distance, our results show that the energy

gain is significantly affected by MAC protocols and traffic load. However, the precise

evaluation of energy consumption on a real platform (i.e. PowWow) still confirms the

interest of cooperative relay system over SISO and multi-hop SISO system. For the rest

of this chapter, unless other statement, the powwow energy model will be used for all

the simulations.
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4.5.4 Effect of traffic load on latency and energy

The effect of traffic load on RIC-MAC is shown in Fig. 4.12. With a fixed wakeup period

T (second), when the traffic load increases, the energy consumption increases as well.

However, the latency is almost the same which means that RIC-MAC is robust to traffic

load variations in terms of latency.

Figure 4.12: Effect of traffic load on RIC-MAC protocol

4.5.5 RIC-MAC vs. adaptive RIC-MAC

As discussed above, the MAC protocol plays an important role in the total energy con-

sumption of the system. Therefore, a careful MAC protocol design for the cooperative

relay system is critical to minimize the energy consumption in WSNs. With a simple

modification, the use of the proposed adaptive RIC-MAC translates into a 50% energy

consumption gain as shown in Fig. 4.13.

4.6 Conclusion

In the present chapter, a thorough consideration on the energy consumption of physical

and MAC layers is presented. A low-power cooperative MAC protocol based on receiver-

initiated schemes, RIC-MAC, is proposed. Unlike most of the articles in literature, we

show that by considering real MAC protocol, the energy gain of cooperative relay system

over SISO system is decreased in comparison with ideal MAC protocol. This energy gain

is also affected by the traffic load of the networks. When considering with a real platform,
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Figure 4.13: Energy consumption of RIC-MAC vs. adaptive RIC-MAC

the cooperative relay system still gets 28% energy gain in low traffic load and 19% in high

traffic load over multi-hop SISO system as dsd = 30m. These results confirm the interest

of using cooperative relay techniques in WSNs to minimize the total energy consumption,

thus to increase the life time of the networks. RIC-MAC is also shown to be robust to

traffic load in terms of latency. In addition, with an adaptive relay selection, adaptive

RIC-MAC can help us save 50% energy consumption in comparison with RIC-MAC.
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This thesis proposed the fDSTC protocol, in which there is an added inter-relay commu-

nication phase. The relays exchange data with each other before forwarding the signals

to the destination. Firstly, the performances of the fDSTC protocol were considered and

evaluated through single-antenna systems. In terms of BER, outage probability, spectral

efficiency, diversity order and energy efficiency, the fDSTC protocol always outperforms

the cDSTC protocol

• When using NR-relays, bounds and then a closed-form of the ASEP for the fDSTC

protocol were derived. By simulations, it was shown that the fDSTC protocol

gets an average signal to noise ratio (SNR) gain of 3.7dB. On the other hand,

using R-relays a closed-form expression of error probability of the fDSTC protocol,

conditioned to the channel, was also derived. In addition, a huge average SNR gain

of 18.1dB is obtained as compared to the cDSTC protocol.

• The relative distance of relays plays an important role in the BER performance

of a relay model [12]. In fact, when the distance of relays between source and

destination changes, the BER performance of the whole system will also change.

In this thesis, simulations taking account of this effect showed that the required

SNR of the system at BER = 10−5 for the cDSTC protocol may vary from 27.5dB

to 48dB (R-relays) or from 18dB to 24.3dB (NR-relays) when the relays move from

the source to the destination. This huge variation may affect the performance of

the whole system (in the case of mobile networks). However, with the fDSTC

protocol, this effect can be reduced up to 75%.

• In the fDSTC protocol, there is an inter-relay transmission, the effect of the distance

between the relays on the whole performance of the system was also considered.

The simulation results showed that this distance only needs to be smaller than
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one fifth of the transmission distance to guarantee the performance of the system.

On the other hand, the suitable power allocation among the source and the relays

was also shown to be able to further increase the BER performance of the fDSTC

protocol.

• Besides, the fDSTC protocol requires more transmissions as compared to the cD-

STC protocol, which will result in some rate loss. Therefore, the outage probability

of the protocols was also considered to have a thorough view on this phenomenon.

At the same spectral efficiency, the fDSTC protocol was shown to have better out-

age probability in high SNR regions due to the increased diversity order. Using

automatic gain control (AGC) at the relays, the same result as [24] was found,

i.e. the cDSTC protocol cannot get full diversity. By contrast, in this thesis the

fDSTC protocol was shown to achieve full diversity in case of NR-relays. In case

of R-relays, even if the fDSTC protocol cannot obtain full diversity, it still helps

us to increase the system diversity order in comparison with the cDSTC protocol.

• The better performance of the fDSTC protocol over the cDSTC protocol comes

from the communication between the relays. Since the relays also need power to

exchange data, it is very important to consider the total power consumption of

the protocols. Therefore, the total energy consumption per bit of the protocols as

the function of the transmission distance was derived. On the one hand, using the

typical energy model [64], the fDSTC protocol was shown to be energy-efficient

in long-range transmissions. With R-relays, the fDSTC protocol can save 50% of

the total energy consumption when the transmission distance between the source

and destination dsd = 25m. Otherwise, using the fDSTC protocol with NR-relays,

20% of the total energy consumption is saved when dsd = 270m. On the other

hand, with a real energy model the fDSTC protocol was also shown to have longer

maximum transmission distance than the cDSTC protocol.

Secondly, the fDSTC protocol was exploited in multi-antenna systems to evaluate its

performances. The association between the fDSTC protocol and MIMO systems (i.e.

MFCR) still achieves better performances than those of the association between the

cDSTC protocol and MIMO systems (i.e. MSCR).
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• In terms of BER performance, MFCR was shown to be better than MSCR whatever

type of relays is used (e.g. NR-relays or R-relays). However, unlike in single-

antenna systems, using the fDSTC protocol in multi-antenna systems can not help

to get higher system diversity order. Therefore, that MFCR needs more time

slots for its whole transmission makes it less spectral efficiency than MSCR. In

addition, the synchronization error of the DSTC transmission from the relays to

the destination was shown to have less significant impact on the BER performance

of the system.

• In terms of energy efficiency, the total energy consumption of MFCR and MSCR

was thoroughly considered and calculated through the two energy models (i.e.

typical and real energy model). A mathematical analysis on the total energy con-

sumption was derived to show the best cooperative strategy to increase energy

efficiency. In spite of complicated transmission protocol, MFCR was shown to be

the most interesting model for long transmission distances.

Finally, a cross-layer design for cooperative relay systems was considered in terms of

energy efficiency. RIC-MAC and adaptive RIC-MAC protocols were proposed for low-

power cooperative relay wireless networks. Under the view of cross-layer, the energy

gain of cooperative relay system over SISO and multi-hop SISO systems decreases due

to the complexity of MAC protocols for cooperative relay systems. In addition, this

energy gain was shown to be considerably affected by the traffic load of the networks.

However, using a real energy model, this thesis still confirms the interest of cooperative

relay system over SISO and multi-hop SISO systems (i.e. 28% energy gain in low traffic

load and 19% energy gain in high traffic load as dsd = 30m). When considering the

effect of the traffic load on the energy consumption per packet and the latency, we see

that RIC-MAC is a robust MAC protocol to traffic load in terms of latency. In addition,

when associating with an adaptive relay selection, the adaptive RIC-MAC protocol can

help us to save more than 50% energy consumption in comparison with RIC-MAC.
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Future works

Association between the fDSTC protocol and relay selection technique

Besides the existing advanced techniques (i.e. relay selection, power allocation and two-

way relays) in the literature which were shown to be able to further improve the perfor-

mances of cooperative relay systems, this thesis presented a new technique based on the

inter-communication between relays, which was also shown to be capable of increasing

the cooperative relay systems’ performances. However as shown in case of R-relays, the

data exchange between the relays of the fDSTC protocol can not help to achieve the

maximum diversity order. Fortunately, the inter-communication between relays can be

combined with the other advanced techniques (e.g. power allocation, relay selection,

etc.) without difficulty to overcome this problem. A first attempt in associating the

fDSTC protocol with relay selection technique as shown in Fig. 4.14 illustrates that the

full diversity order can be achieved in case of R-relays.

Here, we associate the relay selection technique in case of R-relays, called SR-relays, with

the fDSTC protocol to improve its performance. For SR-relays, if the quality of the links

between the source and the relays is smaller than a certain threshold, the source simply

continues its transmission to the destination in the forms of repetition with twice the

transmit power to make sure that the received power at the destination is equal to the

case when the two relays forward signals to the destination. Otherwise, if the quality is

larger than the threshold, the relays decode the signals and then use DSTC to forward

the signals to the destination.

The approximation and simulation results for the fDSTC protocol association with relay

selection technique, SR-fDSTC, in terms of outage probability is shown in Fig. 4.14.

Since the SR-fDSTC protocol can achieve maximum diversity order (i.e. the third order)

as compared to the second order of the R-fDSTC protocol, it has more spectral efficiency

than the R-fDSTC protocol.

Energy and latency tradeoff

Due to the inter-communication between relays, the fDSTC protocol needs more time

slots than the cDSTC protocol for a whole communication, thus leading to a higher
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Figure 4.14: Outage probability versus SNRnorm, small, fixed R regime (R = 1), for
statistically symmetric networks, i.e. σ2

ij = 1

latency. Although, the time slots used for the protocols are taken into account in the

outage probability analysis, the thorough effect of the transmission protocol on latency

are not still figured out. In addition, recently an interesting issue of energy-latency trade-

off for opportunistic relay and cooperative MIMO in multi-hop networks is considered

in [103, 117–119]. They give significant guide for consideration of the energy-latency

tradeoffs of the fDSTC protocol in future works.

Multiple-relay systems

Although, the fDSTC protocol is shown to outperform the cDSTC in not only single-

antenna systems but also multi-antenna systems, the extension of the fDSTC protocol in

systems with multiple relays (e.g. the number of relays is greater than 3) seems to be im-

possible due to the complicated transmission protocol. However, with the multiple-relay

systems, the fDSTC protocol can be combined with repetition-based cooperative relay

protocols, called hybrid cooperative relay protocol, to improve the system performances.

The transmission protocol of the hybrid cooperative relay protocol for a 3-relay systems

is shown in Fig. 4.15. In the first phase, source simultaneously transmits signal to relays

and destination. The first relay will forward the received signal to the destination and

the other relays in the second phase. Finally, the remaining two-relays will forward their

signals to the destination using DSTC protocol.

The hybrid cooperative relay protocol can be deployed in the multiple-relay systems

without difficulty. However, it still rests many problems needing to study such as how
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Figure 4.15: Hybrid cooperative relay protocol

to decide the number of relays consecutively forwarding signal and the number of relays

simultaneously, how to select the relays, etc... That reserves for future works.

Cooperative MAC

Concerning the cooperative MAC protocols, this thesis proposed two MAC protocols for

low-power cooperative wireless networks with or without association with relay selection

technique (i.e. RIC-MAC and adaptive RIC-MAC). However, the thorough effect of the

number of potential relays is not considered. In addition, there is a lack of a comparison

between the proposed cooperative MAC protocols with the existing cooperative MAC

protocols in the literature. Moreover, energy-efficiency considerations on a real MAC

simulator (e.g. ns2, Omnet++, Opnet++, WSIM, etc.) also need to be carefully stud-

ied. On the other hand, the other advanced techniques such as power allocation and

two-way relays should be associated with the cooperative MAC protocol to further im-

prove the system performance. For example, it is firstly observed that MAC protocols

belonging to RICER family seems to be a suitable candidate for two-way relays where

two sources simultaneously communicate with one relay. Finally, RIC-MAC and adaptive

RIC-MAC are designed only for repetition-based cooperative relay system with only one

relay node. Cooperative MAC protocol with the extension of multiple relay nodes should

be considered in case of DSTC-based or repetition-based cooperative relay systems.
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Bounds on ASEP of the NR-fDSTC

protocol

Proof of (2.14)

To obtain the lower bound ASEP using MGF-based approach, we need to find the MGF of

Γ(v, t) = vt
v+t+1 , where v and t are two independent random variables with the probability

density function (PDF)

fv(v) =
1

v20
ve

− v
v0 (A-1)

ft(t) =
1

t0
e
− t

t0 (A-2)

The cumulative distribution function (CDF) of Γ(v, t) is found for γ > 0 based on [53]

FΓ(γ) = 1− 2
√

γ2 + γ√
p

(

1 +
γ

t0

)

e
−σ

p
γ
K1

( 2√
p

√

γ2 + γ
)

− 2

p
(γ2 + γ)e

−σ
p
γ
K0

( 2√
p

√

γ2 + γ
)

(A-3)

where σ = t0+v0, p = t0v0, and Kl(.) denotes the modified Bessel function of the second

kind with order l.
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The PDF of Γ(v, t) is found by taking the derivative of FΓ(γ) with respect to γ and using

[18, Eq. 9.6.26]

fΓ(γ) =
2

p
√
p

(

−
( p

t0
− σ − 1

)

+
( σ

t0
+ 2

)

γ
)

e
−σ

p
γ
K1

( 2√
p

√

γ2 + γ
)

+
2

p2

(

(2p

t0
+ σ

)

γ2 +
( p

t0
+ σ

)

γ
)

e
−σ

p
γ
K0

( 2√
p

√

γ2 + γ
)

(A-4)

The moment generating function (MGF) is derived by using its definition and using the

change of variable γ → γ1 − 1/2

MΓ(s) =eα/2
[ 2

p
√
p

(

( p

t0
− σ +

σ

2t0

)δJ0
δβ

+
( σ

t0
+ 2

) δ2J0
δαδβ

)

+
2

p2

(

(2p

t0
+ σ

)δ2J0
δα2

+
p

t0

δJ0
δα

− σ

4
J0

)]

(A-5)

where α = (σ − ps)/p, β = 2/
√
p and

J0 =

∫ ∞

1/2
e−αγ1K0

(

β
√

γ21 − (1/2)2
)

=
1

2c

[

e−
c
2E1

(α− c

2

)

−e
c
2E1

(α+ c

2

)]

(A-6)

with c =
√

α2 − β2 , Re{s} < σ/p+2/
√

(p) and E1(.) the exponential integral function

defined as [18, Eq. 5.1.1]. Note that J0 is derived by using the integrand in [120, Eq.

646].

Taking the derivative of J0 with respect to α or/and β with the respective order, we can

get

δJ0
δα

=− α

4c3
(2 + c)e−

c
2E1

(α− c

2

)

+
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2

c2
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α

4c3
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c
2E1
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2

)

(A-7)
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+
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+
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+

c2
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(A-9)
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δ2J0
δαδβ

=
1

c5
(−3
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4
αβc− 1

8
αβc2)e−

c
2E1

(α− c

2

)

+
1

c5
(
3

2
αβ − 3

4
αβc+

1

8
αβc2)e

c
2E1

(α+ c

2

)

+
1

c4
(
α2

β
+

αc2

2β
+ 2β)e

−α
2

(A-10)
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Appendix B

Closed-form of ASEP of the

NR-fDSTC protocol

Proof of (2.20)

To approximate the closed-form ASEP of the NR-fDSTC protocol, we need to find the

MGF of Γ(v, t) = vt
v+t+1 , where v and t are two independent random variables with

respective probability density functions (pdf) fv(v) =
1
v20
ve

− v
v0 , and ft(t) =

1
t20
te

− t
t0 .

The cumulative distribution function (cdf) of Γ(v, t) is found for γ > 0 based on [53]

FΓ(γ) = 1− 2

√

γ2 + γ

p
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γσ
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+
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e
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√
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)

,

(B-1)

with σ = t0 + v0, p = t0v0, and Kl(.) the modified Bessel function of the second kind

with order l.

The pdf of Γ(v, t) is found by taking the derivative of FΓ(γ) and using [18, Eq. 9.6.26]

fΓ(γ) =
2

p2
√
p
γ
√

γ2 + γ
(
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(B-2)
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The MGF is then derived by using its definition and using the change of variable γ →
γ1 − 1/2

MΓ(s) =eα/2
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where α = (σ − ps)/p, β = 2/
√
p and

J0 =

∫ ∞

1/2
e−αγ1K0
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β
√

γ21 − (1/2)2
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with c =
√

α2 − β2, Re{s} < σ/p+ 2/
√

(p) and E1(.) the exponential integral function

defined as [18, Eq. 5.1.1]. Note that J0 is derived by using the integrand in [120, Eq.

646].

The first and second order derivatives of J0 with respect to α or/and β, δJ0
δβ , δ2J0

δαδβ , δ2J0
δα2

and δJ0
δα can be found in Appendix A. The third order derivatives of J0,

δ3J0
δβδα2 and δ3J0

δα3

can be directly derived
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Appendix C

Closed-form error probability of the

R-fDSTC protocol

Proof of (2.25)

In this appendix, the closed-form error probability of the R-fDSTC protocol is de-

rived based on the decoding of the combined signals at destination yd[2k]. Let w2k =

Re{yd[2k]}, so

w2k = γsdx[2k] + γr1dx̂r1 [2k] + γr2dx̂r2 [2k]

−
√
ǫr1ǫr2Re{h∗r1dhr2d}

Nr2d
x̂r1 [2k + 1] +

√
ǫr1ǫr2Re{h∗r1dhr2d}

Nr1d
x̂r2 [2k + 1] + z

′

yd
[2k],

(C-1)

where z
′

yd
[2k] = Re{zyd [2k]}.

Let the following events be defined

E1,1 ≡ {x[2k] = 1, x[2k + 1] = 1}; E1,−1 ≡ {x[2k] = 1, x[2k + 1] = −1}

E−1,1 ≡ {x[2k] = −1, x[2k + 1] = 1}; E−1,−1 ≡ {x[2k] = −1, x[2k + 1] = −1}

H1 ≡ {x̂r1 [2k] = x[2k], x̂r2 [2k] = x[2k]; x̂r1 [2k + 1] = x̂r2 [2k + 1]}

H2 ≡ {x̂r1 [2k] = x[2k], x̂r2 [2k] = −x[2k]; x̂r1 [2k + 1] = x̂r2 [2k + 1]}
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H3 ≡ {x̂r1 [2k] = −x[2k], x̂r2 [2k] = x[2k]; x̂r1 [2k + 1] = x̂r2 [2k + 1]}

H4 ≡ {x̂r1 [2k] = −x[2k], x̂r2 [2k] = −x[2k]; x̂r1 [2k + 1] = x̂r2 [2k + 1]}

H5 ≡ {x̂r1 [2k] = x[2k], x̂r2 [2k] = x[2k]; x̂r1 [2k + 1] = −x̂r2 [2k + 1]}

H6 ≡ {x̂r1 [2k] = x[2k], x̂r2 [2k] = −x[2k]; x̂r1 [2k + 1] = −x̂r2 [2k + 1]}

H7 ≡ {x̂r1 [2k] = −x[2k], x̂r2 [2k] = x[2k]; x̂r1 [2k + 1] = −x̂r2 [2k + 1]}

H8 ≡ {x̂r1 [2k] = −x[2k], x̂r2 [2k] = −x[2k]; x̂r1 [2k + 1] = −x̂r2 [2k + 1]}

The error probability, conditioned to the channel, is given by

P2k =
1

4

8
∑

m=1

P(Hm)×
[

P{w2k > 0/E−1,1,Hm}+ P{w2k > 0/E−1,−1,Hm}

P{w2k < 0/E1,1,Hm}+ P{w2k < 0/E1,−1,Hm}
]

,

(C-2)

where the probability of the event Hm depends on the error probabilities at relays pj2k

and pj2k+1 (j ∈ {r1, r2}) (2.26)

P(Hm) =







































































































(

1− pr12k
)(

1− pr22k
)

[

(

1− pr12k+1

)(

1− pr22k+1

)

+pr12k+1p
r2
2k+1

]

, m=1

(

1− pr12k
)

pr22k

[

(

1− pr12k+1

)(

1− pr22k+1

)

+pr12k+1p
r2
2k+1

]

, m=2

pr12k
(

1− pr22k
)

[

(

1− pr12k+1

)(

1− pr22k+1

)

+pr12k+1p
r2
2k+1

]

, m=3

pr12kp
r2
2k

[

(

1− pr12k+1

)(

1− pr22k+1

)

+pr12k+1p
r2
2k+1

]

, m=4

(

1− pr12k
)(

1− pr22k
)

[

pr12k+1

(

1− pr22k+1

)

+
(

1− pr12k+1

)

pr22k+1

]

, m=5

(

1− pr12k
)

pr22k

[

pr12k+1

(

1− pr22k+1

)

+
(

1− pr12k+1

)

pr22k+1

]

, m=6

pr12k
(

1− pr22k
)

[

pr12k+1

(

1− pr22k+1

)

+
(

1− pr12k+1

)

pr22k+1

]

, m=7

pr12kp
r2
2k

[

pr12k+1

(

1− pr22k+1

)

+
(

1− pr12k+1

)

pr22k+1

]

, m=8

(C-3)

and

P{w2k < 0/E1,1,H1} = P
{

γr1d + γr2d + γsd + z
′

yd
(2k) < 0

}

=
1

2
erfc(

√

γr1d + γr2d + γsd) =
1

2
erfc(β2k).
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Using the same approach, we can derive the other terms in (C-2)

P{w2k < 0/E1,−1,H1} =
1

2
erfc(β2k);

P{w2k < 0/E1,1,H2} =
1

2
erfc(δ2k); P{w2k < 0/E1,−1,H2} =

1

2
erfc(δ2k);

P{w2k < 0/E1,1,H3} =
1

2
erfc(λ2k); P{w2k < 0/E1,−1,H3} =

1

2
erfc(λ2k);

P{w2k < 0/E1,1,H4} =
1

2
erfc(φ2k); P{w2k < 0/E1,−1,H4} =

1

2
erfc(φ2k);

P{w2k < 0/E1,1,H5} =
1

2
erfc(β2k + θ2k); P{w2k < 0/E1,−1,H5} =

1

2
erfc(β2k − θ2k);

P{w2k < 0/E1,1,H6} =
1

2
erfc(δ2k + θ2k); P{w2k < 0/E1,−1,H6} =

1

2
erfc(δ2k − θ2k);

P{w2k < 0/E1,1,H7} =
1

2
erfc(λ2k + θ2k); P{w2k < 0/E1,−1,H7} =

1

2
erfc(λ2k − θ2k);

P{w2k < 0/E1,1,H8} =
1

2
erfc(φ2k + θ2k); P{w2k < 0/E1,−1,H8} =

1

2
erfc(φ2k − θ2k),

where β2k, δ2k, λ2k, φ2k and θ2k are given in (21). Note that we have P{w2k <

0/E1,−1,Hm} = P{w2k > 0/E−1,−1,Hm} and P{w2k < 0/E1,1,Hm} = P{w2k > 0/E−1,1,Hm}.
That leads to all terms in (C-2) which therefore give rise to (2.25).
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Outage probability of MSCR

Proof of (3.25)

It is not difficult to show that the density function of a random variable which is the

sum of two independent exponential random variables can be derived as follow

pw(w) = λ2we−λw (D-1)

where w = x+ y and px(x) = λe−λx, py(y) = λe−λy.

Proof :

pw(w) =

∫ w

0
λe−λxλe−λ(w−x)dx

= λ2e−λw

∫ w

0
e−(λ−λ)xdx

= λ2e−λwx
∣

∣

∣

w

0

= λ2we−λw
�

(D-2)

By calculating the cumulative density function of Pr(w < h(δ)), we can illustrate that

Pr[w < h(δ)] ∼ λ2

2
h2(δ) (D-3)
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Proof :

Pr[w < h(δ)] =

∫ h(δ)

0
λ2we−λwdw

= 1− e−λh(δ) − λh(δ)e−λh(δ)

= 1−
(

1− λh(δ) +
1

2
λ2h2(δ) + o(h3(δ))

)

− λh(δ)
(

1− λh(δ) +
1

2
λ2h2(δ) + o(h3(δ))

)

=
λ2

2
h2(δ) + o(h3(δ)) �

(D-4)

Moreover, we can derive

Pr[δf(
u

δ
,
v

δ
) < h(δ)] ∼ λ2

u + λ2
v

2
h2(δ) (D-5)

where u and v are two independent random variable with the respective density functions

pu(u) = λ2
uue

−λuu and pv(v) = λ2
vve

−λvv with λu 6= λv

Proof :

Pr[δf(
u

δ
,
v

δ
) < h(δ)] = Pr[

1

u
+

1

v
+

δ

uv
>

1

h(δ)
]

> Pr[
1

u
+

1

v
>

1

h(δ)
] > Pr[max(

1

u
,
1

v
) >

1

h(δ)
]

= 1−
(

1− Pr[u < h(δ)]
)(

1− Pr[v < h(δ)]
)

= 1−
(

1− λ2
u

2
h2(δ) + o(h3(δ))

)(

1− λ2
v

2
h2(δ) + o(h3(δ))

)

=
λ2
u + λ2

v

2
h2(δ) + o(h3(δ))

(D-6)

Therefore, we illustrated

lim
h(δ)→0

inf
1

h(δ)2
Pr[δf(

u

δ
,
v

δ
) < h(δ)] >

λ2
u + λ2

v

2
(D-7)

130



Appendix D. Outage probability of MSCR

To prove the other direction, let l > 1 be a fixed constant

Pr[δf(
u

δ
,
v

δ
) < h(δ)] = Pr[

1

u
+

1

v
+

δ

uv
>

1

h(δ)
]

=

∫ lh(δ)

0
Pr

[1

u
>

1
h(δ) −

1
v

1 + δ
v

]

pv(v)dv

+

∫ ∞

lh(δ)
Pr

[1

u
>

1
h(δ) −

1
v

1 + δ
v

]

pv(v)dv

6

∫ lh(δ)

0
pv(v)dv +

∫ ∞

lh(δ)
Pr

[1

u
>

1
h(δ) −

1
v

1 + δ
v

]

pv(v)dv

= A+B

(D-8)

But

A 6

∫ lh(δ)

0
λ2
vvdv =

λ2
v

2
l2h2(δ) (D-9)

To bound the second term of (D-8), let k > l be another fixed constant, and note that

B =

∫ ∞

kh(δ)
Pr

[1

u
>

1
h(δ) −

1
v

1 + δ
v

]

pv(v)dv

+

∫ kh(δ)

lh(δ)
Pr

[1

u
>

1
h(δ) −

1
v

1 + δ
v

]

pv(v)dv

6 Pr
[1

u
>

1− 1
k

h(δ) + δ
k

]

∫ ∞

kh(δ)
pv(v)dv

+ λ2
v

∫ kh(δ)

lh(δ)
Pr

[1

u
>

1
h(δ) −

1
v

1 + δ
v

]

vdv

6 Pr
[1

u
>

1− 1
k

h(δ) + δ
k

]

+λ2
v

∫ kh(δ)

lh(δ)
Pr

[1

u
>

1
h(δ) −

1
v

1 + δ
v

]

vdv

(D-10)

where the first term comes from the fact that Pr
[

1
u >

1
h(δ)

− 1
v

1+ δ
v

]

is non increasing in v and
∫∞
kh(δ) pv(v)dv 6 1. And since e−λvv 6 1 (v > 0), the second term is derived.

Now, based on the result of (D-9), the first term of (D-10) satisfies

Pr
[1

u
>

1− 1
k

h(δ) + δ
k

]

= Pr
[

u 6
h(δ) + δ

k

1− 1
k

]

6
λ2
u

2

(h(δ) + δ
k

1− 1
k

)2
=

λ2
u

2
h2(δ)

(1 + δ
kh(δ)

1− 1
k

)2
(D-11)
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By a change of variable z = v
h(δ) , the second term of (D-10) can be derived as follow

λ2
v

∫ kh(δ)

lh(δ)
Pr

[1

u
>

1
h(δ) −

1
v

1 + δ
v

]

vdv

= h2(δ)λ2
v

∫ k

l
Pr

[

u 6
h(δ) + δ

z

1− 1
z

]

zdz

6 h2(δ)λ2
v

∫ k

l

λ2
u

2

(h(δ) + δ
z

1− 1
z

)2
zdz

= h4(δ)λ2
v

∫ k

l

λ2
u

2

(1 + δ
zh(δ)

1− 1
z

)2
zdz

= h4(δ)C
(

δ, h(δ), l, k
)

(D-12)

where C
(

δ, h(δ), l, k
)

remains finite for any k > l > 1 as δ → 0

Combining (D-9), (D-11), and (D-12), we have

Pr[δf(
u

δ
,
v

δ
) < h(δ)]

6
λ2
v

2
l2h2(δ) +

λ2
v

2
h2(δ)

(1 + δ
kh(δ)

1− 1
k

)2
+h4(δ)C

(

δ, h(δ), l, k
)

(D-13)

So, we can conclude

lim
h(δ)→0

sup
1

h(δ)2
Pr[δf(

u

δ
,
v

δ
) < h(δ)] 6

λ2
u

2
+

λ2
v

2
(D-14)

By particularly choosing l arbitrarily close to 1 and k enough large. Note that, we

assumme h(δ) → 0 and δ
h(δ) → constant as δ → 0 �

To derive the outage probability of MSCR, the following expression must be proved

Pr[r + δf(
u

δ
,
v

δ
) < h(δ)] ∼ (λ2

u + λ2
v)λ

2
r

24
h4(δ) (D-15)

with r random variable having the density function pr(r) = λ2
rre

−λrr
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Proof : let g = δf(uδ ,
v
δ ) we have

Pr[r + g < h(δ)]

= Pr[g < h(δ)− r]

=

∫ h(δ)

0
Pr[g < h(δ)− r]pr(r)dr

= h2(δ)

∫ 1

0
Pr[g < h(δ)(1− r

′
)]λ2

rr
′e−λrh(δ)r

′

dr
′

= h4(δ)

∫ 1

0
(1− r′)2

Pr[g < h(δ)(1− r
′
)]

(h(δ)(1− r′))2
λ2
rr

′e−λrh(δ)r
′

dr
′

(D-16)

Using (D-7) we have

lim
h(δ)→0

inf
1

h(δ)4
Pr[r + g < h(δ)]

>
λ2
u + λ2

v

2
λ2
r

∫ 1

0
(1− r′)2r′dr

′
=

λ2
u + λ2

v

2
λ2
r

1

12

(D-17)

Using (D-14) we can demonstrate

lim
h(δ)→0

sup
1

h(δ)4
Pr[r + g < h(δ)] 6

λ2
u + λ2

v

2
λ2
r

1

12
(D-18)

So (D-15) is proved �
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Proof of (3.28)

Let x and y two random variables respectively having the density functions px(x) =

λ2xe−λx and py(y) = λ2ye−λy. The densifty function of w = x+ y is the convolution of

px(x) and py(y) and can be derived as

pw(w) =
1

6
λ4w3e−λw (E-1)

By calculating the cumulative density function of Pr(w < h(δ)), we can illustrate that

Pr[w < h(δ)] ∼ λ4

4!
h4(δ) (E-2)

Proof : We have

Pr[w < h(δ)] =
1

6
λ4

∫ h(δ)

0
w3e−λwdw

= −λ3w3

6
e−λw

∣

∣

∣

h(δ)

0
−λ2w2

2
e−λw

∣

∣

∣

h(δ)

0
−λwe−λw

∣

∣

∣

h(δ)

0

− e−λw
∣

∣

∣

h(δ)

0

= 1−
(

1 + λh(δ) +
λ2h2(δ)

2
+

λ3h3(δ)

6

)

e−λh(δ)

(E-3)

Using e−λh(δ) = 1− λh(δ) + 1
2λ

2h2(δ)− 1
6λ

3h3(δ) + 1
24λ

4h4(δ) + o(h5(δ)), we can derive

(E-3) without difficulty. �
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However, we illustrate that

Pr[δf(
w

δ
,
v

δ
) < h(δ)] ∼ λ2

v

2
h2(δ) (h(δ) → 0) (E-4)

where v and w is random variables with the respective density functions

pv(v) = λ2
vve

−λv

pw(w) =
1

6
λ4
ww

3e−λww

Proof : we have

Pr[δf(
w

δ
,
v

δ
) < h(δ)] = Pr[

1

w
+

1

v
+

δ

wv
>

1

h(δ)
]

> Pr[
1

w
+

1

v
>

1

h(δ)
] > Pr[max(

1

w
,
1

v
) >

1

h(δ)
]

= 1− Pr[w > h(δ)]Pr[v > h(δ)]

= 1−
(

1− Pr[w < h(δ)]
)(

1− Pr[v < h(δ)]
)

= 1−
(

1− λ4
w

4!
h4(δ) + o(h5(δ))

)(

1− λ2
v

2
h2(δ) + o(h3(δ))

)

=
λ2
v

2
h2(δ) + o(h3(δ))

(E-5)

Therefore, it is proved that

lim
h(δ)→0

inf
1

h(δ)2
Pr[δf(

w

δ
,
v

δ
) < h(δ)] >

λ2
v

2
(E-6)

Similar to method using in Appendix D, the other direction of (E-6) can be proved. That

means, we can derive

lim
h(δ)→0

sup
1

h(δ)2
Pr[δf(

w

δ
,
v

δ
) < h(δ)] 6

λ2
v

2
(E-7)

So (E-4) is proved. �

The above results can help us to determine the outage probability of MFCR which is

given by

Pr[r + δf(
w

δ
,
v

δ
) < h(δ)] ∼ λ2

vλ
2
r

4!
h4(δ) (h(δ) → 0) (E-8)
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with r random variable having the density function pr(r) = λ2
rre

−λr

Proof :

Using [Eq. D-17, Appendix D] and (E-6) we have

lim
h(δ)→0

inf
1

h(δ)4
Pr[r + g < h(δ)]

>
λ2
v

2
λ2
r

∫ 1

0
(1− r′)2r′dr

′
=

λ2
v

2
λ2
r

1

12

(E-9)

Similarly, combining [Eq. D-18, Appendix D] and (E-7) we can illustrate

lim
h(δ)→0

sup
1

h(δ)4
Pr[r + g < h(δ)] 6

λ2
v

2
λ2
r

1

12
(E-10)

So (E-8) is proved �
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