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Summary

In recent years, there has been an upsurge of interest towards two wireless commu-
nication technologies, namely cooperative communications and mobile-to-mobile
(M2M) communications. The reason being that cooperative systems bring with
them many advantages such as enhanced performance in terms of increased pathloss,
diversity as well as multiplexing gains, balanced quality of service (QoS), infra
structure-less deployment, and reduced operational costs. On the other hand, appli-
cations targeted to reduce traffic accidents as well as to facilitate the flow of traffic,
provision of in-vehicle internet access, support for convoy driving, automatic driv-
ing, and speed regulation etc are to name some few utilities of M2M communica-
tions. The efforts to profit from the benefits of both technologies have resulted in
the emergence of M2M cooperative communication systems.

The design, development, performance analysis, and test of such communica-
tion systems, however, call for a profound insight of the most important charac-
teristics of real-world propagation environments. It is widely acknowledged that
field trails for performance evaluation purposes are both expensive and time ineffi-
cient. It is therefore, inevitable to find cost effective alternative. Reproduction of
the desired channel characteristics by computer simulations is one such option. It
is, nonetheless, imperative as well as highly desirable that the channel models are
accurate enough to reflect the fading statistics of real-world channels. For this rea-
son, a major portion of this dissertation presents the state-of-the-art regarding the
modeling and analysis of a large variety of M2M fading channels in cooperative
systems.

We model and analyze narrowband M2M fading channels in cooperative net-
works under non-line-of-sight (NLOS) as well as line-of-sight (LOS) propagation
conditions. The motivation behind modeling M2M channels with LOS components
comes from the fact that such models are flexible enough to accommodate asymmet-
ric channel conditions associated with many practical propagation scenarios. Be-
sides, LOS fading channel models easily reduce to those models that correspond to
NLOS propagation conditions. In addition, two different kinds of channel models,
i.e., geometry-based models and non-geometrical models are studied. The statisti-
cal characterization of geometry-based channel models is carried out in terms of the
temporal autocorrelation function (ACF) and space-time cross-correlation functions
(CCFs). For non-geometrical models statistical quantities, such as the probability
density function (PDF), cumulative distribution function (CDF), level-crossing rate
(LCR), and average duration of fades (ADF) are discussed in detail.

An interesting idea has started to gain recognition is that in addition to the
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knowledge of the propagation channel characteristics, a sound understanding of the
channel capacity is also indispensable to meet the data rate requirements of future
mobile communication systems. Recently, some researchers have demonstrated
techniques to optimize the network performance with the help of the LCR of the
channel capacity. Inspired by this work, we include, in this dissertation, a thorough
evaluation of the channel capacity statistics of M2M fading channels in cooperative
networks.

Without discussing the performance of M2M cooperative communication sys-
tems under different propagation environments, this study seems to be unfinished.
Thus, for the sake of completeness, we utilize several measures such as the statis-
tics of the instantaneous signal-to-noise ratio (SNR), average bit error probability
(BEP), amount of fading (AOF), and outage probability to determine the perfor-
mance of the said systems. We believe that the performance assessment reported
here bridges the gap between the derived M2M channel models and their impact on
the performance of the deployed cooperative systems.
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Chapter 1

Introduction

1.1 Cooperative Communication Systems

The provision of very high data rates (> 100 Mbps) and higher spectral efficiency
(> 10 b/s/Hz) envisioned for fourth generation (4G) wireless communication sys-
tems in reasonably large areas requires significant development of new wireless
network technologies. This has in turn resulted in an upsurge of interest towards
cooperative communications. Without any extra cost resulting from the deployment
of a new infrastructure and by utilizing the existing resources of the network, co-
operative relaying promises increased capacity, improved connectivity, and a larger
coverage range [1, 2, 3]. It is worth stating that cooperative relaying has found ap-
plications in various networks ranging from cellular, ad hoc, and sensor networks
to mobile-to-mobile (M2M) communication systems [4, 5, 6, 7, 8, 9, 10, 11, 12].

The growing popularity of cooperative diversity [4, 7, 13] in wireless networks
is also due to its ability to mitigate the deleterious fading effects by achieving a
spatial diversity gain. This diversity gain is attained when several single-antenna
mobile stations in a multi-user scenario collaborate together and share their anten-
nas to create a virtual multiple-input multiple-output (MIMO) system [14]. Such
a network permits mobile stations to relay signals from another mobile station to
a final destination. That is, each mobile station in a cooperative communication
system is assumed to transmit its own data as well as acts as a cooperative agent for
another mobile station.

The relays in cooperative communication systems are categorized as non-
regenerative and regenerative relays. Non-regenerative relays just amplify the re-
ceived signal and forward it towards the destination mobile station. The regenerative
relays however first decode the received signal, encode it again and then forward it
to the final destination. Both amplify-and-forward as well as decode-and-forward

1
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relaying belong to the class of cooperative protocols referred to as fixed relaying
[7]. Among many possible adaptive strategies, selection relaying is built upon fixed
relaying, where the transmitting mobile stations are allowed to select a suitable co-
operative (or non-cooperative) action based upon the received signal-to-noise ratio
(SNR) [7]. Incremental relaying protocols intend to improve the spectral efficiency
of both fixed and selection relaying by exploiting limited feedback from the des-
tination mobile station. In addition, relaying can take place only when absolutely
necessary [7]. Amplify-and-forward relay type cooperative communication systems
are the center of attention of this dissertation.

In the simplest configuration, an amplify-and-forward relay system consists of
a source mobile station, a destination mobile station, and a relaying node. How-
ever, depending upon the gains we aim to achieve from the cooperative system,
multiple relays can be connected in different configurations. These configurations
are inclusive of multi-relay multi-hop and multi-relay dual-hop. The multi-relay
multi-hop configuration is associated with the scenario where the relaying nodes
are connected in series between the source mobile station and the destination mo-
bile station, whereas in multi-relay dual-hop configuration the relays are operating
in parallel. It has been cited in the literature that increasing the number of serial
relaying nodes results in an increase in the pathloss gain [3]. An increase in the
number of parallel relaying nodes, on the other hand, boosts the diversity gain [3].
In this dissertation, we are focusing on single- and multi-relay dual-hop amplify-
and-forward relay type cooperative systems.

As mentioned above, cooperative systems come with many advantages such as
enhanced performance in terms of increased pathloss, diversity as well as multi-
plexing gains, balanced quality of service (QoS), infrastructure-less deployment,
and reduced operational costs [3]. However, there is no such thing as a perfect
system and every system brings with it some disadvantages also. In multi-relay co-
operative systems, whether they are dual-hop or multi-hop, complex schedulers and
advanced algorithms for choosing partner nodes are required. Besides, the relay
traffic, signaling overhead, end-to-end latency as well as interference increases in
such systems [3]. It is thus, imperative for the cooperative system designers to cau-
tiously analyze shortcomings of cooperative relaying. They should propose those
strategies which facilitate in exploiting the benefits of cooperative communication
to their full extend. The development of such cooperative communication systems
is, nonetheless, not possible without a profound knowledge of the wireless chan-
nel. A major portion of this dissertation is therefore dedicated to the modeling and
analysis of the fading channels in the relay links. It is out of the scope of this dis-



Introduction 3

sertation to provide solutions to the problems pertaining to the protocol level and
system level implementation of amplify-and-forward relay networks. The results
presented here are, however, advantageous to resolve the design issues related to
cooperative networks.

1.2 M2M Communication Systems

During the last two decades, the trend in wireless communication technologies
has shifted from the traditional voice-centric “man-to-man” mobile communica-
tions (2G, GSM)1 to today’s data-centric “man-to-machine” mobile communica-
tions (3G, UMTS)2. A further shift towards “machine-to-machine” wireless com-
munications (4G, IMT-Advanced3) is expected in near future. A typical example
of machine-to-machine mobile communications is car-to-car (C2C) or equivalently
vehicle-to-vehicle (V2V) communications. Moreover, C2C or V2V communica-
tions fall under the broader umbrella of what is called M2M communications. As
the name refers, in M2M communication systems, all entities in the network are in
motion. These entities can either be mobile users and/or vehicles. Throughout this
dissertation, the terms C2C, V2V, and M2M would be used interchangeably.

C2C communications has recently gained a fair share of attention by researchers,
standardization bodies, and industrial companies, since it offers many applications.
Some of these applications are targeted to reduce traffic accidents and to facilitate
the flow of traffic [15, 16]. While others include availability of in-vehicle internet
access and support for convoy driving, automatic driving, as well as speed regu-
lation etc. Several countries have allocated a dedicated frequency band for C2C
communications. For instance, in the US, a 75 MHz band in the 5.9 GHz range
has been allocated for short-range communications by the Federal Communica-
tions Commission (FCC). On the standardization level, the dedicated short-range
communications (DSRC) [17] standard has been developed to support C2C com-
munication systems. Several task groups within the IEEE, such as IEEE 802.11p,
IEEE 1609.2, .3, and .4, are contributing to the development of C2C communica-
tions. On the industrial level, a number of projects can be found in Europe, USA,
and Asia. Among the large-scale European projects, CAR 2 CAR Communica-
tion Consortium (see http://www.car-to-car.org), Cooperative Vehicle-Infrastructure

12G corresponds to second generation, whereas Global System for Mobile Communications is
abbreviated as GSM

23G corresponds to third generation, whereas Universal Mobile Telecommunications System is
abbreviated as UMTS

3IMT-Advanced stands for International Mobile Telecommunications Advanced
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Systems (CVIS) (see http://www.cvisproject.org), SAFESPOT (see http://www.safe
spot-eu.org/), and CALM (see http://www.isotc204wg16.org/) are to name a few. In
the US, the Driver Workload Metrics Project, the Forward Collision Warning Re-
quirement Project, and the Vehicle Safety Communications Project make use of
C2C communications. In Asia, the Advanced Cruise-Assist Highway Systems Re-
search Association (AHSRA) (see http://www.ahsra.or.jp/index e.html) is one of
the main associations contributing to the development of C2C communications.

As for any other communication system, the development of M2M communica-
tion systems requires the knowledge of the propagation channel characteristics. It
is widely accepted now that the properties of M2M channels are considerably dif-
ferent from those of classical cellular channels (see, e.g., [18] and the references
therein). These differences originate because the dominant propagation mecha-
nisms of the multipath components associated with M2M communications and cel-
lular radio communications are different. In V2V systems, the transmitter (Tx) and
the receiver (Rx) are at the same height and in similar environments. Furthermore,
propagation in the horizontal plane with diffraction and reflection, around street
corners is more important. By contrast to the classical cellular systems, both the
Tx and the Rx along with the scatterers are moving in M2M systems. This implies
that the propagation conditions are highly dynamic and the fluctuations in M2M
channels are much faster. Therefore, assumptions pertaining to the stationarity of
M2M channels should be made carefully. It should also be pointed out that M2M
channel characteristics are influenced by the properties of the environment around
the communicating cars as well as the typical traffic characteristics [18].

The number of cars on roads is increasing day by day as a consequence of the
ever increasing population on the face of the earth. This increase in the number of
cars can, however, be utilized in a constructive manner by forming a network that
relays information from one car to another. In other words, by deploying cooper-
ative techniques in V2V systems, we can profit from the benefits of both systems,
i.e., cooperative systems and V2V systems. Similar is the case of mobile users in
ad hoc as well as wireless sensor networks and cooperative relaying. As it follows
from the title, in this dissertation, we have devoted all our efforts to investigate vari-
ous aspects of M2M cooperative communication systems. The topics covered range
from the modeling of M2M fading channels in relay links to the overall performance
analysis of cooperative communication systems.
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1.3 Organization of the Dissertation

This dissertation is organized as a plurality of twelve technical papers. The connec-
tion between different papers on which the whole dissertation is built up is elabo-
rated. Papers addressing similar topics are collected together to form chapters. The
structure of this dissertation is as follows:

• Chapter 2 reports on the modeling and analysis of narrowband M2M fading
channels in cooperative networks under non-line-of-sight (NLOS) propaga-
tion conditions. Two different kinds of channel models, i.e., geometry-based
models and non-geometrical models are introduced in the current chapter.
Furthermore, first the statistical characterization of geometry-based channel
models in terms of the temporal autocorrelation function (ACF) and space-
time cross-correlation functions (CCFs) is discussed. Afterwards, we go
through statistical quantities, such as the probability density function (PDF),
cumulative distribution function (CDF), level-crossing rate (LCR), and av-
erage duration of fades (ADF). These quantities possess an important place
in the modeling and analysis of fading channels in general. Papers I – IV
(Appendices B – E) that are summarized in subsequent sections of Chap-
ter 2 reveal key results pertaining to the statistical properties of the geometri-
cal three-ring-based channel model, K-parallel dual-hop channels, and NLOS
M2M fading channels with equal gain combining (EGC).

• Chapter 3 contains a comprehensive overview of the modeling and analysis
of narrowband M2M fading channels with line-of-sight (LOS) components in
cooperative networks. The motivation behind modeling M2M channels with
LOS components comes from the fact that such models are flexible enough to
accommodate asymmetric channel conditions associated with many practical
propagation scenarios. Besides, LOS fading channel models easily reduce to
those models that correspond to NLOS propagation conditions. It is neces-
sary to point out here that the M2M fading channel models illustrated in this
chapter are not just straight forward extensions with respect to (w.r.t.) LOS
conditions of the ones presented in Chapter 2. These models are in fact devel-
oped considering propagation scenarios and environments that are different
from those used in Chapter 2. An insightful review of Papers V – VIII and
XII (Appendices F – I and M) is included in Chapter 3. In these papers, we
have studied the statistics in terms of the PDF, CDF, LCR, and ADF of double
Rice, single-LOS double scattering (SLDS) and multiple-LOS second-order
scattering (MLSS) channels along with LOS M2M channels with EGC.
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• Chapter 4 presents the state of the art regarding the analysis of the statistical
properties of the channel capacity of M2M links in cooperative communica-
tion systems. A sound understanding of the channel capacity is also indis-
pensable to meet the data rate requirements of future mobile communication
systems, in addition to the knowledge about the propagation channel charac-
teristics. A brief overview of Paper IX (Appendix J) is given in this chapter,
which deals with the derivation and analysis of theoretical expressions for the
PDF, CDF, LCR, and ADF of the channel capacity of NLOS M2M relay links
with EGC.

• Chapter 5 is a synopsis of the performance evaluation of M2M cooperative
communication systems including those where EGC is deployed at the des-
tination mobile station. This performance analysis is carried out assuming
different propagation environments. A number of performance measures, in-
clusive the statistics of the instantaneous SNR at the output of the equal gain
(EG) combiner, the average bit error probability (BEP), the amount of fading
(AOF), and the outage probability are detailed in Chapter 5. Papers X – XII
(Appendices K – M) outlined in subsections of the current chapter, actually
contain the entire performance analysis.

• Chapter 6 summarizes the main contributions of this dissertation. We close
this chapter by highlighting some open problems pertaining to the design and
development of M2M cooperative communication systems that call for fur-
ther attention.

Each chapter comprises several sections. The organization of the chapters is
given in the following.

• Introduction presents the background and the state of art regarding the main
topic of the chapter.

• Section N details the related papers jointly.

• Chapter Summary and Conclusion summarizes the main findings of the
chapter.

The sections outlining the papers are further organized in paragraphs. We used
the following organization scheme as a road map for these sections.

- Each section opens with a brief introduction along with the motivation to
address a particular problem. The key problems handled are the modeling of
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M2M fading channels and their analysis, the channel capacity analysis, and
the performance evaluation of M2M cooperative communication systems.

- Topic(s) that describe(s) what is the paper about.

- Main results include what has been achieved.

- Discussion covers the advantages and disadvantages of the proposed solution
to the problem that is dealt with.
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Chapter 2

Statistical Modeling and Analysis of
Narrowband M2M Fading Channels
Under NLOS Propagation
Conditions

2.1 Introduction

Chapter 2 introduces different channel modeling approaches to describe M2M chan-
nels under NLOS propagation conditions. It is known that channel models can be
developed based on the geometry of the scattering environment. On the other hand,
without going into the details of the geometry of the scattering environment, sta-
tistical methods can also be employed to model fading channels. In the following,
the statistical characterization of geometry-based channel models is explicitly dis-
cussed. In addition, accentuating those statistical quantities, which can usually char-
acterize fading channels and provide an insight into the fading behavior of channels,
is also the topic of the current section.

2.1.1 Statistical Characterization of Geometry-Based Channel
Models

The design, development, performance analysis, and test of mobile radio commu-
nication systems call for a profound insight of the most important characteristics of
real-world propagation environments. The attempts to avoid field trails for perfor-
mance assessment purposes, which are neither cost nor time efficient, have com-
pelled the communication systems’ designers to find cost effective resorts. One

9
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such alternative is to reproduce the desired channel characteristics by computer
simulations. It is however, imperative as well as highly desirable that the channel
simulation models are accurate enough to reflect the fading statistics of real-world
channels.

Various studies have revealed that geometrical channel models are a good start-
ing point for deriving simulation models for MIMO channels. Geometry-based
narrowband MIMO channel models are usually characterized by their temporal as
well as their spatial correlation properties. Besides, the drive to conduct research
on MIMO systems is based on the well-established results that the gains in terms of
channel capacity are larger for MIMO channels as compared to single-input single-
output (SISO) channels [19, 20]. A number of narrowband MIMO channel models
based on geometrical scattering models for isotropic environments have been pro-
posed so far [21, 22, 23, 24, 25, 26, 27, 28]. The design of geometry-based MIMO
channel models for non-isotropic scattering conditions is addressed in [29, 30],
whereas wideband MIMO channel models are discussed in [31, 32]. The com-
mon feature in the works [21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] is that they
model MIMO fixed-to-mobile (F2M) and/or fixed-to-fixed (F2F) channels.

The idea of M2M communication came in the limelight by the work of Akki and
Haber [33, 34]. Their work deals with the study of the statistical properties of nar-
rowband SISO M2M fading channels under NLOS propagation conditions. Some
few techniques for simulating narrowband SISO M2M fading channels have been
presented in [35]. The geometrical two-ring-based model for MIMO F2M channels
originally proposed in [24], was extended to a narrowband MIMO M2M channel
model by the authors of [36]. Extensions of MIMO M2M reference and simulation
models under LOS propagation conditions have been reported in [37]. The geomet-
rical street model [38] and the geometrical T-junction model [39] for MIMO M2M
fading channels are also worth mentioning. All the geometry-based channel models
referred to this point in the current section are two-dimensional (2-D) channel mod-
els. The credit of extending 2-D MIMO M2M channel models to three-dimensional
(3-D) models based on geometrical cylinders goes to the authors of [40]. Quite
a few articles dealing with wideband MIMO M2M channels have been published
recently, see, e.g., [41, 42, 43, 44] and the references therein. In contrast to the
MIMO M2M channel models mentioned thus far, where isotropic scattering con-
ditions were assumed, a recent work [45] introduces a geometry-based model for
non-isotropic MIMO M2M channels.

Motivated by the need for proper MIMO M2M fading channel models, in this
dissertation, we are addressing modeling and simulation approaches for such chan-
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nels in amplify-and-forward relay type cooperative networks. Additionally, there
was not a single M2M channel model for cooperative networks available in the
literature, which assumes multiple antennas on the source mobile station, the des-
tination mobile station or the mobile relays. This gap in the research propelled
us to introduce a geometry-based model for MIMO M2M channels in relay-based
systems. Therein, the scattering environment around the source mobile station, the
mobile relay, and the destination mobile station is modeled by a geometrical three-
ring scattering model. In Section 2.2, a brief overview of this proposed geometrical
three-ring model is given.

2.1.2 Statistical Characterization of Fading Channels

The development of M2M cooperative communication systems requires the knowl-
edge of the propagation channel characteristics. In this regard, precise information
about the PDF of the envelope and phase of the received signal, the LCR and ADF
is of utmost importance.

Mobile radio fading channels are usually described by statistical quantities, such
as the mean value, variance, and PDF of the envelope as well as the phase of the
received signal. In addition to the statistical characterization of the fading channel,
the significance of the PDF of the received signal envelope also lies in the fact that
it can easily be utilized in the link level performance analysis of M2M cooperative
communication systems. The average BEP or the symbol error probability (SEP)
and the channel capacity are a few measures to evaluate the performance of commu-
nication systems at the link level. For the evaluation of the average BEP, SEP, and
channel capacity, we usually need the PDF of the instantaneous SNR at the output
of the receiver. Thus, given the PDF of the received signal envelope, the compu-
tation of the PDF of the instantaneous SNR is simply a transformation of random
variables.

Unfortunately, the envelope and phase distributions do not provide any infor-
mation pertaining to the rate of fading of the channel. The LCR of the envelope
of fading channels is an important statistical quantity, revealing information about
how fast the received signal changes with time. It is basically a measure to describe
the average number of times the signal envelope crosses a certain threshold level
from up to down (or from down to up) per second. In the same context as the LCR,
another important statistical quantity is the ADF, which is defined as the expected
value of the time intervals over which the fading signal envelope remains below a
certain threshold level. In view of the fact that M2M fading is caused because of
the time-variant multipath propagation, M2M fading channels exhibit bursty error
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characteristics [46]. The fading channel often causes the signal to fall below a cer-
tain threshold noise level, which in turn results in error bursts. The error bursts
produced as a consequence of fading have strong statistical connections with each
other [47]. However, these errors can be combated by using interleaving techniques
[46, 48] and coding techniques [49, 50]. The PDF of the received signal envelope is
insufficient to be employed in developing robust interleaving and coding schemes,
as it does not give any insight into the rate of fading. However, the LCR and the
ADF describe the fading behavior of M2M channels. Studies pertaining to the LCR
and the ADF are thus quite useful in the design as well as optimization of coding
and interleaving schemes for M2M fading channels in the relay links in cooperative
networks.

2.1.2.1 Fading Channels in Systems without Diversity Combining

As mentioned earlier, the multipath propagation channel in any mobile and wire-
less communication system can efficiently be described with the help of proper
statistical models. For example, the Rayleigh distribution is considered suitable
to model fading channels under NLOS propagation conditions in classical cellu-
lar networks [51, 52, 53], a Suzuki process represents a reasonable model for land
mobile terrestrial channels [54, 55], and the generalized-K distribution is widely
accepted in radar systems [56, 57]. Furthermore, cascaded distributions such as
double Rayleigh, double Nakagami, or cascaded Weibull distributions find their
applications in modeling keyhole fading channels [58, 59, 60]. Higher order statis-
tics of Rayleigh, Nakagami-m, Suzuki, Nakagami-lognormal, double Rayleigh and
double Nakagami channels are thoroughly studied in [61, 62, 63, 54, 64, 65, 66]. In
various studies pertaining to M2M fading channels in single-relay dual-hop cooper-
ative systems under NLOS propagation conditions, it has been shown that a double
Rayleigh process is a simple and yet a well-suited statistical model for such chan-
nels [67, 66]. The analysis of experimental measurement data for outdoor-to-indoor
M2M fading channels presented in [68], verifies the existence of double Rayleigh
processes in real-world environments. In addition to dual-hop cooperative systems,
several papers dealing with the statistical modeling and analysis of multi-hop co-
operative systems having K relays connected in series between the source and the
destination terminals are available in the literature [69, 70, 71, 72].

Section 2.3 provides us with vital information on the statistics of M2M fad-
ing channels in multi-relay dual-hop cooperative systems. The system considered
therein assumes that K mobile relays are connected in parallel between the source
mobile station and the destination mobile station, which in turn makes this system
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different from multi-hop systems in [69, 70, 71, 72].

2.1.2.2 Fading Channels in Diversity Systems

Transmission links in mobile wireless communication systems are particularly vul-
nerable to multipath fading effects. Therefore, for decades, the development of new
and robust techniques [73] to mitigate the adverse fading effects has been a topic of
interest in the field of mobile communication systems design. In this context, diver-
sity combining schemes are widely acknowledged for effectively combating fading.
Diversity can be achieved in time, frequency, space, and through antenna polariza-
tion [73]. Some well-studied diversity combining techniques that have exhibited
their potential in providing spatial diversity gain include selection combining (SC)
[74], maximal ratio combining (MRC) [74], and EGC [74]. MRC has been proved
to be the optimum scheme, whereas the suboptimal EGC scheme is more popular
for its simplicity in implementation [74]. Statistical analysis of SC, EGC as well as
MRC over Rayleigh, Nakagami, Hoyt, and Nakagami-lognormal channels can be
found in the literature, see, e.g., [75, 76, 77, 78, 79, 80, 81].

It is noticeable that hardly any results have been reported that illustrate the statis-
tical properties of any type of combining over M2M fading channels in cooperative
networks. Our work summarized in Section 2.4 intends to fill in this gap by eval-
uating the statistics of M2M fading channels with EGC under NLOS propagation
conditions.

2.2 The Geometrical Three-Ring-Based Channel
Model

Section 2.1.1 sheds light on the scarcity of appropriate MIMO M2M channel mod-
els for transmission links in cooperative networks. Motivated by this discussion,
we are addressing in Paper I, modeling and simulation approaches for MIMO M2M
fading channels in amplify-and-forward relay type cooperative networks. Paper I,
in Appendix B [82] of this dissertation, deals with the derivation of a stochastic
narrowband MIMO M2M reference channel model as well as the corresponding
channel simulation model. In addition, the analysis of both the reference and sim-
ulation models under isotropic and non-isotropic scattering conditions is reported.
Paper I is in fact an extension of [83] to form a journal article. This section outlines
Paper I, which is included in Appendix B [82] of this dissertation.

In Paper I, a new geometry-based model for narrowband MIMO M2M channels
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in amplify-and-forward relay type cooperative networks is proposed. For ease of
analysis, we have considered an elementary 2×2×2 antenna configuration, mean-
ing thereby, the source mobile station, the mobile relay, and the destination mobile
station are equipped with two antennas each. For simplicity, NLOS propagation
conditions are considered in all the transmission links. It is further assumed that
there is no direct transmission link from the source mobile station to the destination
mobile station. The scattering environment around the source mobile station, the
mobile relay, and the destination mobile station is modeled by a geometrical three-
ring scattering model. The advanced geometrical three-ring scattering model is an
extension of the geometrical two-ring scattering model presented in [36], where the
source mobile station and the destination mobile station are surrounded by rings of
scatterers. However, in the suggested extension of the two-ring model, we have a
separate ring of scatterers around the mobile relay along with a ring each around the
source mobile station and the destination mobile station. Due to high path loss, the
contribution of signal power from remote scatterers to the total received power is
usually negligible. Therefore, in the proposed three-ring scattering model, we have
only assumed local scattering.

The reference and stochastic simulation models are then derived employing the
three-ring scattering model in Paper I. It is noteworthy that the developed reference
model is a theoretical model, which is based on the assumption that the number
of local scatterers around the source mobile station, the mobile relay, and the des-
tination mobile station is infinite. The assumption of an infinite number of local
scatterers prevents the realization of the reference model. However, a realizable
stochastic simulation model can be derived from the reference model subject to cer-
tain conditions [36]. The development of reference and simulation models leads to
the fact that the suggested three-ring scattering model is actually a concatenation
of two separate two-ring models. Temporal as well as spatial correlation proper-
ties of the reference and simulation models are investigated in detail by evaluating
their general analytical expressions. The derived four-dimensional (4-D) space-time
CCF of the reference and simulation models can be expressed as a product of the
correlation function at the source mobile station, the mobile relay, and the destina-
tion mobile station. It can further be inferred from the 4-D space-time CCF that the
source mobile station and the destination mobile station are interchangeable. The
3-D spatial CCF and the temporal ACF can easily be obtained from the 4-D space-
time CCF.

In Paper I, the correlation properties of the reference model are studied under
isotropic and non-isotropic scattering conditions. Isotropic scattering around the
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source mobile station (the destination mobile station) is determined by assuming
uniformly distributed angles of departure (AOD) (angles of arrival (AOA)) over the
interval [0, 2π). Similarly, isotropic scattering around the mobile relay is charac-
terized by a uniform distribution of the associated AOA as well as the AOD over
[0, 2π). By contrast, for characterizing non-isotropic scattering around the source
mobile station, the mobile relay, and the destination mobile station, the von Mises
distribution has been used for the corresponding AOD and AOA over [0, 2π). The
reason for using the von Mises distribution is its flexibility to closely approximate
the Gaussian as well as the cardioid distribution and to have the uniform distribution
as a special case [84]. Furthermore, the authors of [85] made a proposition of em-
ploying the von Mises distribution to model AOA statistics of mobile radio fading
channels. They supported their proposal by matching the von Mises distribution to
the measured data.

The results presented in Paper I show that various CCFs describing the simu-
lation model closely approximate the corresponding CCFs of the reference model.
It is worth mentioning that instead of using the complex Lp-norm method (LPNM)
[61] to compute the required parameters of the developed M2M channel simulator, a
relatively simple method, i.e., the modified method of equal areas (MMEA) [86] has
been utilized in this work. The MMEA is known to be a high-performance param-
eter computation method for M2M channel simulators in non-isotropic scattering.
Besides, it reduces to the best solution of the parameter computation problem in
M2M channel simulators in isotropic scattering, known as the extended method of
exact Doppler spread (EMEDS).

The significance of the work presented in Paper I comes from the fact that the
realized channel simulator can be employed in analyzing the dynamic behavior of
the MIMO channel capacity of relay-based M2M communication systems. In addi-
tion, the proposed geometrical three-ring scattering model for narrowband MIMO
M2M fading channels can be considered as a starting point for the development
and analysis of new channels models for wideband MIMO M2M fading channels
in cooperative networks.

2.3 Statistical Modeling and Analysis of K-Parallel
Dual-Hop Relay Channels

Paper I (Appendix B), summarized in Section 2.2, proposed the geometrical three-
ring-based model for MIMO M2M fading channels in cooperative networks. This
model is developed for M2M links in a single-relay cooperative network. In prac-
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tise, there can be many relays available to form an M2M cooperative network. Pa-
pers II and III therefore, give an account of statistical properties of NLOS M2M
fading channels in multi-relay dual-hop amplify-and-forward relay type systems.
In light of the discussion concerning the importance of studying the PDF, LCR, and
ADF of fading channels in Section 2.1.2, Papers II and III confer the findings about
these statistical quantities associated with K-parallel dual-hop relay fading chan-
nels. A short overview of Paper II and III is given in this section, whereas these
papers are available in full in Appendices C [87] and D [88], respectively.

In contrast to the fading channels considered in [69, 70, 71, 72] for multi-hop
multi-relay cooperative networks, Papers II and III study the overall M2M fading
channel in a dual-hop multi-relay cooperative network. Here, we have an amplify-
and-forward relay system consisting of a source mobile station, a destination mobile
station, and K mobile relays. The direct link between the source mobile station and
the destination mobile station is blocked by obstacles. However, because of the
parallel connection of the K mobile relays between the source mobile station and
the destination mobile station, the resulting overall M2M channel is referred to as
the K-parallel dual-hop relay M2M fading channel (see Fig. 2.1). The K-parallel
dual-hop relay fading channel model caters for narrowband channels under NLOS
propagation conditions. It is important to point out that the limitations posed on the
physical implementation of all the mobile stations in the network restrict their mode
of operation mostly to half-duplex. The half-duplex operation ensures that all the
mobile stations do not transmit and receive a signal at the same time in the same
frequency band.

Papers II and III aim at the statistical characterization of K-parallel dual-hop
relay fading channels. Each individual transmission link from the source mobile
station to the destination mobile station via the kth relay is modeled as a zero-
mean complex double Gaussian process. These K zero-mean complex double Gaus-
sian processes are independent but not necessarily identically distributed processes.
Consequently, the overall M2M fading channel taking into account K parallel re-
lay links is modeled as a sum of K zero-mean complex double Gaussian processes.
Analytical expressions having integral forms for the characteristic function (CF),
PDFs of the envelope as well as the phase, the mean value along with the vari-
ance, the LCR and ADF of K-parallel dual-hop relay M2M fading channels are
derived. Furthermore, it has been shown that the complicated integral expressions
can be reduced to simple and closed-form expressions when the underlying stochas-
tic processes are assumed to be independent and identically distributed (i.i.d.). The
correctness of the derived theoretical results is validated with the help of simula-
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Figure 2.1: The propagation scenario behind K-parallel dual-hop relay fading chan-
nels.

tions. In this work, the underlying uncorrelated Gaussian noise processes making
up the overall K-parallel dual-hop relay channel are simulated using the sum-of-
sinusoids (SOS) principle [89, 90]. According to the SOS principle, a stochastic
Gaussian process results as a consequence of the superposition of an infinite num-
ber of weighted harmonic functions. These harmonic functions are defined with
the help of constant gains, constant frequencies, and random phases. The motiva-
tion to select an SOS-based channel simulator is that such simulators are widely
acknowledged to be simple and efficient for simulating mobile radio fading chan-
nels under isotropic scattering conditions [61]. In addition, the concept of SOS has
found its application in the design of channel simulators for temporally correlated
frequency-nonselective channels [35, 61], frequency-selective channels [91, 92],
and space-selective channels [22, 28, 36, 93]. However, in order to reproduce the
desired channel characteristics in simulations, a careful selection of the simulator
parameters (i.e., gains, frequencies, and phases) is essential. For this reason, several
methods for an accurate computation of the model parameters of SOS simulators
have been developed [91, 92, 94, 95, 96, 97]. One such method for the parame-
ter computation, which is referred to as the generalized method of exact Doppler
spread (GMEDS1) [98], has been employed in this work. Using the GMEDS1, it
is possible to generate theoretically an unlimited number of uncorrelated Gaussian
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waveforms without increasing the complexity of the channel simulator. The results
presented in Papers II and III show a good fitting of the analytical and simulation
results.

It can be concluded from this study that there is no significant increase in the
mean value of K-parallel dual-hop relay channels, while keeping the variances of
the underlying stochastic processes as well as the relay gains constant and increas-
ing the number of mobile relays K in the network. On the contrary, increasing the
relay gains increases both the mean value and standard deviation of K-parallel dual-
hop relay channels. Similarly, the LCR as well as the ADF of K-parallel dual-hop
relay channels is influenced by the number of the mobile relays considered, relay
gains, and maximum Doppler frequencies caused by the motion of K mobile relays.
For example, keeping the relay gains and the maximum Doppler frequencies asso-
ciated with K mobile relays constant, the LCR decreases with the increase in the
number K of mobile relays in the network. An increase in either the relay gains or
the maximum Doppler frequencies, however, increases the LCR.

The work presented in Papers II and III does not completely take advantage
of the concept of diversity. Here, signals reaching the destination mobile stations
from K fading branches are linearly combined together. However, co-phasing is not
applied on the branch signals before combining. Without co-phasing, the branch
signals would not add up coherently. Thus, the resulting signal can still show signs
of fading as a consequence of constructive and destructive superposition of the sig-
nals from K different branches [99]. This shortcoming of K-parallel dual-hop relay
channel models is removed by deploying EGC at the destination mobile station in
the following section.

2.4 Statistical Analysis of EGC over Multiple Double
Rayleigh Fading Channels

In the final remarks of Section 2.3, it was brought to our attention that K-parallel
dual-hop relay channel models do not entirely exploit the concept of diversity. It
is nevertheless, absolutely necessary to make the most of the K-parallel dual-hop
relay links in order to attain an improved systems performance. Therefore, for our
study in Paper IV, we take a multi-relay M2M cooperative system, where EGC is
deployed at the destination mobile station. In this section, we go over the analysis
procedure followed in Paper IV along with the main contributions of this paper. Pa-
per IV is included in full in Appendix E [100] of this dissertation.

In Paper IV, a multi-relay dual-hop amplify-and-forward relay configuration has
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been taken into account. The selected system operates on amplify-and-forward re-
lay protocols based on time-division multiple-access (TDMA) [8, 101], where the
operational mode of all the mobile stations is half-duplex. It is further assumed that
K mobile relays are arranged in parallel between the source mobile station and the
destination mobile station. Since the direct link from the source mobile station to
the destination mobile station is obstructed, the considered configuration gives rise
to K diversity branches. Thus, the signals from these K diversity branches can be
combined at the destination mobile station using EGC. For ease in understanding
the considered propagation scenario, Fig. 2.2 has been included.
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Figure 2.2: The propagation scenario behind dual-hop multi-relay NLOS M2M
fading channels.

We intend to derive and analyze the statistical properties of EGC over NLOS
M2M fading channels in cooperative networks in Paper IV. Although, the PDF can
widely describe a fading channel, the LCR and the ADF, on the other hand, provide
vital information about how fast the fading channel is changing with time. For this
reason, studies pertaining to the PDF, CDF, LCR, and ADF along with the CF of the
received signal envelope at the output of the equal gain (EG) combiner are included
in this article. The output signal of the EG combiner is modeled as a sum of K
i.i.d. double Rayleigh processes. It has been illustrated that the computation of the
PDF of the sum of K double Rayleigh processes is rather intractable when it comes
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to the evaluation of the inverse Fourier transform of the CF. An alternate approach
is to approximate the target PDF either by another but a simpler expression or by
a series. Depending upon the purpose for which the approximated PDF has to be
used, several methods of approximation have been proposed so far such as Gaussian
approximation, moment matching, Pearson type distribution fitting, approximation
using orthogonal series expansion etc. [102, 103, 104, 105].

The approximation approach using orthogonal series expansion has been ex-
ploited in Paper IV. From various options of such series, like, e.g., the Edgeworth
series [103], the Gram-Charlier series [103], the Laguerre series [103], etc., we
proceed in our analysis using the Laguerre series expansion. The Laguerre series
provides a good approximation for PDFs that are unimodal (i.e., having single max-
imum) with fast decaying tails and positive defined random variables. Furthermore,
the Laguerre series is often used when the first term of the series provides a good
enough statistical accuracy [103]. It turns out that the first term in the Laguerre
series equals the gamma distribution. This enables us to show that the PDF of
the sum of K double Rayleigh processes can be well approximated by the gamma
distribution. Besides, the gamma distribution has demonstrated the potential to ap-
proximate other distributions with reasonable accuracy, including the lognormal
distribution [106] and the generalized-K distribution [107]. Exploiting the proper-
ties of the gamma distribution, closed-form approximations are presented for the
CDF, LCR, and ADF of the sum process. Furthermore, the close fitting of the ap-
proximated theoretical results with those of the exact simulation results shows that
the approximation approach followed here is valid. Here, the simulations results
are generated with the help of an SOS-based channel simulator [89, 90]. In order to
ensure that the simulated waveforms possess the desired characteristics, the param-
eters of the channel simulator are computed by using GMEDS1.

This study includes a discussion regarding the influence of the number of diver-
sity branches K on the statistical properties of the received signal envelope at the
output of the EG combiner. The presented results show that for K = 1 and unity
relay gain, the approximated PDF maps to the double Rayleigh distribution, con-
firming that our approximation is valid. In addition, the PDF of the sum process
tends to a Gaussian distribution if K increases. This observation is in accordance
with the central limit theorem (CLT) [108]. Another important result is that for
K = 1 and unity relay gain, our proposed solution for the LCR of the sum process
provides us with a very close approximation to the exact LCR of a double Rayleigh
distributed process given in [66]. Additionally, increasing K while keeping the re-
lay gain constant, decreases the LCR at both lower and higher signal levels. Lastly,
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the analysis of the obtained ADF reveals that keeping the relay gain constant and
increasing K result in an increase of the ADF at higher signal levels, whereas it
decreases at low signal levels.

With the intention to demonstrate the usefulness of this work, a BEP analysis of
M-ary phase shift keying (PSK) modulation schemes over M2M fading channels un-
der NLOS conditions with EGC in cooperative networks is reviewed in Section 5.2.

2.5 Chapter Summary and Conclusion

M2M cooperative communication systems aim to exploit the benefits of both M2M
and cooperative communications. However, to cope with the problems faced within
the development and performance investigation of these future communication sys-
tems, a solid knowledge of the underlying multipath fading channel characteristics
is essential. For this reason, the current chapter was dedicated to model and analyze
narrowband M2M fading channels in cooperative networks under NLOS propaga-
tion conditions. It is worth remembering that the topics covered in this chapter
are not straightforwardly related. This chapter talked about both geometry-based
and non-geometrical channel models. Furthermore, statistical characterization of
MIMO M2M fading channels as well as M2M channels with and without diversity
was addressed.

The chapter began with highlighting the need for proper MIMO M2M fading
channel models. It was then illustrated that there is not a single M2M channel model
for cooperative networks available in the literature, which assumes multiple anten-
nas on the source mobile station, the destination mobile station or the mobile relays.
These reasons provided us with a strong argument to propose a new geometry-based
model for MIMO M2M channels in relay-based systems. The idea was to model
the scattering environment around the source mobile station, the mobile relay, and
the destination mobile station by a geometrical three-ring scattering model. The
geometrical three-ring-based model is the topic of Paper I (Appendix B). The main
contributions of the paper were, however, detailed in this chapter.

The chapter proceeds by bringing attention to the significance of evaluating the
PDF, LCR, and ADF of fading channels. Motivated by this discussion, the key
results for the aforementioned statistical quantities associated with K-parallel dual-
hop fading channels were then conferred. These results were originally reported in
Papers II and III (Appendices C and D). Afterwards, necessary background infor-
mation was provided in the current chapter to conclude that investigations pertaining
to the statistical properties of any type of diversity combining over M2M channels
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in cooperative networks calls for further work. The chapter ends by summarizing
the work presented in Paper IV (Appendix E), where the statistics of M2M fading
channels with EGC under NLOS propagation conditions were evaluated.



Chapter 3

Statistical Modeling and Analysis of
Narrowband M2M Fading Channels
Under LOS Propagation Conditions

3.1 Introduction

Chapter 2 convincingly introduced the topic of channel modeling by addressing the
needs, advantages, and utilization of channel models. A variety of models inclu-
sive of the geometrical and non-geometrical models were proposed for narrowband
M2M fading channels under NLOS conditions in cooperative networks. In con-
trast, Chapter 3 accentuates the modeling and analysis of narrowband M2M fading
channels with LOS components in relay-based cooperative networks. The drive be-
hind modeling M2M channels with LOS components is the flexibility such models
provide to cater for asymmetric channel conditions associated with many practical
propagation scenarios. Besides, LOS fading channel models easily reduce to those
models that correspond to NLOS propagation conditions.

M2M fading channels in cooperative networks can be modeled as a sum of mul-
tiplicative fading channels. This sum of multiplicative fading channels is also called
the multiple scattering radio propagation channel [109]. In a multiple scattering ra-
dio propagation environment, the received signal is composed of single, double, and
in general multiple scattered components [109]. The multiple scattering concept
provides a good starting point for modeling the signal envelope fluctuations of vari-
ous types of M2M channels, so that their statistical properties are in agreement with
measurement data [67, 68, 109]. In a single-relay dual-hop amplify-and-forward
system, where the direct link from the source mobile station to the destination mo-
bile station is obstructed, the multiple scattering results in double scattering. The

23
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distribution of the received signal envelope at destination mobile station follows
the double Rayleigh distribution under NLOS propagation conditions [66, 68]. In
amplify-and-forward relay systems, profiting from cooperative diversity schemes
require an extension of the double Rayleigh channel model by adding a direct link
from the source mobile station to the destination mobile station. The newly added
direct link between the source mobile station and the destination mobile station
having no LOS component, is modeled as a zero-mean complex Gaussian process.
The resulting channel, obtained by combining the direct link from the source mo-
bile station to the destination mobile station and the link via the mobile relay is
named as the NLOS second-order scattering (NLSS) channel model. The signal
received after traversing through NLSS channels is composed of a sum of a single
and a double scattered component [110, 111]. Extensions of NLSS channel models
when a significant LOS component is only present in the direct link from the source
mobile station to the destination mobile station results in single-LOS second-order
scattering (SLSS) channels [110, 111]. In this case, the direct link is modeled as
a non-zero-mean complex Gaussian process. It is worth indicating that even for a
single-relay dual-hop configuration, SLSS channel models do not accommodate for
all possible and unbalanced propagation conditions. This implies that there is still
room for further research.

Statistical analysis in terms of the PDF, CDF, LCR, and ADF of double Rayleigh
channels can be found in [66], whereas the distributions associated with the enve-
lope of NLSS and SLSS channels are given in [110, 111]. The authors of [70] have
studied the LCR and ADF of Rice channels in multi-hop multi-relay cooperative
systems. Very few results pertaining to the statistics of Rice channels with SC,
EGC, and MRC have been reported in [112, 113].

The lack of proper channel models describing the fading statistics of M2M chan-
nels with LOS components in cooperative networks has led to the work presented in
this chapter. Statistical characterization of M2M fading channels under LOS propa-
gation conditions in several different amplify-and-forward relay systems is covered
in this chapter. The studied systems range from very simple configurations, such as,
a single-relay dual-hop arrangement with no direct link between the source mobile
station and the destination mobile station, to quite demanding situations, i.e., dual-
hop multi-relay configuration in which a direct link is also available.

The remaining part of the chapter is organized as follows: Section 3.2 addresses
the statistical modeling and analysis of double Rice channels. An extension of dou-
ble Rayleigh channels to SLDS channels is discussed in Section 3.3. In Section 3.4,
a summary of interesting results pertaining to the statistics of MLSS channels is
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presented. The statistical analysis of EGC over M2M fading channels with LOS
components is dealt with in Section 3.5. Finally, Section 3.6 presents the chapter
summary.

3.2 Statistical Modeling and Analysis of Double Rice
Channels

Statistical modeling and analysis of M2M fading channels under NLOS propagation
conditions is addressed in detail in Papers I – IV (Appendices B – E). The NLOS
M2M fading channel models proposed in Papers I – IV are not flexible enough to
comply with the asymmetric channel conditions in many practical propagation sce-
narios. However, this flexibility is available in LOS M2M channel models. Ergo,
Paper V aims at the statistical characterization and analysis of M2M fading channel
under LOS propagation conditions. A summery of Paper V is given in this section,
whereas the paper is available in Appendix F [114] of this dissertation.

Paper V presents the very first problem that was solved during the course of this
PhD dissertation. Therefore, in this paper, a very simple amplify-and-forward relay
fading channel is considered. This channel is in fact a concatenation of either F2M
[74] and M2M channels [33] or M2F [74] and F2M channels. This kind of relay
fading channel was first proposed in [66]. However, the novelty in our approach
is that we have modeled the relay fading channel taking into account LOS prop-
agation conditions. Accommodating LOS components in relay links allows us to
model the overall fading channel from Tx to Rx via the relay (R) as the product of
two non-zero-mean complex Gaussian processes. Thus, the envelope of the overall
fading channel follows the double Rice distribution. Two typical communication
scenarios, where double Rice fading comes into play, are discussed in Paper V. In
one scenario, the overall Tx–R–Rx link corresponds to the downlink from the base
station (BS) to the destination mobile station (MS) via a mobile relay (MR). The di-
rect link between the BS and the MS is assumed to be blocked or can be neglected
due to high path loss. See Fig. 3.1 for a better understanding of the propagation
scenario. Since an MR is considered in the system, the channel from the BS to the
MR is analogous to the F2M fading channel, whereas from the MR to the MS, it
is an M2M fading channel. However, in the second scenario, as shown in Fig. 3.2,
the Tx–R and R–Rx links correspond to the uplink from the MS to the BS and the
downlink from the BS to another MS, respectively. It is assumed that the direct link
between the two MSs is obstructed. Since the BS is considered to be a stationary
relay, it can be seen that the overall relay fading channel from the first MS to the
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second MS via the BS is a concatenation of M2F and F2M fading channels.
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Figure 3.1: Scenario 1 – The overall mobile fading channel as a result of a concate-
nation of fixed-to-mobile and mobile-to-mobile fading channels.
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Figure 3.2: Scenario 2 – The overall mobile fading channel as a result of a concate-
nation of mobile-to-fixed and fixed-to-mobile fading channels.
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In Paper V, we are interested in attaining a deep understanding of double Rice
fading channels’ statistics. For this reason, exact analytical expressions for the mean
value, variance, envelope PDF, phase PDF, LCR, and ADF of double Rice channels
are derived and thoroughly analyzed. The derived analytical expressions hold for
the two types of double Rice fading scenarios described earlier. Additionally, they
can easily be reduced to those of double Rayleigh channels by setting the ampli-
tudes of LOS components in the expressions to zero. All numerical solutions of the
integral expressions for the PDFs (envelope and phase), the LCR, and the ADF are
verified by simulations. A high-performance channel simulator has been employed
to obtain the simulation results. This channel simulator operates on the SOS con-
cept [89, 90] to simulate the uncorrelated Gaussian noise processes making up the
overall double Rice process. The parameters of the simulation model are designed
using the GMEDS1 [115].

In Paper V, the statistical properties of double Rice channels are compared with
those of classical Rayleigh, classical Rice, and double Rayleigh channels. The pre-
sented results provide sufficient evidence to conclude that the statistics of double
Rice channels are quite different from any of the other mentioned channels. It has
been illustrated that the variance of the envelope PDF increases with increasing
amplitudes of LOS components, whereas it decreases in case of the phase PDF.
Studying the LCR at low levels reveals that keeping the Doppler frequencies of the
LOS components constant, the LCR of double Rice channels with higher amplitudes
of the LOS components is lower as compared to that with lower LOS amplitudes.
However, at high signal levels, the LCR increases with the increase in amplitudes of
the LOS components. Furthermore, keeping the amplitudes of the LOS components
constant results in an increase in the LCR for all signal levels when the Doppler fre-
quencies of the LOS components are increased. Discussions on the influence of the
amplitudes and Doppler frequencies of the LOS components on the ADF of dou-
ble Rice channels have been included in Paper V. This work can be utilized with
ease in conducting the link-level performance analysis of communication systems
in double Rice fading channels.

3.3 Statistical Modeling and Analysis of SLDS
Channels

Paper V throws light on a channel model, classified as the double Rice model
for M2M fading channels, assuming LOS conditions in the transmission links of
amplify-and-forward relay type systems. Double Rice channel models are devel-
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oped based on the assumption that the direct Tx-Rx link is blocked. This is, how-
ever, not always the case in real-world M2M cooperative communication systems.
For this reason, in Paper VI, another LOS M2M fading channel model is proposed,
which takes into account this direct Tx-Rx link. It is, nonetheless, assumed that
the LOS component exists only in the direct link between the source mobile station
and the destination mobile station. This model is referred to as the SLDS chan-
nel model. Paper VI is an extension of [116] to form a journal article. In order to
cope with the demands of quality as well as comprehensiveness put on journal ar-
ticles, Paper VI includes further explanations and improved figures to demonstrate
the statistics of SLDS channels. This section presents a brief summary of Paper VI
that can be found in full in Appendix G [117].

In Paper VI, a single-relay amplify-and-forward relay type cooperative system
is studied. Meaning thereby, the considered system consists of a source mobile sta-
tion, a destination mobile station, and a mobile relay. The transmission link from
the source mobile station to the mobile relay and that from the mobile relay to the
destination mobile station assumes NLOS propagation conditions. Therefore, the
overall M2M fading channel between the source mobile station and the destina-
tion mobile station via the mobile relay is modeled as a zero-mean complex double
Gaussian channel. The existence of an LOS component in the direct link from the
source mobile station to the destination mobile station, makes the propagation sce-
nario different from that behind double Rayleigh and double Rice channels. The
corresponding overall M2M fading channel at the destination mobile station is then
modeled as the superposition of a deterministic LOS component and the zero-mean
complex double Gaussian channel. Such M2M channels are named as SLDS fading
channels. Figure 3.3 illustrates the propagation scenario behind SLDS channels.

Statistical properties of SLDS fading channels are thoroughly investigated here.
Analytical expressions for the mean value, variance, PDFs, LCR, and ADF of SLDS
channels are derived. The derived expressions are verified using numerical tech-
niques in simulations. An SOS-based channel simulator [89, 90] has been utilized
to simulate the uncorrelated Gaussian noise processes making up the overall SLDS
process. The required simulation model parameters are obtained with the help of
the GMEDS1 [115]. The close fitting of the presented theoretical and the simulation
results validates the correctness of our analytical expressions. It has been shown
that the properties of SLDS processes are quite different from classical Rayleigh,
classical Rice, double Rayleigh, and double Rice processes. For example, the PDF
of SDLS processes approaches the symmetrical Laplace distribution when the am-
plitude of the LOS component increases. Furthermore, for a particular value of
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Figure 3.3: The propagation scenario behind SLDS fading channels.

the amplitude of the LOS component, the spread of the PDF of SLDS processes
follows the same trend as that of classical Rayleigh and classical Rice processes.
However, the PDF of SLDS processes has a narrower spread as compared to the
spread of double Rice processes. With the increasing values of the amplitude of the
LOS component, the PDF of the phase process associated with SLDS processes ac-
quires a higher maximum value and narrow spread. A detailed analysis of the LCR
of SLDS processes unveils that at low signal levels, the LCR decreases when the
amplitude of the LOS component increases. However, the LCR of SLDS processes
increases with increasing amplitudes of the LOS component at low signal levels,
when compared with the LCR of double Rice processes. At medium and high sig-
nal levels, the LCR of SLDS processes is always lower than that of double Rice
processes for the same value of the amplitude of the LOS component. The ADF of
SLDS processes shows a behavior opposite to the LCR of SLDS processes. It has
also been illustrated in Paper VI that SLDS processes reduce to double Rayleigh
processes in the absence of the LOS component.

The drawback of SLDS channel models is that they cannot be justified phys-
ically. The reason is that the scattered component of the direct link between the
source mobile station and the destination mobile station is ignored while modeling
the M2M fading channels. This shortcoming of SLDS channel models is removed
by introducing MLSS channel models in the next section.
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3.4 Statistical Modeling and Analysis of MLSS
Channels

Section 3.3, summarizing Paper VI (Appendix G), was concluded on the remark
that the physical justification of SLDS channel models is not possible. This lim-
itation of SLDS channel models motivated us to develop flexible channel models
for realistic and more practical M2M communication scenarios. One such attempt
is presented in [118] and [119], where MLSS channel models are proposed. It is
assumed that in addition to the scattered components in the direct link between the
source mobile station and the destination mobile station as well as in the links via
the mobile relay, LOS components exist in all the transmission links. The findings
of [118] and [119] are combined together, along with detailed explanations to jus-
tify our assumptions, better figures, and additional proofs, to form a journal article,
i.e., Paper VII. A short overview of Paper VII is given in this section, where this
paper is present in Appendix H [120] of this dissertation.

Taking into consideration the limitations on the physical implementation of the
mobile stations, i.e., the source mobile station, the mobile relay, and the destination
mobile station in an amplify-and-forward relay communication system, the men-
tioned mobile stations mostly operate in half-duplex. This means that the mobile
stations cannot transmit and receive a signal in the same frequency band at the
same time. Here, it is assumed that the source mobile station continuously com-
municates with the destination mobile station, i.e., the signal transmitted by the
source mobile station in each time slot is received by the destination mobile sta-
tion. The mobile relay however, receives a signal from the source mobile station
in the first time slot and re-transmits it to the source mobile station in the second
time slot [8, 101, 121]. For this communication scenario, a proposition for a new
flexible M2M amplify-and-forward relay fading channel model under LOS condi-
tions is made in Paper VII. The novelty in the model is that we are considering LOS
components in all the transmission links, i.e., the direct link between the source
mobile station and the destination mobile station as well as the two links via the
mobile relay (see Fig. 3.4). Thus, by analogy to multiple scattering radio propaga-
tion channels [109], we have introduced a new narrowband M2M channel referred
to as the MLSS fading channel. These channels belong to the class of second-order
scattering channels, where the received signal is modeled in the complex baseband
as a sum of a single and double scattered component. The flexibility of the MLSS
channel model comes from the fact that it includes several other channel models as
special cases, e.g., double Rayleigh, double Rice, SLDS, NLSS, and SLSS chan-
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nel models. Furthermore, the MLSS channel model is general enough to cater for
asymmetric channel conditions in the transmission links.

Mobile relay

Destination

mobile station

Source

mobile station

Scattered Component 

+ LOS component 

Figure 3.4: The propagation scenario behind MLSS fading channels.

Paper VII presents an insightful analysis pertaining to the statistical behavior of
MLSS channels. Analytical expressions for the most important statistical properties
like the mean, variance, PDF, CDF, LCR, and ADF of MLSS fading channels along
with the PDF of the corresponding phase process are derived. The theory is verified
for many different propagation scenarios and the presented results show a good fit
between the analytical and the simulation results. The concept of SOS [89, 90] was
exploited to simulate the underlying uncorrelated Gaussian noise processes of the
overall MLSS process. In this work, the GMEDS1 [115] has been employed for
the computation of the simulation model parameters. In addition, the obtained re-
sults illustrate that the statistics of MLSS fading channels corresponding to various
propagation scenarios vary in a wide range. This in turn leads to the fact that the
proposed model is highly flexible, since we expect that its statistics can be fitted to
measurement data.

It has been shown that under certain assumptions, the derived analytical expres-
sions for the PDF, CDF, and LCR of MLSS processes reduce to the corresponding
expressions of double Rayleigh, double Rice, SLDS, NLSS, and SLSS processes. A
quantitative analysis is imperative to show how the channel and system parameters
such as the relay gain, the amplitudes as well as the Doppler frequencies of LOS
components, etc. affect the statistics of the channel and to what extent. Thus, clas-
sifying the studied fading channels as NLOS M2M channels (i.e., double Rayleigh
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and NLSS channels) and LOS M2M channels (i.e., double Rice, SLDS, SLSS, and
MLSS channels), we can conclude that LOS M2M channels have higher mean val-
ues and variances compared NLOS M2M channels. Furthermore, the fading behav-
ior of LOS M2M channels can be described by a higher LCR at higher signal levels
(a lower LCR at lower signal levels) but a lower ADF when compared to that of
NLOS M2M channels. The relay gain influences the statistics of both NLOS and
LOS M2M fading channels in the same way, i.e., increasing the relay gain increases
the mean value, variance, and LCR of M2M fading channels. An increase in the
relay gain, on the other hand, decreases the ADF of the channels under discussion.

Although, the problems pertaining to the protocol level and system level imple-
mentation of amplify-and-forward relay networks are out of scope of the current
paper, our novel M2M channel model is useful for the system level performance
evaluation of M2M communication systems in different M2M propagation scenar-
ios. Furthermore, the theoretical results presented in this paper are beneficial for de-
signers of the physical layer of M2M cooperative wireless networks. Based on our
studies about the dynamics of MLSS fading channels, robust modulation, coding,
and interleaving schemes can be developed and analyzed for M2M communication
systems under LOS and NLOS propagation conditions. The obtained theoretical
results have complicated integral forms, which is inherent in the nature of the prob-
lem. However, that is not a serious drawback since nowadays there are several
efficient ways to solve multi-fold integrals numerically. Modern day computers and
computer softwares such as Matlab can give very accurate numerical results of in-
tegrals. Furthermore, using functions available in Matlab for numerical integration
like e.g., trapz, we managed to evaluate the derived analytical expressions with
high accuracy and precision.

The limitation of MLSS channel models is that they are applicable for single-
relay systems only. However, in practical cooperative systems, more than one relay
can exist. In addition, in Paper VII, the relay gain assumes a constant value that
does not depend on the channel and noise powers in the link from the source mobile
station to the kth mobile relay. In contrast, for all practical purposes the relay gain
is basically a power normalization factor [8]. In the next section, we summarize
papers where we have endeavored to overcome these limitations.
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3.5 Statistical Analysis of EGC over M2M Fading
Channels with LOS Components

Paper VII in Appendix H was a modest attempt towards the development of flexi-
ble channel models for realistic and more practical M2M communication scenarios.
Unfortunately, it was not adequate enough to cater for fading channels in multi-
relay M2M communication systems. Paper IV (Appendix E) dealt with the statisti-
cal analysis of NLOS M2M channels in multi-relay cooperative systems. Therefore,
in Paper VIII (Appendix I [122]), we have made an effort to extend the model dis-
cussed in Paper IV for LOS propagation conditions. However, in both Papers IV
and VIII, it is supposed that the direct transmission link between the source mobile
station and the destination mobile station is obstructed. It is also imperative to stress
here that in order to achieve the optimum performance in a relay-based system, the
selection of the relay gain is of critical importance. This crucial issue remained
unaddressed in Papers IV, VII, and VIII. We have included in Appendix M [123]
of this dissertation Paper XII that eliminates the drawbacks of the work presented
in Paper VII. Moreover, Paper XII is a further extension of Paper VIII to form a
journal article by considering the direct link from the source mobile station to the
destination mobile station is unobstructed. In addition, with respect to the relay
gain, the contribution of Paper XII is the derivation and verification of the optimal
relay gain associated with LOS propagation scenarios. The current section outlines
the statistical analysis covered in Paper XII. The performance analysis of M2M co-
operative communication systems is also the subject of Paper XII, which will be
reviewed in Section 5.3.

In Paper XII, we study a dual-hop amplify-and-forward relay network, where
K mobile relays are connected in parallel between the source mobile station and
the destination mobile station. Furthermore, the direct link from the source mobile
station to the destination mobile station also exists. The propagation scenario is
presented in Fig. 3.5. It is assumed that all mobile stations in the network, i.e., the
source mobile station, the destination mobile station, and the K mobile relays do not
transmit and receive a signal at the same time in the same frequency band. This can
be achieved by using the TDMA-based amplify-and-forward relay protocols pro-
posed in [8, 101]. Thus, the signals from the K + 1 diversity branches in different
time slots can be combined at the destination mobile station using EGC.

Here, we are interested in analyzing the statistical properties of EGC over M2M
fading channels under LOS propagation conditions. In many practical propagation
scenarios, asymmetric fading conditions can be observed in different relay links.
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Figure 3.5: The propagation scenario behind dual-hop multi-relay LOS M2M fad-
ing channels.

Meaning thereby, LOS components can exist in all or just in some few transmis-
sion links between the source mobile station and the destination mobile station via
K mobile relays. Similarly, the LOS component can be present in the direct link
from the source mobile station to the destination mobile station. Thus, in order to
accommodate the direct link along with the unbalanced relay links, the received
signal envelope at the output of the EG combiner is modeled as a sum of a classical
Rice process and K double Rice processes. Furthermore, the classical Rice process
and double Rice processes are independent. Besides, these double Rice processes
are independent but not necessarily identically distributed. Utilizing the derived
relay gain in our analysis, the PDF, CDF, LCR, and ADF of the sum process are
thoroughly investigated. The analysis of these statistical quantities gives us a com-
plete picture of the fading channel, since the PDF can well characterize the channel,
and the LCR along with the ADF provide an insight into the fading behavior of
the channel. Exploiting the findings of Paper IV, analytical approximations for the
aforementioned statistical quantities of the sum of a classical Rice process and K
double Rice processes are derived in Paper XII. The correctness of the approximated
analytical results is confirmed by evaluating the statistics of the waveforms gener-
ated by utilizing the SOS method [89, 90]. These simulation results correspond to
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the true (exact) results here. The model parameters of the channel simulator are
found by using the GMEDS1 [115]. The results presented in Paper XII display a
good fit of the approximated analytical and the exact simulated solutions.

This work includes a discussion on the influence of the number K +1 of diver-
sity branches as well as the presence of LOS components in the transmission links
on the statistics of double Rice processes with EGC. It is necessary to keep in mind
that there is also a direct link between the source mobile station and the destination
mobile station, in addition to the links via K mobile relays. Therefore, the total
number of diversity branches available is K +1. Besides, for highlighting the effect
of an LOS component on the statistics of EGC over M2M fading channels, three
propagation scenarios called the full-LOS, the partial-LOS, and the NLOS scenario
are considered. In the full-LOS scenario, we have LOS components in all the trans-
mission links between the source mobile station and the destination mobile station
via K mobile relays. The scenario in which LOS components are present in only
some few relay links from the source mobile station to the destination mobile station
via K mobile relays is referred to as the partial-LOS scenario. When LOS compo-
nents do not exist in any of the transmission links, we have the NLOS scenario.

The presented results demonstrate that for any number K + 1 of diversity
branches, the presence of LOS components increases both the mean value and vari-
ance of the received signal envelope at the output of the EG combiner. Further-
more, considering a single-relay cooperative system, where the direct transmission
link from the source mobile station to the destination mobile station is blocked,
under full-LOS conditions the approximated PDF maps to the double Rice distri-
bution [114], whereas it reduces to the double Rayleigh distribution [68, 66] under
NLOS conditions. It is worth mentioning that as the number of diversity branches
increases, the approximated PDF tends to a Gaussian distribution. This result is
in agreement with the CLT [108]. From the results obtained for the LCR of the
received signal envelope at the output of the EG combiner, we can draw some con-
clusions. For example, LOS components facilitate in decreasing the LCR at low
signal level, for any number of diversity branches. However, at high signal levels,
the presence of LOS components contributes towards its increase. We can further
deduce from these results that by increasing the number of diversity branches, the
LCR can be reduced for lower signal values, whereas it increases for higher sig-
nal values. Finally, the results associated with the ADF clearly indicate that for all
propagation scenarios, i.e., full-LOS, partial-LOS, and NLOS scenarios, increasing
K results in a decrease of the ADF at all signal levels. Moreover, the presence of the
LOS components in all the transmission links lowers the ADF for all signal levels
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and any number of the diversity branches.
The utilization of the results discussed in this section is demonstrated in per-

formance evaluation of M2M cooperative systems. This performance analysis is
documented in the remaining part of Paper XII and Paper XI (Appendix L [124]) in
Section 5.3.

3.6 Chapter Summary and Conclusion

Modeling M2M fading channels with LOS components is more reasonable, since
such models can be reduced to those associated with NLOS propagation condi-
tions with ease. Furthermore, in many practical propagation scenarios, asymmetric
fading conditions can be observed in different relay links in dual-hop amplify-and-
forward relay type cooperative networks. It is not necessary that LOS propagation
conditions are available in all the transmission links. However, LOS M2M models
provide reasonable flexibility to accommodate mixed LOS and NLOS conditions
in different relay links. Therefore, Chapter 3 was devoted to modeling and an-
alyzing narrowband M2M fading channels under LOS propagation conditions in
relay-based cooperative networks.

The chapter began by discussing double Rice fading channels. Double Rice
fading comes into play in single-relay dual-hop cooperative networks, where the
direct transmission between the source mobile station and the destination mobile
station is blocked by obstacles. It was illustrated that under NLOS propagation
conditions, double Rice channels reduce to double Rayleigh channels. In addition,
the differences between the statistical properties of double Rice channels and clas-
sical Rice channels are quite obvious. These results were first presented in Paper V
(Appendix F), however its summary was included in this chapter.

The chapter proceeds with the proposition of another LOS M2M fading model
referred to as the SLDS model for channels in single-relay dual-hop cooperative
networks. This model takes into account an LOS component only in the direct
link between the source mobile station and the destination mobile station, while
it ignores the scattered component of this direct link. Since the scattered compo-
nent of the direct link is ignored while modeling SLDS fading channels, this makes
SLDS channels physically unjustifiable. This work can be found in Papers VI (Ap-
pendix G) in full.

The limitation of SLDS channel models was then removed with the introduc-
tion of MLSS channel models as we further proceeded in the chapter. M2M fading
channels in single-relay dual-hop amplify-and-forward relay type cooperative sys-
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tems are modeled as MLSS channels. For such channels, scattered components in
the direct link between the source mobile station and the destination mobile sta-
tion as well as in the links via the mobile relay are not ignored. In addition, it is
assumed that LOS components exist in all the transmission links. MLSS channel
models are highly flexible, since, they include several other channel models as spe-
cial cases, e.g., double Rayleigh, double Rice, SLDS, NLSS, and SLSS channel
models. It was argued that in practical cooperative systems, more than one relay
can exist. This limits the application of MLSS channel models, which are applica-
ble for single-relay systems only. This chapter gave a brief overview of Paper VII
(Appendix H) that has been included in this dissertation in the context of MLSS
channels.

The chapter ended by summing up the main findings of Papers VIII and XII
(Appendices I and M), where the statistics of M2M fading channels with EGC
under LOS propagation conditions were evaluated. With this study, we managed
to model and analyze M2M fading channels in multi-relay dual-hop cooperative
communication systems.
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Chapter 4

Channel Capacity of M2M Links in
Cooperative Communication Systems

4.1 Introduction

The provision of very high data rates (> 100 Mbps) is a challenging goal for fu-
ture 4G mobile communication systems. In simple words, the aim is to achieve the
maximum possible information transfer rate with minimum probability of error, in
M2M communication links (channels) that are inherently highly dynamic in nature.
This defines what is referred to as the channel capacity. According to Shannon’s
theory, the channel capacity serves as the upper bound to the maximum amount of
information that can be reliably transmitted over a communication channel keeping
the probability of error negligible [125, 126]. Statistical analysis of the channel
capacity of M2M links in cooperative communication systems is the main topic of
Chapter 4.

It is widely acknowledged that to cope with the problems faced within the de-
velopment and performance investigation of these future communication systems, a
solid knowledge of the underlying multipath fading channel characteristics is essen-
tial. It is, nonetheless, gaining recognition that in addition to the knowledge of the
propagation channel characteristics, a sound understanding of the channel capacity
is also indispensable to meet the data rate requirements of future mobile commu-
nication systems. For this reason, researchers are currently devoting their time and
efforts to investigate various aspects of the channel capacity.

From the discussion in previous chapters, we know that M2M fading channels
belong to the class of time-variant multipath propagation and fading channels. Ad-
ditionally, these channels can be well characterized with the help of proper statistical
models. It is therefore imperative to stress that as a consequence of the time-varying
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nature of M2M channels, the channel capacity of such channels, in a general prac-
tice, is a random quantity. The channel capacity can thus also be described by ap-
propriate statistical models. Statistical quantities such as the mean, variance, PDF,
and CDF are adequate to characterize the channel capacity. The LCR and ADF, on
the other hand, serve the purpose of describing the dynamic behavior of the channel
capacity [127]. Recalling the discussions presented in Chapters 2 and 3, we can see
that the statistical quantities mentioned here are exactly those which are important
to get a complete picture of the fading channel.

Since recently, a lot of work can be found in the open literature that addresses
the statistical characterization of the channel capacity of different fading channels
including Rayleigh, Suzuki, Nakagami-lognormal, and Rice-m channels (see, e.g.,
[128, 127, 129, 130, 131, 132, 133, 134, 135] and the references therein). In addi-
tion, the statistical analysis of the channel capacity of MIMO systems with orthog-
onal space-time block code (OSTBC) transmission over Rayleigh and Nakagami-m
channels can be found in [136] and [137], respectively. Studies pertaining to the
capacity of spatially correlated Nakagami-m and Rice MIMO channels are reported
in [133, 138]. In recent works [139, 140], the channel capacity statistics of fading
channels in diversity systems have been analyzed. More specifically, [139] deals
with the capacity analysis of Rayleigh channels with EGC, whereas the evaluation
of the capacity statistics of Nakagami-m channels with EGC as well as MRC is
available in [140]. The authors of [141] have presented in their work the capacity
fades analysis of MIMO M2M Rician fading channels. With the increasing popu-
larity of M2M cooperative communications, researchers are now focusing attention
on exploring the statistics of the channel capacity in such systems as well. For this
reason, the channel capacity statistics of double Rice and double Nakagami-m chan-
nels have thoroughly been investigated in [142, 143]. These works, however, cater
for the channel capacity of SISO channels in single-relay amplify-and-forward net-
works only. To the best of the authors’ knowledge, the analysis of the statistical
properties of the channel capacity of M2M fading channels with diversity combin-
ing in dual-hop multi-relay amplify-and-forward networks is still an open problem
that calls for further work. In addition, the innovative idea of utilizing the LCR
of the channel capacity in cross-layer optimization of network performance over
MIMO wireless channels [144] has motivated us enough to explore the capacity
statistics of M2M channels in cooperative networks.

This chapter discusses the statistical properties of the channel capacity of M2M
channels under NLOS conditions in V2V systems, where EGC is deployed at the
destination mobile station. By using an appropriate relay gain, these results can
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easily be extended for dual-hop multi-relay amplify-and-forward relay networks.
An extension of the capacity analysis carried out for M2M channels under NLOS
conditions to that for M2M channels with LOS components is also possible. Lastly,
this capacity analysis can be employed in solving the cross-layer design and opti-
mization problems related to M2M cooperative communication systems.

This chapter has the following structure. Section 4.2 summarizes important find-
ings pertaining to the capacity statistics of M2M channels with EGC under NLOS
conditions in V2V systems. In Section 4.3, the chapter summary is given.

4.2 Statistical Analysis of the Channel Capacity of
NLOS M2M Relay Links with EGC

The authors of [144] have demonstrated the significance of knowing the channel
capacity statistics. They optimized the network performance by taking advantage
of the LCR of the channel capacity. Inspired by their work, in Paper IX, we eval-
uate the statistical properties of the channel capacity of M2M fading channels un-
der NLOS conditions with EGC. We can, however, not proceed with the statistical
analysis of the channel capacity without the knowledge of the corresponding fad-
ing channel statistics. Papers I – VIII (Appendices B – I) dealt with the statistical
characterization of M2M fading channels for several different propagation scenar-
ios assuming both NLOS and LOS conditions. Therefore, the studies presented in
Papers I – VIII, especially the findings in Paper IV have been utilized in Paper IX.
In this section, we summarize Paper IX that can be found in Appendix J [145].

In Paper IX, a V2V communication system is considered, where the destination
mobile station is equipped with K receive antennas. The signal reaching the des-
tination mobile station through K diversity branches is then combined using EGC.
Since, the double Rayleigh distribution is considered to be the most suitable dis-
tribution to model fading channels under NLOS propagation conditions in V2V
communication systems (see, e.g., [68, 36] and the references therein). Therefore,
the received signal envelope at the output of the EG combiner is modeled as a sum
of K double Rayleigh processes, under the assumption that perfect CSI is available
at the destination mobile station. These double Rayleigh processes are assumed to
be independent but not necessarily identically distributed. Here, we are interested in
analyzing the statistical properties of the channel capacity of double Rayleigh fad-
ing channels with EGC. It is worth highlighting that the statistical analysis of the
channel capacity documented in Paper IX is the first of its kind when it comes to
M2M fading channels with diversity combining. The statistical quantities included
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in our study are the PDF, CDF, LCR, and ADF of the channel capacity. The motiva-
tion to derive an expression for the PDF of the channel capacity lies in the fact that
it allows us to deduce information about the mean channel capacity and the capacity
variance. In addition, to obtain an insight into the temporal variations of the channel
capacity, an analysis of the LCR and ADF of the channel capacity is unavoidable
[127].

The derivation of the expressions for the statistical properties of the channel
capacity requires information about the fading channel characteristics. It has been
illustrated in Paper IV that the PDF of the sum of K double Rayleigh processes can
efficiently be approximated using the Laguerre series expansion [103]. The first
term in the Laguerre series expansion turns out to be the gamma distribution. This
made it possible to show in Paper IV that the PDF of the sum process can be approx-
imated by the gamma distribution. Exploiting the properties of the gamma distribu-
tion, other statistical properties of the sum process can be evaluated. Ergo, given the
analytical expression for the statistical properties of the received signal envelope at
the output of the EG combiner, the theoretical results associated with the statistics
of the channel capacity just involve the transformation of random variables. Conse-
quently, simple and closed-form analytical approximations for the PDF, CDF, LCR,
and ADF of the channel capacity of double Rayleigh fading channels with EGC
have been derived here. It is important to mention that these analytical approxima-
tions are quite general as they can accommodate unbalanced power in the diversity
branches and any number K of the diversity branches. The obtained approximate
analytical results are compared with the exact simulation results. Here, the sim-
ulation results are considered as the true results. This allows us to confirm the
correctness and to study the accuracy of our approximate solution. An SOS-based
channel simulator [61] has been employed to obtain the simulation results. Meaning
thereby, the SOS concept [89, 90] has been exploited to simulate the uncorrelated
Gaussian noise processes making up the received signal envelope at the output of
the EG combiner. The model parameters of the channel simulator are computed by
utilizing the GMEDS1 [115].

In Paper IX, the results demonstrating the influence of the number K of diver-
sity branches on the PDF, CDF, LCR, and ADF of the channel capacity of double
Rayleigh fading channels with EGC are discussed. It has been shown that the mean
channel capacity increases and the capacity variance decreases with an increase in
the value of K. In addition, at low signal levels, the LCR of the channel capacity
decreases as the value of K increases. The LCR however, remains the same at high
signal levels for all values of K. A decrease in the ADF of the channel capacity can
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be observed if the number of diversity branches K increases.
The results presented in this article can be utilized to optimize the spatial di-

versity receivers employed in future V2V MIMO communication systems. Fur-
thermore, the channel capacity analysis discussed for NLOS M2M fading channels
with EGC can easily be extended to cater for LOS propagation conditions. This ex-
tension is, however, quite straightforward and does not involve any new as well as
innovative ideas to reach the final solution. For this reason, we have not compiled
the results related to the channel capacity statistics for LOS M2M fading channels
with EGC to publish a new paper.

4.3 Chapter Summary and Conclusion

The perception that a solid knowledge of the channel capacity is cardinal to meet
the data rate requirements of future communication systems is gradually gaining
acceptance. For this reason, this chapter focused on analyzing the statistical proper-
ties of the channel capacity of M2M links in cooperative communication systems.

The chapter began by providing necessary background information to believe
that studies pertaining to the channel capacity statistics are worth spending time on.
Moreover, the capacity fades analysis can be employed in the cross-layer design and
to provide network performance optimization solutions. The chapter proceeds by
reporting the statistical analysis of the channel capacity of NLOS M2M links with
EGC in cooperative communication systems. Statistical quantities such as the PDF,
CDF, LCR and ADF of the channel capacity are explored in detail. This chapter is,
in short, a summary of the work presented in Paper IX (Appendix J).
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Chapter 5

Performance Analysis of M2M
Cooperative Communication Systems

5.1 Introduction

Chapter 5 aims to assess the performance of M2M cooperative communication sys-
tems under different propagation environments. Special emphasis is given to those
M2M systems where EGC is deployed at the destination mobile station. In order
to fulfill the task at hand, several performance measures such as the statistics of the
instantaneous SNR, average BEP, AOF, and outage probability are discussed here.

The SNR measured at the output of the receiver is usually of interest as it is
thought to be a good indicator of the overall fidelity of the considered communica-
tion system [146]. Furthermore, the PDF of the instantaneous SNR serves as the
basis for the evaluation of the average BEP, AOF, and outage probability in addition
to the channel capacity. In the context of diversity combining over fading channels,
the outage probability and AOF are important performance criteria. The outage
probability is defined as the probability that the output SNR falls below a certain
specified threshold [146], whereas the AOF is a measure to quantify the severity of
fading experienced by a particular channel [147].

Performance analysis of diversity systems operating over multipath fading chan-
nels is a well-explored area. For instance, performance evaluation of EGC along
with MRC in terms of the bit error and outage probability over Rayleigh as well
as Rice fading channels can be found in [148, 149, 150, 151, 152]. Results associ-
ated with the performance analysis of EGC over Nakagami channels and MRC over
η − µ channels are reported in [152, 153] and [154], respectively. Several papers
have been published so far concerning the AOF over multipath fading channels in
diversity systems (see, e.g., [155, 156, 157, 158] and the references therein). During
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the last decade, a large number of researchers devoted their efforts to analyze the
performance of cooperative networks. For example, the performance of dual-hop
amplify-and-forward relay networks has extensively been investigated for differ-
ent types of fading channels in [159, 160, 161, 162, 163, 164, 165, 166, 167, 168,
169, 170, 171, 172, 173]. A performance analysis in terms of the average BEP as
well as the outage probability of single-relay dual-hop configuration over Rayleigh
and generalized-K fading channels is presented in [159, 160, 161] and [163], re-
spectively. Studies pertaining to the asymptotic outage behavior of amplify-and-
forward dual-hop multi-relay systems with Nakagami fading channels are available
in [166], whereas the diversity order is addressed in [170]. The common denomi-
nator in the works [159, 160, 161, 162, 165, 164, 166, 167, 168, 169, 170, 171] is
that they consider MRC at the destination mobile station, where the authors of [171]
have also included in their analysis results when EGC is deployed. Performance re-
lated issues in multi-relay dual-hop non-regenerative relay systems with EGC over
Nakagami-m channels are investigated in [172, 173]. The authors of [174] have
explored the performance of intervehicular cooperative schemes and they proposed
optimum power allocation strategies assuming cascaded Nakagami fading. The per-
formance of several digital modulation schemes over double Nakagami-m channels
with MRC diversity has been studied in [175].

This chapter focuses on analyzing the performance of multi-relay dual-hop
amplify-and-forward cooperative systems with EGC over M2M fading channels
under both NLOS and LOS conditions. As far as we are aware, investigations on
the performance of M2M cooperative systems with EGC under different propaga-
tion environments have not been carried out yet. Thus, a performance analysis in
terms of the statistics of the instantaneous SNR at the output of the EG combiner,
average BEP, AOF, and outage probability is presented in the following.

The remaining part of the chapter is structured as follows: Section 5.2 deals
with the average BEP analysis over multiple double Rayleigh fading channels with
EGC. Section 5.3 summarizes the conclusions that can be drawn after exploring
the performance of cooperative systems with EGC over M2M fading channels with
LOS components. Finally, the chapter summary is given in Section 5.4.

5.2 Performance Analysis of Cooperative Systems
with EGC in NLOS M2M Fading Channels

A number of models for narrowband M2M fading channels under NLOS as well as
LOS propagation conditions are introduced in Papers I – VIII (Appendices B – I).
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In addition, several important statistical properties have thoroughly been investi-
gated. Paper IX (AppendixJ) is dedicated to the analysis of statistics of the channel
capacity. Realizing the necessity of performance assessment in the design and de-
velopment of relay-based cooperative communication systems, in Paper X, we have
drawn our attention towards evaluating the performance of such systems. Here,
the system performance is studied in narrowband, NLOS M2M fading channels
with EGC. However, this performance analysis is not possible without a deep un-
derstanding of how the associated fading channel behaves. Thus, Paper X readily
exploits the results obtained in Paper IV. In this section, we present a brief overview
of Paper X, which is given in Appendix K [176].

In Paper X, we have a dual-hop amplify-and-forward relay type cooperative
network (see Fig. 5.1). It is assumed that K mobile relays are connected in par-
allel between the source mobile station and the destination mobile. Furthermore,
it is supposed that the direct transmission link between the source mobile station
and the destination mobile has been obstructed. Consequently, this kind of config-
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Figure 5.1: The propagation scenario behind dual-hop multi-relay NLOS M2M
fading channels.

uration gives rise to K diversity branches. All the mobile stations in the network,
i.e., the source mobile station, the destination mobile station, and the K mobile re-
lays do not transmit and receive a signal at the same time in the same frequency
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band. An EG combiner is deployed at the destination mobile station in the sys-
tem under consideration. Given that the LOS components in all the relay links
are blocked and perfect CSI is available at the destination mobile station, the re-
ceived signal envelope at the output of the EG combiner is modeled as a sum of K
double Rayleigh processes. It can easily be found in the literature that under NLOS
propagation conditions, the overall M2M fading channel between the source mobile
station and the destination mobile station via kth mobile relay follows the double
Rayleigh distribution [66, 111]. The double Rayleigh processes in the sum process
are independent but not necessarily identically distributed. It is important to note
that in a real amplify-and-forward relay system, the noise component present in the
link between the source mobile station and kth mobile relay is also amplified and
forwarded along with the signal to the destination mobile station. Plus to that, on
its way to the destination mobile station, this noise acquires a contribution from the
fading in the relay link from the kth mobile relay to the destination mobile station.
Thus, the total noise in the kth relay link is a sum of the noise component inherently
present in the transmission link between the kth mobile relay and the destination
mobile (i.e., AWGN) and the noise component that is amplified by the kth mobile
relay and then is forwarded. However, for reasons of simplicity, we have modeled
the total noise in the link from the source mobile station to the destination mobile
station via the kth mobile relay as a zero-mean AWGN process with variance N0/2,
where N0 is the noise power spectral density. Here, the aim is to study the perfor-
mance of M-ary PSK modulation schemes over double Rayleigh fading channels
with EGC assuming K diversity branches (mobile relays). For this reason, the aver-
age BEP is evaluated.

In order to obtain an expression for the average BEP, there is a need to first de-
fine the instantaneous SNR per bit at the output of the EG combiner and then derive
its PDF. The required SNR can be expressed as the ratio of the squared received sig-
nal envelope at the output of the EG combiner and the total received noise. Using
the approximation for the PDF of the received signal envelope at the output of the
EG combiner presented in Paper IV and the concept of transformation of random
variable, the PDF of the required SNR is computed. This approximation of the PDF
of the instantaneous SNR per bit at the output of the EG combiner in turn leads to a
simple approximation for the average BEP.

The derived average BEP approximation for double Rayleigh channels with
EGC is evaluated for the QPSK, 8-PSK, and 16-PSK modulation schemes in Pa-
per X. Furthermore, the average BEP for these modulation schemes is compared
for a different number of diversity branches K. It is quite obvious from the obtained
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results that for all modulation schemes, a remarkable improvement in the diversity
gain can be achieved when the number of diversity branches increases, say e.g.,
from K = 1 to K = 6. For the sake of completeness of our performance analysis, we
have included in our discussion the average BEP results when MRC is deployed at
the destination mobile station.

Although, the average BEP approximation is evaluated for the M-ary PSK mod-
ulation schemes in Paper X, this approximation can easily be employed in eval-
uating other modulation schemes, such as coherent binary frequency shift keying
(BFSK), coherent M-ary amplitude shift keying (MASK), coherent differentially
encoded PSK, coherent π

4 differentially encoded QPSK etc. Moreover, it is possible
to extend the average BEP analysis carried out for M-ary PSK modulation schemes
over double Rayleigh fading channels with EGC in Paper X to the average BEP
analysis over M2M fading channels with EGC and LOS components. The average
BEP along with several other performance measures are discussed in the following
section, in context with LOS M2M fading channels with EGC.

5.3 Performance Analysis of Cooperative Systems
with EGC in LOS M2M Fading Channels

Paper X (Appendix K) analyzes the performance of M-ary PSK over multiple M2M
fading channels with EGC under NLOS propagation conditions. Paper XI in Ap-
pendix L [124] is an extension of Paper X, which evaluates the performance of co-
operative communication systems in M2M fading channels with EGC under LOS
conditions. This system performance analysis over LOS M2M fading channels was
attractive for us since we gained additional degrees of freedom to take into ac-
count several propagation scenarios. It is worth mentioning that the performance
of dual-hop amplify-and-forward relay systems is highly dependent on the appro-
priate selection of the relay gain. Moreover, the assessment of the performance of
such systems, without considering the actual noise component associated with real-
world amplify-and-forward relay systems can lead to incorrect conclusions about
the achievable performance gains. Therefore, Paper XI gives special consideration
to the selection of proper relay gains. Afterwards, these optimum relay gains are
applied to calculate the true noise power in the relay links, which in turn forms the
basis for our performance analysis in Paper XI. The actual noise is modeled as a sum
of the noise component inherently existing in the transmission link between the kth
mobile relay and the destination mobile (i.e., AWGN) and the noise component that
is amplified by the kth mobile relay and then is forwarded. This is in contrast to the
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analysis presented in Paper X. The problem, which still remains in Paper XI is, the
analysis is performed assuming that the direct transmission link between the source
mobile station and the destination mobile station is blocked by obstacles. This calls
for further work in order to move one step ahead towards analyzing M2M coop-
erative communication systems in more practical propagation scenarios. For this
reason, we have included in Appendix M [123] of this dissertation, Paper XII. This
paper is an upgrade of Papers IV and XI to form a journal article. It is considered
that the transmission links between the source mobile station and the destination
mobile station include the direct link along with the links via K mobile relays in
Paper XII. It is further assumed that an LOS component can exist in any of the
transmission links. The presence of K + 1 transmission links each having a scat-
tered component along with an LOS component, the utilization of optimum relay
gains as well as the actual noise component in our analysis, make this work novel.
The part of Paper XII dealing with the statistical analysis of M2M fading channels
with LOS components and EGC has been discussed in Section 3.5. However, this
section details the part of Paper XII pertaining to the performance analysis of M2M
cooperative communication systems in such channels.

Recall from Section 3.5 that in Paper XII, the system under investigation is a
dual-hop amplify-and-forward relay system, where K mobile relays are arranged
in parallel between the source mobile station and the destination mobile station. It
is further assumed that the direct link from the source mobile station to the des-
tination mobile station is not blocked by any obstacles. The propagation scenario
is illustrated in Fig. 5.2. All the mobile stations in the network, i.e., the source
mobile station, the destination mobile station, and the K mobile relays operate in
half-duplex mode. Such a configuration gives rise to K +1 diversity branches. The
signals received from K +1 diversity branches are then combined at the destination
mobile station using EGC to achieve the spatial diversity gain. For quickly re-
freshing further details about the system model as well as the procedures followed
to derive analytical expressions for different statistical properties of M2M fading
channels with LOS components and EGC, we refer the reader to Section 3.5.

As mentioned earlier in Paper XII, a major section is devoted to assess the per-
formance of dual-hop amplify-and-forward relay systems in M2M fading channels
with LOS components and EGC. Several performance measures inclusive of the
statistics of the instantaneous SNR at the output of the EG combiner, AOF, aver-
age BEP, and outage probability are explored in detail. The derivation and analysis
of these performance measures however, specifically require the knowledge of the
PDF of the sum of a classical Rice process and K double Rice processes. It has
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Figure 5.2: The propagation scenario behind dual-hop multi-relay LOS M2M fad-
ing channels.

been illustrated in Paper XII that the PDF of this sum process can efficiently be ap-
proximated with the help of the Laguerre series expansion. The advantage of using
the Laguerre series is that this makes it possible to approximate the PDF of the sum
process by a gamma distribution with reasonable accuracy. The PDF of the instan-
taneous SNR is then obtained using the approximated PDF of the sum process and
a simple transformation of random variables. Given the PDF of the instantaneous
SNR, the computation of the moments of SNR, AOF, the average BEP, and the out-
age probability is rather straightforward.

The accuracy of the derived theoretical approximations is assessed by simula-
tions. The presented results display a good fit between the approximated theoretical
and the exact simulation results confirming the correctness of our approximation.
This work aims to provide vital information about the influence of LOS components
on the overall performance of relay-based cooperative systems in different propa-
gation conditions. For this reason, three propagation scenarios namely full-LOS,
partial-LOS, and NLOS scenarios are considered. The full-LOS scenario corre-
sponds to the situation where LOS components are present in the direct link as well
as all the transmission links between the source mobile station and the destination
mobile station via K mobile relays. In the partial-LOS scenario, we have LOS com-
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ponents only in some few links from the source mobile station to the destination
mobile station via K mobile relays. The absence of LOS components in all the
transmission links leads to the NLOS scenario.

The approximated average BEP over M2M fading channels with EGC under
full-LOS, partial-LOS, and NLOS conditions is evaluated for QPSK, 8-PSK, and
16-PSK modulation schemes in Paper XII. A comparison of the average BEP of
these modulation schemes is shown by taking into account K +1 diversity branches
for each modulation scheme. The obtained results show that for all modulation
schemes, a significant enhancement in the diversity gain in a single-relay system
can be observed with the availability of just one extra transmission link. For exam-
ple, when the direct link from the source mobile station to the destination mobile
station is not blocked by obstacles and a single relay is present in the system, then
at the average BEP of 10−3, it is possible to attain a diversity gain of approximately
21 dB. The illustrated results show a decrease in the outage probability as the num-
ber of diversity branches increases. This is due to EGC deployed at the destination
mobile station and the resulting performance advantage is the diversity gain. It has
also been demonstrated that for K ≥ 10, the dual-hop amplify-and-forward system
with M2M fading channels has a lower error probability than an AWGN channel
with the same SNR. This improved performance is due to the array gain of the EG
combiner. It can also be concluded from the presented results that generally, in a
dual-hop relay system with EGC, the presence of LOS components in the transmis-
sion links improves the systems’ performance.

5.4 Chapter Summary and Conclusion

In the design and development of any new communication system, rigorous eval-
uation of its performance is imperative. This chapter therefore, draws attention
towards analyzing the performance of M2M cooperative communication systems in
different propagation environments.

The chapter began by introducing some important performance measures such
as the instantaneous SNR at the output of a receiver, AOF, average BEP, and out-
age probability. Arguments were included to justify the importance of these per-
formance measures. Motivated by the scarce availability of studies pertaining to
the performance assessment of M2M cooperative systems especially those where
EGC is deployed at the destination mobile station, performance results of signifi-
cant importance were detailed in this chapter. The performance of such systems was
evaluated over M2M fading channels under NLOS propagation conditions. These
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results were originally presented in Paper X (Appendix K). The chapter ends by
summarizing the work reported in Paper XII (Appendix M), where the performance
of dual-hop multi-relay cooperative systems over M2M fading channels with EGC
under LOS propagation conditions was evaluated. As a result, it was concluded that
generally, in a dual-hop relay system with EGC, the presence of LOS components
in the transmission links improves the systems’ performance.
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Chapter 6

Summary of Contributions and
Outlook

6.1 Major Contributions

This dissertation dealt with the exploration of various aspects of M2M coopera-
tive communication systems. The topics covered range from the modeling of M2M
fading channels in relay links under different propagation conditions to the over-
all performance analysis of the system. In the following, the contributions of this
doctoral dissertation are summarized.

• A new geometry-based model for MIMO M2M channels in relay-based sys-
tems was proposed, where the scattering environment around the source mo-
bile station, the mobile relay, and the destination mobile station is modeled
by a geometrical three-ring scattering model.

• A stochastic narrowband MIMO M2M reference channel model and the cor-
responding channel simulation model were derived based on the geometrical
three-ring scattering models. Spatial and temporal correlation functions of
the reference and the simulation model were analyzed for isotropic as well as
non-isotropic scattering scenarios.

• We have extended the double Rayleigh channel model to the double Rice
channel model for M2M fading channels under LOS conditions in single-
relay dual-hop amplify-and-forward relay systems. A profound statistical
analysis of double Rice channels is presented by deriving analytical expres-
sions for their mean, variance, PDFs of the envelope as well as the associated
phase process, CDF, LCR, and ADF.

55
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• The double Rice channel model was further extended to the MLSS model
for M2M fading channels with LOS components in single-relay dual-hop
amplify-and-forward relay systems. Interesting findings pertaining to statis-
tical properties, such as, the mean, variance, PDFs of the envelope as well as
the associated phase process, CDF, LCR, and ADF of MLSS fading channels
were documented.

• In practical cooperative systems, more than one relay can exist. Since MLSS
channel models are developed for single-relay systems only, their application
in practical cooperative systems is limited. For this reason, we modeled M2M
fading channels with EGC under NLOS in multi-relay dual-hop amplify-and-
forward relay systems, as a sum of double Rayleigh processes.

• We demonstrated that the statistical properties, such as the PDF, CDF, LCR,
and ADF of a sum of double Rayleigh processes can be well approximated
by the corresponding statistical quantities of a gamma process.

• In order to accommodate the asymmetric propagation conditions and to have
some flexibility in the model, we studied M2M fading channels with EGC
under LOS in multi-relay dual-hop amplify-and-forward relay systems. Thus,
we extended the sum of double Rayleigh to a sum of double Rice processes.
A further extension was made to cater for the direct transmission link from the
source mobile station to the destination mobile station. The resulting overall
M2M fading channel with LOS components was then modeled as a sum of
classical Rice and multiple double Rice processes.

• In order to meet the data rate requirements of future communication systems,
it is thought that a sound understanding of the channel capacity is indispens-
able. Therefore, we explored the statistical characteristics of the channel ca-
pacity of M2M links under NLOS conditions in cooperative communication
systems. The statistical quantities of interest included the PDF, CDF, LCR,
and ADF of the channel capacity.

• Keeping in view the necessity of performance evaluation in the design and de-
velopment of any new communication system, we analyzed the performance
of M2M cooperative communication systems in different propagation envi-
ronments. The statistics of the instantaneous SNR, average BEP, AOF, and
outage probability are those performance measures which were thoroughly
investigated.
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6.2 Outlook

This dissertation was an attempt to probe into the issues related to the modeling
and analysis of M2M fading channels considering different propagation conditions
in cooperative communication systems. Statistical characterization of the channel
capacity and the performance analysis of the mentioned systems were also included.
However, there are still problems that remain unaddressed. Some few problems are
highlighted in the following.

• The experimental validation of any channel model no doubt gives stronger
grounds to believe that the channel model reliably represents the reality. How-
ever, to the best of our knowledge, real-world measurement data for M2M
fading channels in cooperative networks have never been studied, as no mea-
surements are available. Spending resources to obtain the measurement data
is a good investment if the priority is to guarantee the reliability of the channel
model. The unavailability of measurements restricted us to verify the results
presented here by measurement data.

• Geometrical and non-geometrical channel models for M2M cooperative com-
munication systems were introduced. However, there is a lack of measure-
ment-based channel models for such systems. The design of measurement-
based channel models requires other parameter computation methods, such
as those in [177, 178]. This topic was, nevertheless, beyond the scope of the
current dissertation.

• The entire analysis presented in this dissertation is based on the assump-
tion that the stochastic processes making up M2M fading channels in dif-
ferent propagation scenarios are uncorrelated. Therefore, our analysis can
be extended while taking into account spatially and/ or temporally correlated
MIMO channels.

• We have only discussed narrowband M2M fading channels throughout this
work. Efforts are required to extend our studies to frequency selective M2M
fading channels.

• Although, we managed to provide simple and closed-form analytical expres-
sions for the statistical properties of M2M channels with EGC and their ca-
pacity, these expressions are, nevertheless, just approximations. Therefore,
there is a need of further research to obtain exact, simple, and closed-form
solution.
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• It is known that the performance of dual-hop amplify-and-forward relay sys-
tems is highly dependent on the appropriate selection of the relay gain. We
employed blind and semi-blind relaying with fixed and average relay gain,
respectively, in our studies. CSI-assisted relaying that utilizes variable re-
lay gain has not been explored by us. It is important to investigate the pros
and cons of blind, semi-blind, and CSI-assisted relaying over M2M fading
channels.

• It is available in the literature that the LCR of the channel capacity can be
utilized in cross-layer design and optimization of network performance. We
have derived the LCR of the channel capacity of M2M channels with EGC,
which can be employed in cross-layer design and optimization of cooperative
communication systems.

• M2M cooperative communication systems profit from the principle of adapt-
ability. There is, nonetheless, a need to develop adaptive algorithms for effi-
cient radio resource management (RRM). These RRM algorithms should be
dynamic in nature in order to take advantage of the favorable channel condi-
tions to increase the system’s spectral efficiency (capacity).
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A Geometrical Three-Ring-Based Model for MIMO
Mobile-to-Mobile Fading Channels in

Cooperative Networks

Batool Talha and Matthias Pätzold
Department of Information and Communication Technology

Faculty of Engineering and Science, Agder University College
Servicebox 509, NO-4876 Grimstad, Norway

E-mails: {batool.talha, matthias.paetzold}@uia.no

Abstract — This paper deals with the modeling and analysis of narrowband
multiple-input multiple-output (MIMO) mobile-to-mobile (M2M) fading chan-
nels in relay-based cooperative networks. Non-line-of-sight (NLOS) propaga-
tion conditions are assumed in the transmission links from the source mobile
station to the destination mobile station via the mobile relay. A stochastic nar-
rowband MIMO M2M reference channel model is derived from the geometri-
cal three-ring scattering model, where it is assumed that an infinite number of
local scatterers surround the source mobile station, the mobile relay, and the
destination mobile station. The complex channel gains associated with the new
reference channel model are derived and their temporal as well as spatial cor-
relation properties are explored. General analytical solutions are presented for
the four-dimensional (4-D) space-time cross-correlation function (CCF), the
three-dimensional (3-D) spatial CCF, the two-dimensional (2-D) source (relay,
destination) correlation function (CF), and the temporal autocorrelation func-
tion (ACF). Closed-formed expressions for different CCFs under isotropic as
well as non-isotropic scattering conditions are also provided in this paper. A
stochastic simulation model is then derived from the reference model. It is
shown that the CCFs of the simulation model closely approximate the corre-
sponding CCFs of the reference model. The developed channel simulator is not
only important for the development of future MIMO M2M cooperative com-
munication systems, but also for analyzing the dynamic behavior of the MIMO
M2M channel capacity.

Keywords—Amplify-and-forward relay links, mobile-to-mobile fading chan-
nels, MIMO channels, space-time correlation function.
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I. INTRODUCTION

Recent attempts at combating multipath fading effects along with providing in-
creased mobility support have resulted in the emergence of M2M communica-
tion systems in cooperative networks. The use of cooperative diversity protocols
[6, 21, 22, 13] improves the transmission link quality and the end-to-end system’s
throughput, whereas M2M communication on the other hand, extends the network
range (coverage area). The fundamental idea of operation in cooperative networks
is to allow mobile stations in the network to relay signals to the final destination or
to other mobile stations acting as relays. The development and performance inves-
tigation of such seemingly simple cooperative networks require a thorough under-
standing of the M2M fading channel characteristics. For this reason, there is a need
of simple yet efficient M2M fading channel models, providing us with a detailed
knowledge about the statistical characterization of M2M channels.

The idea of introducing M2M communication in non-cooperative networks can
be traced back to the work of Akki and Haber [4, 3], which deals with the study
of the statistical properties of narrowband single-input single-output (SISO) M2M
fading channels under NLOS propagation conditions. Several papers dealing with
M2M communication in cooperative networks can also be found in the recent lit-
erature [23, 24, 26, 25]. In various studies pertaining to M2M fading channels in
relay-based cooperative networks under NLOS propagation conditions, it has been
shown that a double Rayleigh process is a simple and yet a well-suited statistical
channel model for such channels [8, 15]. The analysis of experimental measurement
data for outdoor-to-indoor M2M fading channels presented in [12] verifies the exis-
tence of double Rayleigh processes in real-world environments. The authors of [23]
have extended the double Rayleigh channel model to the double Rice channel model
for LOS propagation environments. Furthermore, several other realistic M2M fad-
ing channel models based on the multiple scattering concept [5] are available in
the literature for both NLOS and LOS propagation environments [20, 26, 25]. The
M2M fading channel models for relay-based cooperative networks developed so far
are for narrowband SISO fading channels. Meaning thereby, the source mobile sta-
tion, the mobile relay, and the destination mobile station are equipped with only one
antenna. However, it is a well-established fact that the gains in terms of channel ca-
pacity are larger for MIMO channels as compared to SISO channels [9, 28]. Thus,
there is a need to extend SISO M2M fading channel models to MIMO M2M fading
channel models to enable the investigations of the channel capacity and the system
performance of cooperative networks with multiple antenna models.

Another area that requires further attention is the development of simulation
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models for MIMO M2M fading channels in cooperative networks. Some tech-
niques for simulating narrowband SISO M2M fading channels in non-cooperative
networks have been proposed in [14]. Various studies have revealed that geomet-
rical channel models are a good starting point for deriving simulation models for
MIMO channels. Based on the geometrical two-ring channel models for MIMO
fixed-to-mobile (F2M) and/or fixed-to-fixed (F2F) channels [7, 27], the authors of
[19] proposed reference and simulation models for narrowband MIMO M2M fad-
ing channels in non-cooperative networks. Extensions of MIMO M2M reference
and simulation models under LOS propagation conditions have been reported in
[29]. In addition to 2-D channel models, 3-D MIMO M2M channel models based
on geometrical cylinders can be found in [30]. However, to the best of the authors’
knowledge, geometrical channel models for MIMO M2M communication systems
in cooperative networks are an unexplored area. This in turn results in a lack of
proper reference and simulation models derived from such geometrical models for
MIMO M2M fading channels.

Motivated by need for proper MIMO M2M fading channel models, we are ad-
dressing in this paper modeling and simulation approaches for such channels in
amplify-and-forward relay type cooperative networks. We propose a new refer-
ence model for MIMO M2M fading channels in cooperative networks and explore
its temporal as well as spatial correlation properties. The scattering environment
around the source mobile station, the mobile relay, and the destination mobile sta-
tion is modeled by a geometrical three-ring scattering model. The proposed ge-
ometrical three-ring scattering model is an extension of the geometrical two-ring
scattering model presented in [19], where the source mobile station and the destina-
tion mobile station are surrounded by rings of scatterers. However, in the proposed
extension of the two-ring model to the three-ring model, we have a separate ring
of scatterers around the mobile relay along with a ring each around the source mo-
bile station and the destination mobile station. The reference model is proposed for
MIMO M2M fading channels under NLOS propagation conditions. Furthermore, it
is assumed that the direct transmission link between the source mobile station and
the destination mobile station is blocked by obstacles. We also derive a stochastic
simulation model from the developed reference model. Finally, we discuss isotropic
and non-isotropic scattering scenarios and present closed-form expressions for the
correlation functions of the reference model and the simulation model.

This article has the following structure: Section II introduces briefly the geomet-
rical three-ring scattering model describing the transmission link from the source
mobile station to the destination mobile station via the mobile relay. Based on
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the geometrical three-ring scattering model, we develop the reference model for
MIMO M2M fading channels and study its correlation properties in Section III. In
Section IV, we derive the stochastic simulation model from the developed reference
model. Section V deals with the derivation of closed-form expressions for the cor-
relation functions describing the reference model under isotropic and non-isotropic
scattering conditions. Section VI shows the accuracy of the stochastic simulation
model by comparing its statistical properties with those of the reference model. In
this section, we also confirm the validity of the closed-form expressions presented
in Section V. Finally, concluding remarks are given in Section VII.

II. THE GEOMETRICAL THREE-RING MODEL

In this section, we extend the geometrical two-ring scattering model proposed in
[19] to a geometrical three-ring scattering model for narrowband MIMO M2M fad-
ing channels in amplify-and-forward relay type cooperative networks. For ease of
analysis, we have considered an elementary 2×2×2 antenna configuration, mean-
ing thereby, the source mobile station, the mobile relay, and the destination mobile
station are equipped with two antennas each. For simplicity, we have considered
non-line-of-sight (NLOS) propagation conditions in all the transmission links. It
is further assumed that there is no direct transmission link from the source mobile
station to the destination mobile station.

Due to high path loss, the contribution of signal power from remote scatterers to
the total received power is usually negligible. Therefore, in the proposed three-ring
scattering model, we have only assumed local scattering. A total number of M local
scatterers, i.e., S(m)

S (m = 1,2, ...,M) are positioned on a ring of radius RS around the
source mobile station, whereas N local scatterers S(n)

D (n = 1,2, ...,N) lie around the
destination mobile station on a separate ring of radius RD. Furthermore, the local
scatterers S(k)

R (k = 1,2, ...,K) and S(l)
R (l = 1,2, ...,L) are located on a third ring of

radius RR around the mobile relay. The number of local scatterers around the mobile
relay is K = L. It should be pointed out here that S(k)

R = S(l)
R for k = l. Throughout

this paper, the subscripts S, R, and D represent the source mobile station, the mobile
relay, and the destination mobile station. As can be seen from Fig. B.1, the sym-
bol φ (m)

S denotes the angle of departure (AOD) of the mth transmitted wave seen
at the source mobile station, whereas φ (n)

D represents the angle of arrival (AOA) of
the nth received wave at the destination mobile station. Furthermore, the symbols
φ (k)

S-R and φ (l)
R-D correspond to the AOA of the kth received wave and the AOD of the

lth transmitted wave at the mobile relay, respectively. The mobile relay is posi-
tioned at a distance DS-R and an angle γS with respect to the source mobile station.
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While the location of the mobile relay seen from the destination mobile station can
be specified by the distance DR-D and the angle γD. Furthermore, the source mobile
station and the destination mobile station are a distance DS-D apart from each other.
It is assumed that the inequalities max{RS,RR} ¿ DS-R, max{RR,RD} ¿ DR-D, and
max{RS,RD}¿ DS-D hold. The inter-element spacings at the source mobile station,
the mobile relay, and the destination mobile station antenna arrays are labeled as δS,
δR, and δD, respectively, where it is assumed that these quantities are smaller than
the radii RS, RR, and RD, i.e., max{δS,δR,δD} ¿ min{RS,RR,RD}. With respect to
the x-axis, the symbols βS, βR, and βD describe the tilt angle of the antenna arrays
at the source mobile station, the mobile relay, and the destination mobile station,
respectively. It is further assumed that the source mobile station (mobile relay,
destination mobile station) moves with speed vS (vR, vD) in the direction determined
by the angle of motion αS (αR,αD).

III. THE REFERENCE MODEL

A. Derivation of the Reference Model
In this section, we develop a reference model for MIMO M2M fading channels

in cooperative networks using the geometrical three-ring scattering model shown in
Fig. B.1. Ignoring for the moment the geometrical details, Fig. B.1 can be simpli-
fied to Fig. B.2, in order to understand the overall MIMO channel from the source
mobile station to the destination mobile station via the mobile relay. Figure B.2
shows that the complete system can be separated into two 2×2 MIMO subsystems.
One of the MIMO subsystems (comprising the source mobile station and mobile
relay) is denoted by the S-R MIMO subsystem. While the other MIMO subsystem
(consisting of the mobile relay and the destination mobile station) is termed as the
R-D MIMO subsystem. The input-output relationship of the S-R MIMO subsystem
can be expressed as

X(t) = HS-R(t)S(t)+NR(t) (1)

where X(t) =
[
X (1) (t) X (2) (t)

]T
is a 2× 1 received signal vector at the mobile

relay, S(t) =
[
S(1) (t) S(2) (t)

]T
is a 2× 1 signal vector transmitted by the source

mobile station, and NR(t) =
[
N(1)

R (t) N(2)
R (t)

]T
is a 2× 1 additive white Gaussian

noise (AWGN) vector. In (1), HS-R(t) is a 2× 2 channel matrix, which models the
M2M fading channel between the source mobile station and the mobile relay. The
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channel matrix HS-R(t) can be expressed as

HS-R(t) =




h(11)
S-R (t) h(12)

S-R (t)

h(21)
S-R (t) h(22)

S-R (t)


 . (2)

Here, each element h(iq)
S-R (t) (i,q = 1,2) of the channel matrix represents the diffuse

component of the channel describing the transmission link from the source mobile
station antenna element A(q)

S to the mobile relay antenna element A(i)
R . Considering

the geometrical three-ring scattering model shown in Fig. B.1, it can be observed
that the mth homogeneous plane wave emitted from A(q)

S , first encounters the local
scatterers S(m)

S around the source mobile station. Furthermore, before impinging on
A(i)

R , the plane wave is captured by the local scatterers S(k)
R around the mobile relay.

It is worth mentioning here that the reference model is based on the assumption
that the number of local scatterers, M and K, around the source mobile station and
the mobile relay is infinite. Following [19], the diffuse component h(11)

S-R (t) of the
transmission link from A(1)

S to A(1)
R can be approximated as

h(11)
S-R (t) = lim

M→∞
K→∞

1√
MK

M

∑
m=1

K

∑
k=1

g(mk)
S-R e j

[
2π

(
f (m)
S + f (k)

S-R

)
t+

(
θ (mk)

S-R +θS-R

)]
(3)

with joint gains 1/
√

MK and joint phases θ (mk)
S-R caused by the interaction of the local

scatterers S(m)
S and S(k)

R . The joint phases θ (mk)
S-R are assumed to be independent and

identically distributed (i.i.d.) random variables, each having a uniform distribution
over the interval [0,2π]. In (3),

g(mk)
S-R = a(m)

S b(k)
R c(mk)

S-R (4a)

a(m)
S = e j π

λ δS cos(φ (m)
S −βS) (4b)

b(k)
R = e j π

λ δR cos(φ (k)
S-R−βR) (4c)

c(mk)
S-R = e j 2π

λ

{
RS cos(φ (m)

S −γS)−RR cos(φ (k)
S-R−γS)

}
(4d)

θS-R = −2π
λ

(RS +DS-R +RR) (4e)

f (m)
S = fSmax cos(φ (m)

S −αS) (4f)

f (k)
S-R = fRmax cos(φ (k)

S-R −αR) (4g)

where fSmax = vS/λ ( fRmax = vR/λ ) is the maximum Doppler frequency caused by
the motion of the source mobile station (mobile relay). Furthermore, the symbol
λ denotes the carrier’s wavelength. The knowledge of the position of the mobile
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relay with respect to the source mobile station is incorporated in (4d). It should be
pointed out here that in the reference model, the AOD φ (m)

S and the AOA φ (k)
S-R are

independent random variables determined by the distribution of the local scatterers
around the source mobile station and the mobile relay, respectively.
Replacing a(m)

S and b(k)
R by their complex conjugates a(m)∗

S and b(k)∗
R in (4b) and

(4c), respectively, we can obtain the diffuse component h(22)
S-R (t) of the A(2)

S −A(2)
R

transmission link [19]. The diffuse components h(12)
S-R (t) and h(21)

S-R (t) can be obtained
likewise by substituting a(m)

S → a(m)∗
S and b(k)

R → b(k)∗
R , respectively, in (3) [19].

Similarly, as can be seen from Fig. B.2, the input-output relationship of the R-D
MIMO subsystem can be written as

R(t) = HR-D(t)X(t)+ND(t) (5)

where R(t) =
[
R(1) (t) R(2) (t)

]T
is a 2× 1 received signal vector at the desti-

nation mobile station, X(t) =
[
X (1) (t) X (2) (t)

]T
is a 2× 1 signal vector trans-

mitted by the mobile relay, HR-D(t) is a 2× 2 R-D fading channel matrix, and

ND(t) =
[
N(1)

D (t) N(2)
D (t)

]T
is a 2× 1 AWGN vector. By referring to the previ-

ous discussion on the elements of the matrix HS-R(t), one can easily show that the
diffuse component h(11)

R-D (t) of the A(1)
R −A(1)

D transmission link can be expressed as

h(11)
R-D (t)= lim

L→∞
N→∞

1√
LN

L

∑
l=1

N

∑
n=1

g(ln)
R-D e j

[
2π

(
f (l)
R-D+ f (n)

D

)
t+

(
θ (ln)

R-D +θR-D

)]
(6)

where the term 1/
√

LN and the symbol θ (ln)
R-D represent the joint gains and joint

phases, respectively, introduced by the local scatterers S(l)
R and S(n)

D . Like the joint
phases, θ (mk)

S-R , θ (ln)
R-D are also assumed to be i.i.d. random variables, each having a

uniform distribution over the interval [0,2π]. Furthermore, in (6)

g(ln)
R-D = a(l)

R b(n)
D c(ln)

R-D (7a)

a(l)
R = e j π

λ δR cos(φ (l)
R-D−βR) (7b)

b(n)
D = e j π

λ δD cos(φ (n)
D −βD) (7c)

c(ln)
R-D = e j 2π

λ

{
RD cos(φ (n)

D −γD)−RR cos(φ (l)
R-D−γD)

}
(7d)

θR-D = −2π
λ

(RR +DR-D +RD) (7e)

f (l)
R-D = fRmax cos(φ (l)

R-D −αR) (7f)

f (n)
D = fDmax cos(φ (n)

D −αD) (7g)
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where fDmax = vD/λ is the maximum Doppler frequency caused by the movement
of the destination mobile station. The symbol γD in (7d) describes the position
of the mobile relay with respect to the destination mobile station [see Fig. B.1].
Furthermore, the AOD φ (l)

R-D and the AOA φ (n)
D are independent random variables

determined by the distribution of the local scatterers around the mobile relay and
the destination mobile station, respectively.
One can show that the diffuse components h(iq)

R-D (t) (i,q = 1,2) of the remaining
transmission links from the mobile relay antenna element A(q)

R to the destination
mobile station antenna element A(i)

D can similarly be obtained as described for the
A(q)

S −A(i)
R transmission link.

Finally, substituting (1) in (5) allows us to identify the overall fading channel
between the source mobile station and the destination mobile station as

R(t) = HR-D(t)HS-R(t)S(t)+HR-D(t)NR(t)+ND(t)

= HS-R-D(t)S(t)+NR-D(t) (8)

where NR-D(t) = HR-D(t)NR(t)+ ND(t) is the total noise of the system. The symbol
HS-R-D(t) denotes the overall channel matrix, which is defined as follows

HS-R-D(t) = HR-D(t)HS-R(t)

=




h(11)
R-D (t) h(12)

R-D (t)

h(21)
R-D (t) h(22)

R-D (t)







h(11)
S-R (t) h(12)

S-R (t)

h(21)
S-R (t) h(22)

S-R (t)




=




h(11)
S-R-D(t) h(12)

S-R-D(t)

h(21)
S-R-D(t) h(22)

S-R-D(t)


 . (9)

It is noteworthy that the overall channel matrix HS-R-D(t) describes completely the
reference model of the proposed geometrical three-ring MIMO M2M fading chan-
nel. Here, each element h(iq)

S-R-D(t) (i,q = 1,2) of the channel matrix defines the dif-
fuse component of the overall MIMO M2M fading channel, describing the trans-
mission link from the source mobile station antenna element A(q)

S to the destination
mobile station antenna element A(i)

D via the mobile relay antenna elements. Expand-
ing (9) allows us to explicitly write the diffuse component h(11)

S-R-D(t) of the transmis-
sion link from the first antenna element at the source mobile station, A(1)

S , to the the
first antenna element at the destination mobile station, A(1)

D , as follows

h(11)
S-R-D(t) = h(11)

R-D (t)h(11)
S-R (t)+h(12)

R-D (t)h(21)
S-R (t)
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= lim
K→∞
L→∞
M→∞
N→∞

2√
KLMN

K

∑
k=1

L

∑
l=1

M

∑
m=1

N

∑
n=1

a(m)
S b(n)

D c(mk)
S-R c(ln)

R-D ℜ{b(k)
R a(l)

R }

e j
[
2π

(
f (m)
S + f (k)

S-R+ f (l)
R-D+ f (n)

D

)
t+

(
θ (mk)

S-R +θ (ln)
R-D +θS-R+θR-D

)]
(10)

where ℜ{b(k)
R a(l)

R } denotes the real part of a complex number, i.e., 2ℜ{b(k)
R a(l)

R } =
b(k)

R a(l)
R +b(k)∗

R a(l)∗
R . Note that the phases θS-R and θR-D in (10) are constant quantities,

which can be set to zero without loss of generality, since the statistical properties
of the reference model are not influenced by a constant phase shift. Similarly, the
diffuse component h(22)

S-R-D(t) of the A(2)
S −A(2)

D transmission link can be expressed as

h(22)
S-R-D(t) = h(21)

R-D (t)h(12)
S-R (t)+h(22)

R-D (t)h(22)
S-R (t)

= lim
K→∞
L→∞
M→∞
N→∞

2√
KLMN

K

∑
k=1

L

∑
l=1

M

∑
m=1

N

∑
n=1

a(m)∗
S b(n)∗

D c(mk)
S-R c(ln)

R-D ℜ{b(k)
R a(l)

R }

e− j
[
2π

(
f (m)
S − f (k)

S-R+ f (l)
R-D− f (n)

D

)
t−

(
θ (mk)

S-R +θ (ln)
R-D +θS-R+θR-D

)]
. (11)

The equations (10) and (11) will be used in the next subsection to calculate the 4-D
space-time CCF.
B. Correlation Properties of the Reference Model

By definition, the 4-D space-time CCF between the transmission links A(1)
S −

A(1)
D and A(2)

S −A(2)
D is equivalent to the correlation between the diffuse components

h(11)
S-R-D(t) and h(22)

S-R-D(t), i.e., [2]

ρ11,22(δS,δR,δD,τ) := E
{

h(11)
S-R-D(t)h

(22)∗
S-R-D (t + τ)

}
. (12)

It should be noticed here that the expectation operator is applied to all random vari-
ables, i.e., the random phase shifts

{
θ (mk)

S-R ,θ (ln)
R-D

}
, the AODs

{
φ (m)

S ,φ (l)
R-D

}
, and the

AOAs
{

φ (k)
S-R ,φ (n)

D

}
. Substituting (10) and (11) in (12), the 4-D space-time CCF can

be expressed as

ρ11,22(δS,δR,δD,τ)= lim
K→∞
M→∞
L→∞
N→∞

4
KLMN

K

∑
k=1

L

∑
l=1

M

∑
m=1

N

∑
n=1

E
{

a(m)2
S b(n)2

D [ℜ{b(k)
R a(l)

R }]2e− j2π
(

f (m)
S + f (k)

S-R+ f (l)
R-D+ f (n)

D

)
τ
}

. (13)
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It is important to highlight here, the functions of random variables to which the ex-
pectation is applied. We can see that

{
a(m)

S , f (m)
S

}
and

{
a(l)

R , f (l)
R-D

}
are functions of

the AODs φ (m)
S and φ (l)

R-D , respectively. While
{

b(k)
R , f (k)

S-R

}
and

{
b(n)

D , f (n)
D

}
are func-

tions of the AOAs φ (k)
S-R and φ (n)

D , respectively [19]. If the number of local scatterers
approaches infinity, i.e., K,L,M,N → ∞, then the discrete random variables φ (m)

S ,
φ (k)

S-R , φ (l)
R-D , and φ (n)

D become continuous random variables φS, φS-R, φR-D, and φD, each
of which is characterized by a certain distribution, denoted by pφS(φS), pφS-R(φS-R),
pφR-D(φR-D), and pφD(φD), respectively, [19]. The infinitesimal power of the diffuse
components corresponding to the differential angles dφS, dφS-R, dφR-D, and dφD is
proportional to pφS(φS)pφS-R(φS-R)pφR-D(φR-D)pφD(φD)dφSdφS-RdφR-DdφD. This implies
that when the number of local scatterers approaches infinity, i.e., K,L,M,N → ∞,
the infinitesimal power of all diffuse components becomes equal to 1/(KLMN),
i.e.,

1
KLMN

= pφS(φS) pφS-R(φS-R) pφR-D(φR-D) pφD(φD)dφS dφS-R dφR-D dφD . (14)

Thus, we can write the 4-D space-time CCF ρ11,22(δS,δR,δD,τ) of the reference
model given in (13) as

ρ11,22(δS,δR,δD,τ) = ρS(δS,τ) ·ρR(δR,τ) ·ρD(δD,τ) (15)

where

ρS(δS,τ)=
π∫

−π

a2
S (δS,φS)e− j2π fS(φS)τ pφS(φS)dφS (16)

ρR(δR,τ)=4
π∫

−π

π∫

−π

pφS-R(φS-R) pφR-D(φR-D)dφS-R dφR-D

e− j2π[ fS-R(φS-R)+ fR-D(φR-D)]τ[ℜ{bR(δR,φS-R)aR(δR,φR-D)}]2 (17)

and

ρD(δD,τ)=
π∫

−π

b2
D(δD,φD)e− j2π fD(φD)τ pφD(φD)dφD (18)

are the CFs at the source mobile station, mobile relay, and the destination mobile
station. Here,

aS(δS,φS) = e j π
λ δS cos(φS−βS) (19a)
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bR(δR,φS-R) = e j π
λ δR cos(φS-R−βR) (19b)

aR(δR,φS-R) = e j π
λ δR cos(φR-D−βR) (19c)

bD(δD,φD) = e j π
λ δD cos(φD−βD) (19d)

fS(φS) = fSmax cos(φS−αS) (19e)

fS-R(φS-R) = fRmax cos(φS-R−αR) (19f)

fR-D(φR-D) = fRmax cos(φR-D−αR) (19g)

fD(φD) = fDmax cos(φD−αD) . (19h)

In this article, we refer to the CF at the source mobile station ρS(δS,τ) as the source
CF. Similarly, the CF at the mobile relay (destination mobile station) ρS(δR,τ)
(ρS(δD,τ)) is termed as the relay CF (destination CF). Equation (15) illustrates that
the 4-D space-time CCF ρ11,22(δS,δR,δD,τ) of the reference model can be expressed
as the product of the source CF ρS(δS,τ), the relay CF ρR(δR,τ), and the destination
CF ρD(δD,τ). Besides, from (16) and (18), it turns out that the source mobile station
and the destination mobile station are interchangeable.
The 3-D spatial CCF ρ(δS,δR,δD), defined as ρ(δS,δR,δD) = E

{
h(11)

S-R-D(t)h
(22)∗
S-R-D (t)

}
,

is equal to the 4-D space-time CCF ρ11,22(δS,δR,δD,τ) at τ = 0, i.e.,

ρ(δS,δR,δD) = ρ11,22(δS,δR,δD,0)

= ρS(δS,0) ·ρR(δR,0) ·ρD(δD,0) . (20)

Furthermore, the temporal autocorrelation function (ACF) r
h(iq)

S-R-D
(τ) of the diffuse

component h(iq)
S-R-D(t) of the transmission link from the source mobile station antenna

element A(q)
S to the destination mobile station antenna element A(i)

D ∀ i,q ∈ {1,2}
can be given as

r
h(iq)

S-R-D
(τ) := E

{
h(iq)

S-R-D(t)h
(iq)∗
S-R-D (t + τ)

}
. (21)

It is not difficult to show that the temporal ACF r
h(iq)

S-R-D
(τ) ∀ i,q ∈ {1,2} is equal

to the 4-D space-time CCF ρ11,22(δS,δR,δD,τ) of the reference model at δS = δR =
δR = 0, i.e.,

r
h(iq)

S-R-D
(τ) = ρ11,22(0,0,0,τ)

= ρS(0,τ) ·ρR(0,τ) ·ρD(0,τ) . (22)
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Substituting δS = 0, δR = 0, and δD = 0 in (16), (17), and (18), respectively, gives
ρS(0,τ), ρR(0,τ), and ρD(0,τ), respectively as

ρS(0,τ) =
π∫

−π

e− j2π fS(φS)τ pφS(φS)dφS, (23)

ρR(0,τ) = 4
π∫

−π

π∫

−π

e− j2π[ fS-R(φS-R)+ fR-D(φR-D)]τ pφS-R(φS-R) pφR-D(φR-D)dφS-R dφR-D, (24)

and

ρD(0,τ)=
π∫

−π

e− j2π fD(φD)τ pφD(φD)dφD. (25)

IV. THE STOCHASTIC SIMULATION MODEL

The reference model developed in Section III is a theoretical model, which is based
on the assumption that the number of local scatterers (K,L,M,N) around the source
mobile station, the mobile relay, and the destination mobile station is infinite. The
assumption of an infinite number of local scatterers prevents the realization of the
reference model. However, a realizable stochastic simulation model can be derived
from the reference model by: (i) using only a limited number of local scatterers
K = L, M, and N is finite, (ii) setting the constant phase shifts θS-R and θR-D to zero
in (10), and (iii) considering the discrete AOD φ (m)

S and φ (l)
R-D , as well as the AOA

φ (k)
S-R and φ (n)

D are constant quantities [19]. Thus, using (10), the diffuse component
ĥ(11)

S-R-D(t) of the A(1)
S −A(1)

D transmission link of the stochastic simulation model can
be expressed as

ĥ(11)
S-R-D(t) =

2√
KLMN

K

∑
k=1

L

∑
l=1

M

∑
m=1

N

∑
n=1

a(m)
S b(n)

D c(mk)
S-R c(ln)

R-D ℜ{b(k)
R a(l)

R }

e j
[
2π{ f (m)

S + f (k)
S-R+ f (l)

R-D+ f (n)
D }t−θ (mk)

S-R −θ (ln)
R-D

]
. (26)

Throughout this paper, the hat symbol is used for the stochastic simulation model.
Similarly, the diffuse component ĥ(22)

S-R-D(t) of the A(2)
S −A(2)

D transmission link in the
stochastic simulation model can be expressed as

ĥ(22)
S-R-D(t) =

2√
KLMN

K

∑
k=1

L

∑
l=1

M

∑
m=1

N

∑
n=1

a(m)∗
S b(n)∗

D c(mk)
S-R c(ln)

R-D ℜ{b(k)
R a(l)

R }

e j
[
2π{ f (m)

S + f (k)
S-R+ f (l)

R-D+ f (n)
D }t−θ (mk)

S-R −θ (ln)
R-D

]
. (27)
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The 4-D space-time CCF of the diffuse components ĥ(11)
S-R-D(t) and ĥ(22)

S-R-D(t) of the
stochastic simulation model is defined by

ρ̂11,22(δS,δR,δD,τ) := E
{

ĥ(11)
S-R-D(t)ĥ

(22)∗
S-R-D (t + τ)

}
(28)

where the expectation operator now only applies on the random phases θ (mk)
S-R and

θ (ln)
R-D . Substitution of (26) and (27) in (28) results in the following closed-form

expression

ρ̂11,22(δS,δR,δD,τ) =
4

KLMN

K

∑
k=1

L

∑
l=1

M

∑
m=1

N

∑
n=1

a(m)2
S b(n)2

D (ℜ{b(k)
R a(l)

R })2e− j2π{ f (m)
S + f (k)

S-R+ f (l)
R-D+ f (n)

D }τ

= ρ̂S(δS,τ) · ρ̂R(δR,τ) · ρ̂D(δD,τ) (29)

where

ρ̂S(δS,τ) =
1
M

M

∑
m=1

a(m)2
S (δS)e− j2π f (m)

S τ (30)

ρ̂R(δR,τ) =
4

KL

K

∑
k=1

L

∑
l=1

(ℜ{b(k)
R a(l)

R })2 e− j2π
[

f (k)
S-R+ f (l)

R-D

]
τ (31)

and

ρ̂D(δD,τ) =
1
N

N

∑
n=1

b(n)2
D (δD)e− j2π f (n)

D τ (32)

are called the source CF, the relay CF, and the destination CF of the simulation
model.
The 3-D spatial CCF ρ̂(δS,δR,δD) of the simulation model, defined as

ρ̂(δS,δR,δD) = E
{

ĥ(11)
S-R-D(t)ĥ

(22)∗
S-R-D (t)

}
(33)

is equal to the 4-D space-time CCF ρ̂11,22(δS,δR,δD,τ) at τ = 0, i.e.,

ρ̂(δS,δR,δD) = ρ̂11,22(δS,δR,δD,0) = ρ̂S(δS,0) · ρ̂R(δR,0) · ρ̂D(δD,0) . (34)

In the stochastic simulation model, the temporal ACF r̂
h(iq)

S-R-D
(τ) of the diffuse com-

ponent ĥ(iq)
S-R-D(t) of the A(q)

S −A(i)
D transmission link can be derived as follows

r̂
h(iq)

S-R-D
(τ) := E

{
ĥ(iq)

S-R-D(t)ĥ
(iq)∗
S-R-D (t + τ)

}
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=
1

KLMN

K

∑
k=1

L

∑
l=1

M

∑
m=1

N

∑
n=1

e− j2π{ f (m)
S + f (k)

S-R+ f (l)
R-D+ f (n)

D }τ

= ρ̂S(0,τ) · ρ̂R(0,τ) · ρ̂D(0,τ) ∀ i,q ∈ {1,2} . (35)

From (35), it can be seen that the temporal ACF r̂h(iq)S-R-D (τ) is equal to the 4-D
space-time CCF ρ̂11,22(δS,δR,δD,τ) of the simulation model at δS = δR = δD = 0,
i.e., r̂

h(iq)
S-R-D

(τ) = ρ̂11,22(0,0,0,τ).

V. SCATTERING SCENARIOS

In this section, the correlation properties of the reference model are studied under
isotropic and non-isotropic scattering conditions.
A. Isotropic Scattering Scenarios

Isotropic scattering around the source mobile station can be determined by as-
suming uniformly distributed AOD φS over the interval [0, 2π), i.e.,

pφS(φS) =
1

2π
, φS ∈ [0, 2π) . (36)

Similarly, isotropic scattering around the mobile relay (destination mobile sta-
tion) can be characterized by a uniform distribution of the AOA φS-R (φD) along
with a uniform distribution of the AOD φR-D over [0, 2π). Hence, the distributions
pφS-R(φS-R), pφR-D(φR-D), and pφD(φD) can be obtained by replacing the index S by S-R,
R-D, and D in (36), respectively.
Substituting (36) in (16) and solving the integrals using [10, Eq. (3.338-4)] results
in the following closed-form expression of the source CF

ρS(δS,τ)= J0


2π

√(
δS

λ

)2

+( fSmaxτ)2−2
δS

λ
fSmaxτcos(αS−βS)


 (37)

where J0 (·) is the zeroth-order Bessel function of the first kind [10]. Furthermore,
the destination CF ρD(δD,τ) can be obtained by replacing the index S by D in (37).
Finally, substituting pφS-R(φS-R) and pφR-D(φR-D) in (17) allows us to solve the integrals
using [10, Eq. (3.338-4)] and to write the relay CF ρR(δR,τ) in a closed form as
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ρR(δR,τ) =



J0


2π

√(
δR

λ

)2

+( fRmaxτ)2−2
δR

λ
fRmaxτ cos(αR−βR)








2

+



J0


2π

√(
δR

λ

)2

+( fRmaxτ)2 +2
δR

λ
fRmaxτ cos(αR−βR)








2

+2{J0(2π fRmaxτ)}2.(38)

Substituting (37), (38), and the closed-form expression of ρD(δD,τ) in (15) results
in the 4-D space-time CCF ρ11,22(δS,δR,δD,τ) of the reference model in a closed
form given in (39) as follows

ρ11,22(δS,δR,δD,τ) =






J0


2π

√(
δR

λ

)2

+( fRmaxτ)2−2
δR

λ
fRmaxτ cos(αR−βR)








2

+



J0


2π

√(
δR

λ

)2

+( fRmaxτ)2 +2
δR

λ
fRmaxτ cos(αR−βR)








2

+2{J0 (2π fRmaxτ)}2




×J0


2π

√(
δS

λ

)2

+( fSmaxτ)2−2
δS

λ
fSmaxτ cos(αS−βS)




×J0


2π

√(
δD

λ

)2

+( fDmaxτ)2−2
δD

λ
fDmaxτ cos(αD−βD)


. (39)

From (39), it follows that the 3-D spatial CCF ρ(δS,δR,δD) of the reference model is
a product of four Bessel functions, i.e., ρ (δS,δR,δD) = ρ11,22(δS,δR,δD,0) =
J0 (2πδS/λ ){2J0 (2πδR/λ )}2 J0 (2πδD/λ ). In the same way, the temporal ACF
r

h(iq)
S-R-D

(τ) of the reference model can be written as r
h(iq)

S-R-D
(τ) = ρ11,22(0,0,0,τ) =

J0 (2π fSmaxτ){2J0 (2π fRmaxτ)}2 J0 (2π fDmaxτ). A product of two Bessel functions
describes the 2-D spatial CCF and the temporal ACF of the reference model de-
rived from a geometrical two-ring scattering model [19]. For the 3-D spatial CCF
and the temporal ACF of the reference model derived from a geometrical three-ring
scattering model, a product of four Bessel functions is justified. Since, the geo-
metrical three-ring scattering model is a concatenation of two separate geometrical
two-ring scattering models.
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B. Non-Isotropic Scattering Scenarios
In this paper, for characterizing non-isotropic scattering around the source mo-

bile station (destination mobile station), we have assumed the von Mises distribution
for the AOD φS (AOA φD), i.e.,

pφS(φS) =
1

2π I0 (κS)
eκS cos

(
φS−φ (0)

S

)
, φS ∈ [0, 2π) (40)

where I0(·) is the modified Bessel function of the first kind of order zero, the param-
eter φ (0)

S (φ (0)
D ) ∈ [0, 2π) is the mean AOD (AOA), and the parameter κS (κD) ≥ 0

controls the angular spread of φS (φD). The reason for using the von Mises dis-
tribution is its flexibility to closely approximate the Gaussian distribution and the
cardioid distribution as well as to have the uniform distribution as a special case
[1]. Substituting (40) in (16) and using [10, Eq. (3.338-4)]results in the following
closed-form expression for the source CF

ρS(δS,τ) =
1

I0 (κS)
I0

([
κ2

S −4π2

{(
δS

λ

)2

+( fSmaxτ)2−2
δS

λ
fSmaxτ cos(αS−βS)

}

+ j4πκS

{
δS

λ
cos

(
βS−φ (0)

S

)
− fSmaxτ cos

(
αS−φ (0)

S

)}]1/2
)

. (41)

The destination CF ρD(δD,τ) can easily be obtained by replacing the index S by D
in (41).
Similarly, the von Mises distribution for the AOA φS-R and the AOD φR-D describes
non-isotropic scattering conditions around the mobile relay. Substituting the von
Mises distribution for the AOA φS-R and the AOD φR-D in (17) and solving the inte-
grals using [10, Eq. (3.338-4)], provides us with the closed-form solution for relay
CF ρR(δR,τ) as given in the following

ρR(δR,τ) = (1/(I0 (κS-R) I0 (κR-D)))×[
I0

([
κ2

S-R−4π2

{(
δR

λ

)2

+( fRmaxτ)2−2
δR

λ
fRmaxτ cos(αR−βR)

}

+ j4πκS-R

{
δR

λ
cos

(
βR−φ (0)

S-R

)
− fRmaxτ cos

(
αR−φ (0)

S-R

)}]1/2
)

I0

([
κ2

R-D−4π2

{(
δR

λ

)2

+( fRmaxτ)2−2
δR

λ
fRmaxτ cos(αR−βR)

}

+ j4πκR-D

{
δR

λ
cos

(
βR−φ (0)

R-D

)
− fRmaxτ cos

(
αR−φ (0)

R-D

)}]1/2
)
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+I0

([
κ2

S-R−4π2 f 2
Rmax

τ2− j4πκS-R fRmaxτ cos
(

αR−φ (0)
S-R

)]1/2
)

I0

([
κ2

R-D−4π2 f 2
Rmax

τ2− j4πκR-D fRmaxτ cos
(

αR−φ (0)
R-D

)]1/2
)

+I0

([
κ2

S-R−4π2

{(
δR

λ

)2

+( fRmaxτ)2 +2
δR

λ
fRmaxτ cos(αR−βR)

}

− j4πκS-R

{
δR

λ
cos

(
βR−φ (0)

S-R

)
+ fRmaxτ cos

(
αR−φ (0)

S-R

)}]1/2
)

I0

([
κ2

R-D−4π2

{(
δR

λ

)2

+( fRmaxτ)2 +2
δR

λ
fRmaxτ cos(αR−βR)

}

− j4πκR-D

{
δR

λ
cos

(
βR−φ (0)

R-D

)
+ fRmaxτ cos

(
αR−φ (0)

R-D

)}]1/2
)]

(42)

Note that the von Mises distribution reduces to the uniform distribution for κS =
κS-R = κR-D = κD = 0. This implies that (41) and (42) reduce to (37) and (38), respec-
tively, when the corresponding κ’s are set to zero.

VI. NUMERICAL RESULTS

The purpose of this section is twofold. Firstly, to illustrate the important theoreti-
cal results found for the CCFs of the reference model and the stochastic simulation
model by evaluating the expressions in (16), (18), (30), and (32). Here, we focus on
discussing numerical results for the transmit CFs and the relay CFs. The results for
the receive CFs can easily be obtained from the transmit CFs just by replacing the
index S by D. As performance criterion, we consider the absolute error eS (δS,τ) =
|ρS (δS,τ)− ρ̂S (δS,τ)| as a measure for the quality of the approximation ρS (δS,τ)≈
ρ̂S (δS,τ). Similarly, the absolute error eR (δR,τ) = |ρR (δR,τ)− ρ̂R (δR,τ)| has been
introduced to study the amount of precision of the approximation ρR (δR,τ) ≈
ρ̂R (δR,τ). The selected values for the parameters influencing the CFs are: βS =
βR = π/2, αS = αR = π/4, and fSmax = fRmax = 91 Hz. Furthermore, the wavelength
λ was set to λ = 0.15 m.

For the stochastic simulation model, an appropriate number of discrete scat-
terers M and K (L) located on the rings around the source mobile station and the
mobile relay, respectively, should be selected. In our simulations, we have chose
M = 40 and K = L = 23. A good solution to the parameter computation problem in
M2M fading channel simulators in case of isotropic scattering is proposed in [19],
where the authors have suggested the extended method of exact Doppler spread
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(EMEDS). Whereas, in case of non-isotropic scattering, a high-performance pa-
rameter computation method is the modified method of equal areas (MMEA) [11].
Since the MMEA reduces to the EMEDS in case of isotropic scattering [19], we
have used the MMEA for computing the AODs φ (m)

S and φ (l)
R-D as well as the AOA

φ (k)
S-R .

Figures B.3–B.8 present the numerical results in case of isotropic scattering.
Figure B.3 shows the shape of the source CF ρS (δS,τ) of the reference model deter-
mined by (37), whereas the simulation model’s source CF ρ̂S (δS,τ) is illustrated in
Fig. B.4. The absolute error eS (δS,τ), presented in Fig. B.5, shows the quality of the
approximation ρS (δS,τ) ≈ ρ̂S (δS,τ). Similarly, the shape of the relay CF ρR (δR,τ)
of the reference model given by (38) and the simulation model’s relay CF ρ̂R (δR,τ)
are presented in Fig. B.6 and Fig. B.7, respectively. Carefully studying the absolute
error eR (δR,τ) presented in Fig. B.8 reveals the ranges of δR/λ and τ · fRmax with an
excellent approximation ρR (δR,τ)≈ ρ̂R (δR,τ). When δR/λ is confined in the range
[0,(K = L)/8], then the approximation ρR (δR,τ) ≈ ρ̂R (δR,τ) is very accurate. On
the other hand, for δR = 0 with τ · fRmax in the range [0,(K = L)/8], the absolute
error eR (δR,τ) is almost zero.

Figures B.9–B.14 illustrate the results in case of non-isotropic scattering. As
mentioned in Subsection V.B, the von Mises distribution has been employed to
characterize non-isotropic scattering around the source mobile station (destination
mobile station) and the mobile relay. In our simulations, the parameters of the von
Mises distribution were set as φ (0)

S = φ (0)
S-R = φ (0)

R-D = 60◦ and κS = κS-R = κR-D = 40.
The absolute value of the reference model’s source CF |ρS (δS,τ)| given in (41) is
presented in Fig. B.9, whereas the absolute value of the simulation model’s source
CF |ρ̂S (δS,τ)| is shown in Fig. B.10. The absolute error eS (δS,τ) is illustrated in
Fig. B.11, which shows that the approximation ρS (δS,τ) ≈ ρ̂S (δS,τ) holds in case
of non-isotropic scattering as well. The error function eS (δS,τ) shows a ripple be-
havior, where the maximum value of this error function is in the orders of 3 ·10−2. It
has been recommended in the literature to utilize the Lp-norm method (LPNM) [16]
for computing the simulation model parameters when the AODs are non-uniformly
distributed on the rings around the source mobile station [19]. The successful appli-
cation of the LPNM for minimizing the error function of the one-ring model param-
eters and the two-ring model parameters can be found in [17] and [18], respectively.
It is therefore believed that the LPNM is equally beneficial for the computation of
the three-ring model parameters under non-isotropic scattering conditions. Simi-
larly, the absolute value of the reference model’s relay CF |ρR (δR,τ)| [see (42)],
and the absolute value of the simulation model’s source CF |ρ̂R (δR,τ)| [see (31)]
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are shown in Fig. B.12 and Fig. B.13, respectively. The measure of the quality of
the approximation ρR (δR,τ) ≈ ρ̂R (δR,τ), i.e., the absolute error eR (δR,τ) is illus-
trated in Fig. B.14. It can be seen in Fig. B.14 that the maximum value of eR (δR,τ)
is less than 10−1. The same arguments given for minimizing eS (δS,τ) by using the
LPNM are valid for minimizing eR (δR,τ).

VII. CONCLUSION

In this paper, we have derived a reference model and a stochastic simulation model
for narrowband MIMO M2M fading channels under NLOS propagation conditions.
Here, we have considered a single-relay dual-hop amplify-and-forward relay type
cooperative network. It is further assumed that the source mobile station, the mo-
bile relay, and the destination mobile station are equipped with two antennas each.
The starting point for deriving the reference model was the geometrical three-ring
scattering model, where the local scatterers are placed on rings around the source
mobile station, the mobile relay, and the destination mobile station. In addition, the
suggested three-ring scattering model turned out to be a concatenation of two sepa-
rate two-ring scattering models. General analytical formulas for the 4-D space-time
CCF, 3-D spatial CCF, 2-D source (relay, destination) CF, and temporal ACF have
been derived. Closed-form expressions for the source (destination) CF and the re-
lay CF specific to isotropic as well as non-isotropic scattering have been presented.
The results show that the various CCFs describing the simulation model closely
approximate the corresponding CCFs of the reference model. It is worth mention-
ing that this excellent fitting of the simulation model CCFs to that of the reference
model CCFs is achieved with the help of the MMEA. The MMEA indeed reduced
the complexity of the designed channel simulator.

The developed channel simulator is the first of its kind to model narrowband
NLOS MIMO M2M channels in relay-based cooperative communication systems.
It is useful for analyzing the dynamic behavior of the MIMO channel capacity of
relay-based M2M communication systems. In addition, the proposed geometrical
three-ring scattering model for narrowband MIMO M2M fading channels can be
considered as a starting point for the development and analysis of new channels
models for wideband MIMO M2M fading channels in cooperative networks.
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Figure B.1: The geometrical three-ring scattering model for a 2× 2× 2 MIMO
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Figure B.2: A simplified diagram describing the overall MIMO M2M channel from
the source mobile station to the destination mobile station via the mobile relay.

Figure B.3: The source CF ρS (δS,τ) of the 2×2×2 MIMO M2M reference channel
model under isotropic scattering conditions.
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Figure B.4: The source CF ρ̂S (δS,τ) of the 2×2×2 MIMO M2M stochastic channel
simulator under isotropic scattering conditions.

Figure B.5: Absolute error eS (δS,τ) = |ρS (δS,τ)− ρ̂S (δS,τ)| by using the MMEA
with M = 40 (isotropic scattering).
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Figure B.6: The relay CF ρR (δR,τ) of the 2×2×2 MIMO M2M reference channel
model under isotropic scattering conditions.

Figure B.7: The relay CF ρ̂R (δR,τ) of the 2×2×2 MIMO M2M stochastic channel
simulator under isotropic scattering conditions.



112 Mobile-to-Mobile Cooperative Communication Systems

Figure B.8: Absolute error eR (δR,τ) = |ρR (δR,τ)− ρ̂R (δR,τ)| by using the MMEA
with K = L = 23 (isotropic scattering).

Figure B.9: Absolute value of the source CF |ρS (δS,τ)| of the 2× 2× 2 MIMO
M2M reference channel model under non-isotropic scattering conditions (von Mises
density with φ (0)

S = 60◦ and κS = 40).



B – A Geometrical Three-Ring-Based MIMO M2M Channel Model 113

Figure B.10: Absolute value of the source CF |ρ̂S (δS,τ)| of the 2× 2× 2 MIMO
M2M stochastic channel simulator designed by applying the MMEA with M = 40
(non-isotropic scattering, von Mises density with φ (0)

S = 60◦ and κS = 40).

Figure B.11: Absolute error eS (δS,τ) = |ρS (δS,τ)− ρ̂S (δS,τ)| by using the MMEA
with M = 40 (non-isotropic scattering, von Mises density with φ (0)

S = 60◦ and κS =
40).
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Figure B.12: Absolute value of the relay CF |ρR (δR,τ)| of the 2× 2× 2 MIMO
M2M reference channel model under non-isotropic scattering conditions (von Mises
density with φ (0)

S-R = φ (0)
R-D = 60◦ and κS-R = κR-D = 40).

Figure B.13: Absolute value of the relay CF |ρ̂R (δR,τ)| of the 2×2×2 MIMO M2M
stochastic channel simulator designed by applying the MMEA with K = L = 23
(non-isotropic scattering, von Mises density with φ (0)

S-R = φ (0)
R-D = 60◦ and κS-R = κR-D =

40).
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Abstract — This paper deals with the statistical characterization of narrow-
band mobile-to-mobile (M2M) fading channels in dual-hop distributed coop-
erative multi-relay systems under non-line-of-sight (NLOS) propagation con-
ditions. Here, we analyze M2M fading channels in dual-hop, amplify-and-
forward relay networks with K relays placed between the source mobile sta-
tion and the destination mobile station in a distributed network topology. The
statistical quantities, such as the characteristic function (CF), the probability
density function (PDF) of the envelope as well as the phase, and the mean value
along with the variance are discussed in detail. We derive analytical integral
expressions of the aforementioned quantities associated with dual-hop multi-
relay M2M fading channels assuming that the underlying processes making
up such channels are statistically independent but not necessarily identically
distributed. In addition, we also present exact closed-form expressions of these
statistical quantities for independent and identically distributed (i.i.d.) pro-
cesses. The validity of the presented expressions is backed-up with the help
of simulations. Our studies presented in this paper can be very beneficial for
performance analysis of dual-hop distributed cooperative multi-relay systems.

I. INTRODUCTION

Transmission links in mobile wireless communication systems are particularly
vulnerable to the multipath fading effects. Therefore, for decades, the development
of new and robust diversity techniques [19] to mitigate the adverse fading effects has
been a topic of interest in the field of mobile communication systems design. The
motivation of the scientists to fulfill the demands of combating fading has resulted
in a new concept for achieving a spatial diversity gain. This new diversity scheme
is referred to as the cooperative diversity scheme[12, 21, 22]. The spatial diversity
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gain is realized in cooperative diversity systems because the single-antenna mobile
stations in the network coordinate with each other to form a so-called virtual an-
tenna array [5]. Studies pertaining to several cooperation protocols for single relay
systems and their analysis can be found in the literature [8, 9, 12, 14].

The work of Akki and Haber on the statistical analysis of narrowband single-
input single-output (SISO) M2M fading channels under NLOS propagation condi-
tions [1, 2] is among the pioneering works dealing with M2M fading channels in
non-cooperative communication systems. The success of cooperative diversity tech-
niques in classical mobile communication systems recently encouraged researchers
to introduce M2M communications in cooperative networks. It is known that the
overall M2M fading channel in a dual-hop relay-based cooperative system having
a single relay in the network can be modeled as a double Rayleigh process un-
der NLOS propagation conditions [11, 16]. A straight-forward extension of the
double Rayleigh channel model to the double Rice channel model assuming line-
of-sight (LOS) propagation conditions has been presented in [23]. The authors of
[20, 24, 25] have developed M2M fading channel models based on the multiple
scattering concept proposed in [3] for dual-hop single-relay cooperative systems
for both NLOS and LOS propagation environments. In addition to the dual-hop co-
operative systems, several papers are available dealing with the statistical modeling
and analysis of multi-hop cooperative systems having K relays connected in series
between the source and the destination terminals in the network [7, 10].

This paper aims at the statistical characterization of M2M fading links in a dual-
hop multi-relay distributed cooperative system having K mobile relays in the net-
work. The novelty in the current M2M fading channel model lies in the fact that
the K mobile relays are connected in parallel between the source mobile station and
the destination mobile station. Each individual transmission link from the source
mobile station to the destination mobile station via the kth relay is modeled as a
complex double Gaussian process. However, the overall M2M fading channel tak-
ing into consideration K relay links is modeled as the sum of K complex double
Gaussian processes. Here, we have derived analytical expressions of the CF, the
PDF of the envelope as well as the phase, and the mean value along with the vari-
ance of K-parallel dual-hop relay M2M fading channels. The integral expressions
of the aforementioned statistical quantities are obtained under the assumption that
the underlying complex Gaussian processes are statistically independent but they
might have different variances. It is shown that the integral expressions reduce to
simple closed-form expressions when i.i.d. complex double Gaussian random pro-
cesses are assumed.
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The rest of the paper is structured as follows: In Section II, the reference model
for dual-hop distributive cooperative multi-relay fading channels is developed. Sec-
tion III deals with the analysis of the statistical properties of K-parallel dual-hop
relay fading processes. Section IV confirms the validity of the analytical expres-
sions presented in Section III by simulations. Finally, concluding remarks are given
in Section V.

II. THE K-PARALLEL DUAL-HOP RELAY FADING CHANNEL MODEL

In this paper, we study the overall M2M fading channel in a dual-hop distributed
cooperative network consisting of a source mobile station, a destination mobile sta-
tion, and K mobile relays (see Fig. C.1). Time-division multiple-access (TDMA)
based amplify-and-forward relay type dual-hop distributed cooperative networks
are considered. Here, we have based our K-parallel dual-hop relay fading channel
model on TDMA based amplify-and-forward relay protocols proposed in [4, 13, 14]
in particular. Furthermore, taking into account the limitations of the physical im-
plementation of such networks, we have assumed that the source mobile station,
the destination mobile station, and the K mobile relays operate in half-duplex. The
half-duplex operation ensures that all the mobile stations do not transmit and re-
ceive a signal at the same time in the same band. The K-parallel dual-hop relay
fading channel model, discussed in this section, caters for frequency non-selective
channels under NLOS propagation conditions in isotropic scattering environments.

The overall complex time-varying channel gain from the source mobile station
to the destination mobile station via K mobile relays in K-parallel dual-hop relay
fading channels can be written as

χ (t) = χ1 (t)+ jχ2 (t) =
K

∑
k=1

ς (k) (t) (1)

where ς (k) (t) (k = 1,2, . . . ,K) describes the fading process in the kth subchannel
from the source mobile station to the destination mobile station via the kth mobile
relay. Furthermore, ς (k) (t) is modeled as a weighted zero-mean complex double
Gaussian process, i.e.,

ς (k) (t) = ς (k)
1 (t)+ jς (k)

2 (t) = AR(k) µ(2k−1) (t)µ(2k) (t) (2)

for k = 1,2, . . . ,K. In (2), µ(i) (t) (i = 1,2, . . . ,2K) is a zero-mean complex Gaus-
sian process with variance 2σ2

µ(i)/
√

K. Furthermore, the Gaussian processes µ(i) (t)
are mutually independent, each having a symmetrical Doppler power spectral den-
sity (PSD) Sµ(i)µ(i) ( f ). Note that for i = 1,3, . . . ,(2k− 1), the Gaussian process
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Figure C.1: The propagation scenario describing K-parallel dual-hop relay fading
channels.

µ(i) (t) represents the scattered component of the subchannel between the source
mobile station and the kth mobile relay. Analogously, for i = 2,4, . . . ,2k, the Gaus-
sian process µ(i) (t) is the scattered component of the subchannel between the kth
mobile relay and the destination mobile station.
In (2), AR(k) is referred to as the relay gain of the kth relay. It is worth mention-
ing here that the relay gain AR(k) is merely a scaling factor for the variance of the

complex Gaussian process µ(i) (t), i.e., Var
{

AR(k)µ(i) (t)
}

= 2(A R(k)σµ(i))2/
√

K,
where i = 2,4, . . . ,2k and k = 1,2, . . . ,K.
We define the envelope of K-parallel dual-hop relay fading channels as

Ξ(t) = |χ (t)|=
∣∣∣∣∣

K

∑
k=1

ς (k) (t)

∣∣∣∣∣ . (3)

Furthermore, the phase associated with K-parallel dual-hop relay fading channels
can be expressed as

Θ(t) = arg{χ (t)} . (4)

The next section deals with the statistical characterization of the envelope Ξ(t) and
the phase Θ(t).
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III. STATISTICAL ANALYSIS OF K-PARALLEL DUAL-HOP RELAY FADING

CHANNELS

This section deals with the derivation of analytical expressions for the statistical
properties of K-parallel dual-hop relay fading channels introduced in Section II.
The important statistical quantities analyzed in this section include the CF, the PDF
of the envelope as well as the phase, the mean, and the variance of K-parallel dual-
hop relay fading channels.
A. CF of K-Parallel Dual-Hop Relay Fading Channels

The CF is an important statistical quantity that is useful to characterize fading
channels. The importance of the CF comes from the fact that it completely defines
the corresponding PDF associated with fading channels. The CF and the PDF actu-
ally form a Fourier transform pair [15].

From (1), it is evident that K-parallel dual-hop relay fading channels χ (t) can be
modeled as a sum of K independent but not necessarily identical, weighted complex
double Gaussian processes ς (k) (t) (k = 1,2, . . . ,K). Thus, we can express the joint
CF Φχ1 χ2 (ω1,ω2) of the inphase and quadrature components of χ (t) as a prod-
uct of the joint CFs φ

ς (k)
1 ς (k)

2
(ω1,ω2) of the inphase and quadrature components of

ς (k) (t) [15] as

Φχ1 χ2 (ω1,ω2) =
K

∏
k=1

φ
ς (k)

1 ς (k)
2

(ω1,ω2) (5)

where
φ

ς (k)
1 ς (k)

2
(ω1,ω2) =

K
K +A2

R(k)σ2
µ(2k−1)σ2

µ(2k)

(
ω2

1 +ω2
2
) . (6)

The joint CF φ
ς (k)

1 ς (k)
2

(ω1,ω2) of the inphase and quadrature components of ς (k) (t)
presented in (6) can be found in the literature (see, e.g., [20]).

Assuming ς (k) (t) (k = 1,2, . . . ,K) are i.i.d. complex double Gaussian random
processes, then φ

ς (1)
1 ς (1)

2
(ω1,ω2)= φ

ς (2)
1 ς (2)

2
(ω1,ω2)= . . . = φ

ς (K)
1 ς (K)

2
(ω1,ω2). Thus,

for i.i.d. complex double Gaussian random processes such that σ2
µ(2k−1) = σ2

µ(1) ,

σ2
µ(2k) = σ2

µ(2) with AR(k) = AR ∀k = 1,2, . . . ,K, (5) reduces to the following closed-
form expression

Φχ1 χ2 (ω1,ω2) =
KK

{
K +A2

Rσ2
µ(1)σ2

µ(2)

(
ω2

1 +ω2
2
)}K . (7)

B. Joint PDF of the Envelope and Phase of K-Parallel Dual-Hop Relay Fading
Channels

The PDF of the envelope and the phase are the most important statistical quan-
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tities of K-parallel dual-hop relay fading channels. Therefore, we derive the joint
PDF pΞΘ (r,θ) of the envelope and the phase of K-parallel dual-hop relay fading
channels as a starting point towards finding the corresponding marginal PDFs.

As mentioned in Subsection III-A, the CF and the PDF of random processes
form a Fourier transform pair. Thus, by definition, taking the (complex conjugate
of the) inverse Fourier transform of the joint CF Φχ1 χ2(ω1,ω2) allows us to express
the joint PDF pχ1 χ2(z1,z2) as [15]

pχ1 χ2 (z1,z2) = F−1 {
Φχ1 χ2 (ω1,ω2)

}

=
1

(2π)2

∞∫

−∞

∞∫

−∞

Φχ1 χ2 (ω1,ω2) e− j(ω1z1+ω2z2)dω1 dω2 . (8)

Substituting (5) in (8), doing some mathematical manipulations, and solving the re-
sulting integrals using [6, Eq. (3.338-IV)] allows us to write the joint PDF
pχ1 χ2 (z1,z2) as

pχ1 χ2 (z1,z2) =
1

2π

∞∫

0

xJ0

(
x
√

z2
1 + z2

2

)
g(x)dx (9)

where

g(x) =
K

∏
k=1

K
K +A2

R(k)σ2
µ(2k−1)σ2

µ(2k)x2 (10)

and J0 (·) is the zeroth-order Bessel function of the first kind [6].
The joint PDF pΞΘ (r,θ) of the envelope and the phase of K-parallel dual-hop

relay fading channels can now easily be computed by transforming the random
variables in (9) from rectangular coordinates (z1,z2) to polar coordinates (r,θ), i.e.,

pΞΘ (r,θ) = J (r,θ) pχ1 χ2 (r cosθ ,r sinθ) =
r

2π

∞∫

0

xJ0 (r x)g(x)dx (11)

for r ≥ 0 and |θ | ≤ π . In (11), J (r,θ) = r is the Jacobian determinant and g(·) is
defined in (10).
1) PDF of the Envelope:

Integrating pΞΘ (r,θ) over θ from−π to π gives the PDF pΞ (r) of the envelope
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Ξ(t) of K-parallel dual-hop relay fading channels as follows

pΞ (r) = r
∞∫

0

xJ0(r x)g(x)dx, r ≥ 0 . (12)

For i.i.d. complex double Gaussian random processes ς (k) (t) (k = 1,2, . . . ,K),
a simple closed-form expression for the PDF pΞ (r) of the envelope Ξ(t) can be ob-
tained by replacing g(x) in (12) by (7) and solving the integral using [6, Eq. (6.565-
IV)], i.e.,

pΞ (r) =
K(K+1

2 ) rK

2(K−1) (K−1)!
(

ARσµ(1)σµ(2)

)(K+1) KK−1

(
r
√

K
ARσµ(1)σµ(2)

)
, r ≥ 0

(13)

where KK−1 (·) is the (K− 1)th-order modified Bessel function of the second kind
[6]. Note that it follows from the central limit theorem (CLT) [15] that the PDF
pΞ (r) of the envelope Ξ(t) approaches the Rayleigh distribution for K → ∞ when
ς (k) (t) are i.i.d. complex double Gaussian random processes. Furthermore, it is also
noteworthy that the PDF pΞ (r) in (13) reduces to the double Rayleigh distribution
for K = 1.
2) PDF of the Phase:

The PDF pΘ (θ) of the phase Θ(t) of K-parallel dual-hop relay fading chan-
nels can be obtained by integrating pΞΘ (r,θ) over r from 0 to ∞. The resulting
expression of the PDF pΘ (θ) of the phase Θ(t) is

pΘ (θ) =
1

2π

∞∫

0

∞∫

0

xpJ0 (r x)g(x)dxdr, |θ | ≤ π . (14)

It is interesting to observe that the terms on the right-hand-side of (14) are inde-
pendent of θ . This implies that the PDF pΘ (θ) of the phase Θ(t) is uniformly
distributed over (−π,π). This statement has been confirmed by numerical investi-
gations.

Under the assumption that ς (k) (t) (k = 1,2, . . . ,K) are i.i.d. complex double
Gaussian processes, g(x) in (14) can be replaced by (7). Thus, solving the resulting
two-fold integral with the help of [6, Eqs. (6.561-XVI) and (6.565-IV)] shows that
the PDF pΘ (θ) of the phase Θ(t) equals pΘ (θ) = 1/2π ∀ θ ∈ (−π,π).
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III.C Mean Value and Variance of K-Parallel Dual-Hop Relay Fading Channels
Among several important statistical quantities, the expected value (mean value)

and the variance of fading channels are worth mentioning, since they summarize the
information provided by the PDF of the envelope of fading channels.

Using (12) and [15, Eq. (5.44)], the expected value mΞ of the envelope Ξ(t) of
K-parallel dual-hop relay fading channels can be expressed as

mΞ = E{Ξ(t)}=
∞∫

0

∞∫

0

r2 xJ0 (r x)g(x)dxdr (15)

where E{·} is the expected value operator and g(·) is defined in (10). Fortunately,
we can obtain a simple, closed-form expression of the expected value mΞ of the
envelope Ξ(t) subject to the fact that ς (k) (t) (k = 1,2, . . . ,K) are i.i.d. complex
double Gaussian processes. Thus, solving the integrals in (15) with the help of [6,
Eqs. (6.561-XVI), (6.565-IV), (8.339-I), and (8.339-II)] allows us to write the final
expression of mΞ as

mΞ =
π
2K ·

(2K−1)!!
(K−1)!

·
ARσµ(1)σµ(2)√

K
(16)

where (·)! and (·)!! represent factorial and double factorial, respectively.
It is well known that the variance σ2

Ξ of stochastic processes (in our case, the
envelope Ξ(t) of K-parallel dual-hop relay fading channels) is the difference of the
mean power and squared mean value of the stochastic process [6, Eq. (5.61)], i.e.,
σ2

Ξ = mΞ2 − (mΞ)2, where mΞ2 = E{Ξ2 (t)} denotes the mean power of Ξ(t). The
mean power mΞ2 of the envelope of K-parallel dual-hop relay fading channels can
easily be obtained using (12) and [15, Eq. (5.67)] as

mΞ2 = E{Ξ2 (t)}=
∞∫

0

∞∫

0

r3 xJ0 (r x)g(x)dxdr. (17)

The mean power mΞ2 presented in (17) can be reduced to the following closed-form
expression by using [6, Eqs. (6.561-XVI) and (6.565-IV)] if ς (k) (t) (k = 1,2, . . . ,K)
are i.i.d. complex double Gaussian processes:

mΞ2 =
(

2ARσµ(1)σµ(2)

)2
. (18)

Finally, using (17) and (15), an integral expression of the variance σ2
Ξ can be ob-

tained, whereas (18) and (16) result in a simple closed-form expression of σ2
Ξ.
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IV. NUMERICAL RESULTS

This section illustrates the important theoretical results by evaluating the analytical
expressions and the confirmation of their correctness with the help of simulations.
In this paper, we have employed the concept of sum-of-sinusoids (SOS) [17] to
simulate the underlying uncorrelated Gaussian noise processes making up the over-
all K-parallel dual-hop relay channel. The generalized method of exact Doppler
spread (GMEDS1) [18] was selected for the computation of the model parameters
of the channel simulator. Each Gaussian process µ(i) (t) (i = 1,2, . . . ,2K) was sim-
ulated using N(i)

1 = 14+ k and N(i)
2 = 34+ k for i = 1,2, . . . ,2K and k = 1,2, . . . ,K,

where N(i)
1 and N(i)

2 are the number of sinusoids required to simulate the inphase and
quadrature components of µ(i) (t), respectively. It has been shown in [17] that with
N(i)

l ≥ 7, where l = 1,2, the simulated distribution of
∣∣∣µ(i) (t)

∣∣∣ closely approximates
the Rayleigh distribution. The maximum Doppler frequencies caused by the motion
of the source mobile station and the destination mobile station, denoted by fSmax

and fDmax , respectively, were both set to 91 Hz. Whereas, the maximum Doppler
frequencies f

R
(k)
max

caused by the motion of k = 1,2, . . . ,10 mobile relays were se-
lected from the set {125,210,225,165,191,65,200,137,91,125}. The variances
σ2

µ(i) were chosen as σ2
µ(i) = 1/

√
K ∀ i = 1,2,3, . . . ,2K and the relay gains AR(k)

were set to unity ∀ k = 1,2,3, . . . ,K unless stated otherwise.
The results presented in Figs. C.2–C.4 show the excellent fitting of the analytical

and simulation results. Figure C.2 illustrates the PDF pΞ (r) of the envelope Ξ(t)
of K-parallel dual-hop relay fading channels, whereas Figs. C.3 and C.4 present
the mean value mΞ and the standard deviation σΞ, respectively. It is clear from
both Figs. C.2 and C.3 that there is no significant increase in the mean value of
the process, while keeping the variances σ2

µ(i) and the relay gains AR(k) constant and
increasing the number of mobile relays in the network. Furthermore, increasing
the relay gains AR(k) increases the mean value and standard deviation of the pro-
cess. For the sake of completeness of analysis, we have included results when
σ2

µ(1) 6= σ2
µ(2) 6= . . . 6= σ2

µ(2K) and/or A R(1) 6= AR(2) 6= . . . 6= AR(K) .

V. CONCLUSION

In this paper, we have proposed a new dual-hop multi-relay fading channel model
for frequency non-selective M2M fading channels under NLOS propagation condi-
tions in isotropic scattering environments. The novelty in the model comes from the
fact that K mobile relays are connected in parallel between the source mobile station
and the destination mobile station. Utilizing TDMA based amplify-and-forward re-
lay protocols, we can model the overall M2M fading channel between the source
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Figure C.2: The PDF pΞ (r) of the envelope Ξ(t) of K-parallel dual-hop relay fading
channels.

1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10

12

Number of mobile relays, K

M
ea

n
v
a
lu

e,
m

Ξ

Theory
Simulation

AR = A
R(1) = A

R(2) = · · · = A
R(K) = 1

σ2

µ = σ2

µ(1) = σ2

µ(2) = · · · = σ2

µ(2K) = 1
√

K

σ2

µ(1) �= σ2

µ(2) �= · · · �= σ2

µ(2K) , AR = 1

σ2

µ = 1
√

K
, AR = 1σ2

µ(1) �= σ2

µ(2) �= · · · �= σ2

µ(2K) , AR = 2

σ2

µ = 1
√

K
, AR = 2

σ2

µ = 1
√

K
, AR = 5

σ2

µ(1) �= σ2

µ(2) �= · · · �= σ2

µ(2K) , AR = 5

Figure C.3: The mean value mΞ of the envelope Ξ(t) of K-parallel dual-hop relay
fading channels.

mobile station and the destination mobile station via K independent relay links as
the sum of K complex double Gaussian processes. Here, we have derived both, an-
alytical integral and closed-form expressions of the CF, the PDF of the envelope as
well as the phase, and the mean value along with the variance of K-parallel dual-hop
relay M2M fading channels. The correctness of the theoretical results is backed-up
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Figure C.4: The standard deviation σΞ of the envelope Ξ(t) of K-parallel dual-hop
relay fading channels.

with the help of simulations. The results presented in this article, can be employed
in system performance studies of dual-hop distributed cooperative multi-relay sys-
tems.
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Abstract — This paper studies the fading behavior of narrowband mobile-
to-mobile (M2M) fading channels in dual-hop distributed cooperative multi-
relay systems under non-line-of-sight (NLOS) propagation conditions. M2M
fading channels considered here are associated with amplify-and-forward re-
lay networks, where K mobile relays are connected in parallel between the
source mobile station and the destination mobile station. Such M2M fading
channels are referred to as K-parallel dual-hop relay M2M fading channels.
We study the fading behavior of these channels by analyzing the level-crossing
rate (LCR) and the average duration of fades (ADF) of the received signal en-
velope. We derive analytical integral expressions of the aforementioned quan-
tities along with the cumulative distribution function (CDF) of the envelope.
These statistical quantities are derived assuming that the underlying stochastic
processes are independent but not necessarily identically distributed. In addi-
tion, the statistical analysis pertaining to the special case of independent and
identically distributed (i.i.d.) processes is also presented in this paper. The va-
lidity of the presented expressions is confirmed by simulations. Our results are
very beneficial for future performance analysis of overall dual-hop distributed
cooperative multi-relay systems.

I. INTRODUCTION

For decades, diversity techniques have been employed in mobile wireless communi-
cation systems in order to mitigate the adverse fading effects. Among several other
diversity techniques, the cooperative diversity scheme [16, 17, 9] has also gained
attention for its potential to provide spatial diversity gain. A spatial diversity gain in
cooperative diversity systems is achieved if several single-antenna mobile stations
in the network share their antennas to form a so-called virtual antenna array [3].
The signal from the source mobile station is thus relayed to the destination mobile
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station via other mobile stations in the network.
Mobile radio fading channels are usually described by statistical quantities, such

as the mean value, the variance, as well as the probability density function (PDF)
of the envelope and the phase of the received signal. Unfortunately, these statistical
quantities do not give any information about how fast (or slow) the fading channel
is changing with time. However, to cope with the problems faced in the develop-
ment of cooperative diversity systems, a solid knowledge of the underlying fading
behavior of the channel is inevitable. Analyzing the LCR and the ADF provides
vital information regarding the fading behavior of M2M channels.

Studies pertaining to the statistical analysis of narrowband M2M fading chan-
nels under NLOS propagation conditions in a dual-hop relay-based cooperative sys-
tem with a single relay in the network have shown that a double Rayleigh process
is the most suitable statistical channel model for such scenarios [8, 11]. The work
presented in [18] is a straight-forward extension of the double Rayleigh channel
model to the double Rice channel model assuming line-of-sight (LOS) propagation
conditions. Several M2M fading channel models have been developed based on
the multiple scattering concept proposed in [2] for dual-hop single-relay coopera-
tive systems for both NLOS and LOS propagation environments [15, 20, 19]. In
addition to dual-hop cooperative systems, several papers dealing with the statistical
modeling and analysis of multi-hop cooperative systems having K relays connected
in series between the source and the destination terminals are available in the liter-
ature [7, 5].

This paper studies the fading behavior of M2M fading links in dual-hop amplify-
and-forward relay networks, where K mobile relays are connected in parallel be-
tween the source mobile station and the destination mobile station. Such M2M
fading channels are referred to as K-parallel dual-hop relay M2M fading channels.
Each individual transmission link from the source mobile station to the destination
mobile station via the kth (k = 1,2, . . . ,K) relay is modeled as a complex double
Gaussian process. Consequently, the overall M2M fading channel taking into ac-
count K parallel relay links can be modeled as a sum of K complex double Gaussian
processes. The authors of [21] have derived analytical expressions for the charac-
teristic function (CF), the PDF of the envelope as well as the phase, and the mean
value along with the variance of K-parallel dual-hop relay M2M fading channels.

In this paper, we fill the information gap regarding the LCR and the ADF of K-
parallel dual-hop relay M2M fading channels. Here, we derive analytical integral
expressions of these quantities along with the CDF for the envelope of K-parallel
dual-hop relay M2M fading channels. The expressions for the LCR, the ADF, and
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the CDF are derived assuming that the underlying stochastic processes are inde-
pendent but not necessarily identically distributed. Furthermore, it is shown that
the obtained formulae can be reduced to simple and closed-form expressions when
i.i.d. processes are taken into account.

The organization of the remaining part of the paper is as follows: In Section II,
the reference model for K-parallel dual-hop relay fading channels is developed.
Section III deals with the derivation of the LCR and the ADF. Section IV validates
the correctness of the obtained analytical expressions by simulations. Finally, some
concluding remarks are given in Section V.

II. THE K-PARALLEL DUAL-HOP RELAY FADING CHANNEL MODEL

In this paper, we study the fading behavior of the overall M2M fading channel in a
dual-hop cooperative network, where there are K mobile relays connected in paral-
lel between the source mobile station and the destination mobile station. We refer
to the resulting overall M2M fading channel as the K-parallel dual-hop relay fading
channel. We aim to investigate frequency non-selective K-parallel dual-hop relay
fading channels under NLOS propagation conditions in isotropic scattering con-
ditions. Furthermore, we have considered time-division multiple-access (TDMA)
based amplify-and-forward relay protocols. In addition, all the mobile stations in
the network, i.e., the source mobile station, the destination mobile station, and the K
mobile relays do not transmit and receive a signal at the same time in the same fre-
quency band. The propagation scenario considered is presented in Fig. D.1. The
overall complex time-varying channel gain associated with K-parallel dual-hop re-
lay fading channels can be written as

χ(t) = χ1(t)+ jχ2(t) =
K

∑
k=1

ς (k)(t) (1)

where ς (k) (t) (k = 1,2, . . . ,K) describes the fading process in the kth subchannel
from the source mobile station to the destination mobile station via the kth mobile
relay. Here, the fading process ς (k) (t) is modeled as a weighted zero-mean complex
double Gaussian process, i.e.,

ς (k) (t) = ς (k)
1 (t)+ jς (k)

2 (t) = A
R(k) µ(2k−1) (t)µ(2k) (t) (2)

for k = 1,2, . . . ,K. In (2), µ(i) (t) (i = 1,2, . . . ,2K) is a zero-mean complex Gaus-
sian process with variance 2σ2

µ(i)/
√

K.

These Gaussian processes µ(i) (t) are mutually independent, where each one
is described by the classical Jakes Doppler power spectral density (PSD). Note
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Figure D.1: The propagation scenario describing K-parallel dual-hop relay M2M
fading channels.

that the Gaussian process µ(i) (t) represents the corresponding scattered component
of the subchannel between the source mobile station and the kth mobile relay for
i = 2k− 1 = 1,3, . . . ,(2K− 1). Analogously, the Gaussian process µ(i) (t) defines
the scattered component of the subchannel between the kth mobile relay and the
destination mobile station for i = 2k = 2,4, . . . ,2K. In (2), A

R(k) is referred to as the
relay gain of the kth relay. It is important to state here that the relay gain A

R(k) is
only a scaling factor for the variance of the complex Gaussian process µ(i) (t), i.e.,
Var

{
A

R(k)µ(i) (t)
}

= 2(A
R(k)σµ(i))2/

√
K, where i = 2,4, . . . ,2K.

The absolute value of the overall complex time-varying channel gain χ (t) in
(1) defines the envelope of K-parallel dual-hop relay fading channels, i.e., Ξ(t) =
|χ (t)|=

∣∣∣∑K
k=1 ς (k) (t)

∣∣∣.

III. LCR AND ADF OF K-PARALLEL DUAL-HOP RELAY FADING CHANNELS

This section deals with the derivation of analytical expressions for the LCR and the
ADF of the envelope Ξ(t) of K-parallel dual-hop relay fading channels introduced
in Section II.
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A. Derivation of the LCR
The LCR NΞ (r) of the envelope Ξ(t) describes the average number of times the

process Ξ(t) crosses a certain threshold level from up to down (or from down to up)
per second. Mathematically, the LCR NΞ (r) can be obtained using [14]

NΞ (r) =
∞∫

0

ẋ pΞΞ̇ (r, ẋ)dẋ (3)

where pΞΞ̇(r, ẋ) is the joint PDF of the envelope Ξ(t) and its time derivative Ξ̇(t)
at the same time. Throughout this article, the overdot denotes the time derivative.
Here, the main problem is to compute the joint PDF pΞΞ̇ (r, ẋ) in order to obtain the
LCR NΞ (r) of the envelope Ξ(t).

For the sake of convenience in deriving the joint PDF pΞΞ̇ (r, ẋ), we first compute
the joint CF Φχ1 χ2 χ̇1 χ̇2 (ω1,ω2, ω̇1, ω̇2) of the inphase and quadrature components
of χ (t) and χ̇ (t). From (1), it is clear that we can express this joint CF as a prod-
uct of the joint CFs Φ

ς (k)
1 ς (k)

2 ς̇ (k)
1 ς̇ (k)

2
(ω1,ω2, ω̇1, ω̇2) of the inphase and quadrature

components of ς (k) (t) and ς̇ (k) (t) [10] as

Φχ1 χ2 χ̇1 χ̇2 (ω1,ω2, ω̇1, ω̇2)=
K

∏
k=1

Φ
ς (k)

1 ς (k)
2 ς̇ (k)

1 ς̇ (k)
2

(ω1,ω2, ω̇1, ω̇2) . (4)

By definition, the CF and the PDF form a Fourier transform pair [10]. Thus, given
the joint PDF p

ς (k)
1 ς (k)

2 ς̇ (k)
1 ς̇ (k)

2
(y1,y2, ẏ1, ẏ2) of the inphase and quadrature components

of ς (k) (t) and ς̇ (k) (t), the joint CF Φ
ς (k)

1 ς (k)
2 ς̇ (k)

1 ς̇ (k)
2

(ω1,ω2, ω̇1, ω̇2) can be expressed
as

Φ
ς (k)

1 ς (k)
2 ς̇ (k)

1 ς̇ (k)
2

(ω1,ω2, ω̇1, ω̇2) =
∞∫

−∞

∞∫

−∞

∞∫

−∞

∞∫

−∞

p
ς (k)

1 ς (k)
2 ς̇ (k)

1 ς̇ (k)
2

(y1,y2, ẏ1, ẏ2)

×e− j(ω1y1+ω2y2+ω̇1ẏ1+ω̇2ẏ2)dy1 dy2 dẏ1 dẏ2 (5)

where the joint PDF p
ς (k)

1 ς (k)
2 ς̇ (k)

1 ς̇ (k)
2

(y1,y2, ẏ1, ẏ2) is given as follows [20]

p
ς (k)

1 ς (k)
2 ς̇ (k)

1 ς̇ (k)
2

(y1,y2, ẏ1, ẏ2) =
K

(2π)2 A2
R(k)σ2

µ(2k−1)σ2
µ(2k)

∞∫

0

dν e
− ν2√K

2A2
R(k)σ2

µ(2k)

× ν
βµ(2k)

(
y2

1 + y2
2
)
+βµ(2k−1)ν4 e

− (y2
1+y2

2)
√

K

2σ2
µ(2k−1)ν2

e
− ν2(ẏ2

1+ẏ2
2)

2
{

β
µ(2k)(y2

1+y2
2)+β

µ(2k−1)ν4
}

. (6)
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In (6), the quantity βµ(i) (i = 1,2, . . . ,2K) is the negative curvature of the autocorre-
lation function of the inphase and quadrature components of µ(i) (t) (i = 1,2, . . . ,

2K). Under isotropic scattering conditions, the quantities βµ(i) can be expressed for
M2M fading channels as [1, 12]

βµ(2k−1) = 2
(

σµ(2k−1)π
)2 (

f 2
Smax

+ f 2
R

(k)
max

)
/
√

K (7a)

βµ(2k) = 2
(

A
R(k)σµ(2k)π

)2 (
f 2

R
(k)
max

+ f 2
Dmax

)
/
√

K (7b)

where fSmax , fDmax , and f
R

(k)
max

are the maximum Doppler frequencies caused by the
motion of the source mobile station, the destination mobile station, and the kth
mobile relay, respectively.

After substituting (6) in (5), doing some tedious algebraic manipulations, and
solving the integrals using [4, Eqs. (3.323-II), (3.338-IV), (3.478-IV), and (6.521-
II)], we get the final expression for the joint CF Φ

ς (k)
1 ς (k)

2 ς̇ (k)
1 ς̇ (k)

2
(ω1,ω2, ω̇1, ω̇2) as

presented in (8).

φ
ς (k)

1 ς (k)
2 ς̇ (k)

1 ς̇ (k)
2

(ω1,ω2, ω̇1, ω̇2) = K
(

A2
R(k)σ2

µ(2k−1)σ2
µ(2k)

(
ω2

1 +ω2
2
)
+

{√
K +σ2

µ(2k−1)βµ(2k)

(
ω̇2

1 + ω̇2
2
)}{√

K +A2
R(k)σ2

µ(2k)βµ(2k−1)

(
ω̇2

1 + ω̇2
2
)})−1

. (8)

Assuming ς (k) (t) (k = 1,2, . . . ,K) are i.i.d. complex double Gaussian random
processes, which implies that Φς1ς2ς̇1ς̇2 (ω1,ω2, ω̇1, ω̇2) =
Φ

ς (k)
1 ς (k)

2 ς̇ (k)
1 ς̇ (k)

2
(ω1,ω2, ω̇1, ω̇2) with σ2

µ(2k−1) = σ2
µ(1) , σ2

µ(2k) = σ2
µ(2) , and AR = A

R(k)

∀k = 1,2, . . . ,K. Thus, for i.i.d. complex double Gaussian random processes, (4)
can simply be expressed as

Φχ1 χ2 χ̇1 χ̇2 (ω1,ω2, ω̇1, ω̇2) =
[
Φς1ς2ς̇1ς̇2 (ω1,ω2, ω̇1, ω̇2)

]K
. (9)

Given the joint CF Φχ1 χ2 χ̇1 χ̇2(ω1,ω2, ω̇1, ω̇2) of the inphase and quadrature
components of χ (t) and χ̇ (t), we can compute the corresponding joint PDF
pχ1 χ2 χ̇1 χ̇2 (z1,z2, ż1, ż2) by taking the (complex conjugate of the) inverse Fourier
transform of the joint CF Φχ1 χ2 χ̇1 χ̇2 (ω1,ω2, ω̇1, ω̇2) [10], i.e.,

pχ1 χ2 χ̇1 χ̇2 (z1,z2, ż1, ż2) =
∞∫

−∞

∞∫

−∞

∞∫

−∞

∞∫

−∞

dω1 dω2 dω̇1 dω̇2

×Φχ1 χ2 χ̇1 χ̇2 (ω1,ω2, ω̇1, ω̇2)
e− j(ω1z1+ω2z2+ω̇1ż1+ω̇2ż2)

(2π)4 . (10)
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Substituting (4) in (10), doing some mathematical manipulations, and solving the
resulting integrals using [4, Eq. (3.338-IV)] gives the joint PDF
pχ1 χ2 χ̇1 χ̇2 (z1,z2, ż1, ż2) in the form

pχ1 χ2 χ̇1 χ̇2 (z1,z2, ż1, ż2) =
1

(2π)3

∞∫

−∞

∞∫

−∞

∞∫

0

dydω̇1 dω̇2

×yJ0

(
y
√

z2
1 + z2

2

)
g1(y, ω̇1, ω̇2)e− j(ω̇1ż1+ω̇2ż2) (11)

where g1(·, ·, ·) is defined below in (12)

g1(y, ω̇1, ω̇2) =
K

∏
k=1

K
(

A2
R(k)σ2

µ(2k−1)σ2
µ(2k)y

2+

{√
K +σ2

µ(2k−1)βµ(2k)

(
ω̇2

1 + ω̇2
2
)}{√

K +A2
R(k)σ2

µ(2k)βµ(2k−1)

(
ω̇2

1 + ω̇2
2
)})−1

(12)

and J0(·) is the zeroth-order Bessel function of the first kind [4].
The joint PDF pΞΞ̇ΘΘ̇

(
x, ẋ,θ , θ̇

)
of the envelope and the phase of K-parallel

dual-hop relay fading channels can now easily be computed by transforming the
random variables in (11) from rectangular coordinates (z1,z2, ż1, ż2) to polar coor-
dinates

(
x, ẋ,θ , θ̇

)
, which results in

pΞΞ̇ΘΘ̇
(
x, ẋ,θ , θ̇

)
=

x2

(2π)3

∞∫

−∞

∞∫

−∞

∞∫

0

dydω̇1 dω̇2 yJ0 (yx)

×g1(y, ω̇1, ω̇2)e− j(ω̇1(ẋcosθ−xθ̇ sinθ)+ω̇2(ẋsinθ+xθ̇ cosθ)) (13)

for x≥ 0, |ẋ|< ∞, |θ | ≤ π , and |θ̇ |< ∞, where g1(·, ·, ·) is given in (12).
Finally, integrating (13) over the undesirable variables θ and θ̇ using

[4, Eqs. (3.338-IV), (6.596-I), and (8.464-II)], allows us to express the joint PDF
pΞΞ̇ (x, ẋ) of the envelope Ξ(t) and its time derivative Ξ̇(t) as

pΞΞ̇ (x, ẋ) =
1
π

∞∫

0

∞∫

0

dzdyyxJ0(yx)cos(zẋ)g1 (y,zcosψ,zsinψ) , x≥ 0, |ẋ|< ∞ .

(14)
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Substituting (14) in (3) results in the following final expression for the LCR NΞ (r)
of the envelope Ξ(t)

NΞ (r) =
1
π

∞∫

0

∞∫

0

∞∫

0

yr ẋJ0 (yr)cos(zẋ)g1 (y,zcosψ,zsinψ) dẋdzdy . (15)

For i.i.d. complex double Gaussian random processes ς (k) (t) (k = 1,2, . . . ,K),
the integral over the variable y in (15) can be solved using [4, Eq. (6.565-IV)]. In
this case, the expression of the LCR NΞ (r) in (15) reduces to

NΞ (r) =
1
π
· KK

2K−1 (K−1)!
· rK

(
ARσµ(1)σµ(2)

)(K+1)

×
∞∫

0

∞∫

0

ẋ cos(z ẋ)

(g2 (z))(K−1) KK−1

(
r g2 (z)

ARσµ(1)σµ(2)

)
dẋdz (16)

where(·)! denotes the factorial, KK−1 (·) is the (K−1)th-order modified Bessel
function of the second kind [4], and

g2 (z) =
√{√

K +σ2
µ(1)βµ(2)z2

}{√
K +A2

Rσ2
µ(2)βµ(1)z2

}
. (17)

B. Derivation of the ADF
The ADF TΞ− (r) of the envelope Ξ(t) is the expected value of the time intervals

over which the process Ξ(t) remains below a certain threshold level r. The ADF
TΞ− (r) can be calculated by means of [6]

TΞ−(r) =
FΞ− (r)
NΞ (r)

(18)

where FΞ− (r) is the CDF and NΞ (r) is the LCR of Ξ(t).
The CDF FΞ− (r) of the envelope Ξ(t) is the probability that Ξ(t) remains below

the threshold level r (see, e.g., [10]).
The PDF pΞ (x) of the envelope Ξ(t) required to compute the CDF FΞ− (r) can

be obtained by integrating (14) over ẋ in the interval (−∞,∞). With the help of the
resulting PDF pΞ (x), the final expression of the CDF FΞ− (r) of the envelope Ξ(t)
can be given as

FΞ− (r) = 1− 2
π

∞∫

0

∞∫

0

∞∫

0

∞∫

r

yxJ0 (yx)cos(zẋ)g1 (y,zcosψ,zsinψ) dxdẋdzdy . (19)
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Under the assumption that ς (k) (t) (k = 1,2, . . . ,K) are i.i.d. complex double Gaus-
sian processes, the product on the right-hand-side in (12) becomes (·)K . Then solv-
ing the integral over the variables x and y in (19) allows us to write the CDF FΞ− (r)
of the envelope Ξ(t) as

FΞ− (r) = 1− 2
π
· KK

2K−1 (K−1)!
· rK

(
ARσµ(1)σµ(2)

)K

×
∞∫

0

∞∫

0

cos(z ẋ)
(g2 (z))K KK

(
r g2 (z)

ARσµ(1)σµ(2)

)
dẋdz (20)

where g2 (·) is given in (17). It can be shown that (20) reduces to the following
closed-form expression

FΞ− (r) = 1−
K

K
2 rK KK

(
r
√

K/(ARσµ(1)σµ(2))
)

2K−1 (K−1)!
(

ARσµ(1)σµ(2)

)K . (21)

The proof of (21) is omitted here for reasons of brevity. However, in the next sec-
tion, we present numerical results to illustrate that (20) and (21) are equivalent.

IV. NUMERICAL RESULTS

The purpose of this section is to illustrate the theoretical expressions presented
in Section III and to validate their correctness with the help of simulations. In
this paper, the underlying uncorrelated Gaussian noise processes making up the
overall K-parallel dual-hop relay channel are simulated using the sum-of-sinusoids
(SOS) concept[12]. The model parameters of the channel simulator were computed
by using the generalized method of exact Doppler spread (GMEDS1) [13]. Each
Gaussian process µ(i) (t) (i = 1,2, . . . ,2K) was simulated using N(i)

1 = 14 + k and
N(i)

2 = 14 + k for i = 1,2, . . . ,2K and k = 1,2, . . . ,K, where N(i)
1 and N(i)

2 are the
number of sinusoids required to simulate the inphase and quadrature components
of µ(i) (t), respectively. The maximum Doppler frequencies caused by the motion
of the source mobile station and the destination mobile station, denoted by fSmax

and fDmax , respectively, were both set to 91 Hz. Whereas, the maximum Doppler
frequencies f

R
(k)
max

= fRmax caused by the motion of K mobile relays were selected
from the set {91 Hz,125 Hz,210 Hz}. The variances of the underlying Gaussian
processes are assumed to be equal, i.e., 2σ2

µ(i) = 2σ2
µ ∀ i = 1,2, . . . ,2K. The relay

gains associated with the subchannels are also equal, i.e., AR(k) = AR ∀ k = 1,2, . . . ,K
unless stated otherwise.
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The results presented in Figs. D.2–D.4 show a good fitting of the analytical and
simulation results. Figure D.2 illustrates the LCR NΞ (r) of the envelope Ξ(t) given
in (16). It can be seen from Fig. D.2 that keeping the relay gains AR(k) and the maxi-
mum Doppler frequencies f

R
(k)
max

associated with K mobile relays constant, the LCR
NΞ (r) decreases with the increase in the number of mobile relays in the network.
The effect of the maximum Doppler frequencies f

R
(k)
max

associated with K mobile re-
lays is noticeable in Fig. D.2. In Fig. D.3, the theoretical results of the CDF FΞ− (r)
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Figure D.2: The LCR NΞ (r) of the envelope Ξ(t) of K-parallel dual-hop relay M2M
fading channels.

of the envelope Ξ(t) described by (20) and (21) are presented. The presented re-
sults validate our claim that (20) and (21) are equivalent. The ADF TΞ− (r) of the
envelope Ξ(t) described by (18) is evaluated along with the simulation results in
Fig. D.4. Studying the results presented in Fig. D.4 reveals that the ADF TΞ− (r)
increases at high values of r with the increase in the number of mobile relays keep-
ing the corresponding relay gains AR(k) and the maximum Doppler frequencies f

R
(k)
max

constant. At low values of r, however, the ADF TΞ− (r) decreases with an increase
in the number of mobile relays. We can further deduce from Fig. D.4 that the relay
gains AR(k) and the maximum Doppler frequencies f

R
(k)
max

influence the ADF TΞ− (r)
of the envelope Ξ(t) significantly.
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V. CONCLUSION

In this paper, we have studied the fading behavior of K-parallel dual-hop relay fre-
quency non-selective M2M fading channels under NLOS propagation conditions in
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isotropic scattering environments. The fading behavior of such M2M fading chan-
nels is analyzed by evaluating the LCR and the ADF of the received signal envelope
Here, we presented analytical integral expressions of these quantities along with the
CDF associated with the envelope. These expressions are derived assuming that the
underlying processes making up such channels are independent but not necessarily
identical as well as if they are i.i.d. processes. The theoretical results are validated
by simulations. The results presented show that the number of mobile relays K in
the network, the relay gains AR(k) , and the maximum Doppler frequencies f

R
(k)
max

as-
sociated with the K mobile relays significantly influence the LCR, the ADF, and
the CDF of the received signal envelope of K-parallel dual-hop relay M2M fading
channels. These results are of importance to the designers of dual-hop/ multi-hop
cooperative multi-relay systems.
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Abstract — This article deals with the statistical analysis of equal gain com-
bining (EGC) over mobile-to-mobile (M2M) fading channels in a dual-hop
amplify-and-forward relay network. Here, we analyze narrowband M2M fad-
ing channels under non-line-of-sight (NLOS) propagation conditions. It is as-
sumed that there exist K diversity branches between the source mobile station
and the destination mobile station via K mobile relays. The received signal
envelope at the output of the equal gain (EG) combiner is thus modeled as a
sum of K double Rayleigh processes. It has been shown that the evaluation
of the probability density function (PDF) of this sum process using the char-
acteristic function (CF) is rather intractable. However, the target PDF can
efficiently be approximated by the gamma distribution. Exploiting the proper-
ties of the gamma distribution, the cumulative distribution function (CDF), the
level-crossing rate (LCR), and the average duration of fades (ADF) of the sum
process are also approximated. The approximation of the mentioned sum pro-
cess by a gamma distributed process makes it possible to provide simple and
closed-form analytical expressions for the aforementioned statistical quantities.
The validity of the obtained analytical expressions is confirmed by simulations.

I. INTRODUCTION

Recent studies in the field of wireless communications have demonstrated the po-
tential of cooperative relaying to meet the high data-rate and coverage requirements
of future wireless communication systems [17, 6]. The advantage of such relaying
is the attainment of spatial diversity gain by utilizing the existing resources of the
network. From a variety of cooperative diversity schemes [13, 25, 26], the study
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presented in this article revolves around amplify-and-forward-type relaying. In this
scenario, several mobile stations assist the source mobile station by amplifying and
forwarding its information signal to the destination mobile station.

Here, a dual-hop amplify-and-forward configuration has been taken into ac-
count, where there exist K mobile relays between the source mobile station and
the destination mobile station. Such a configuration in turn gives rise to K diversity
branches. Thus, the previously mentioned spatial diversity gain is achieved by com-
bining the signal received from the K diversity branches at the destination mobile
station. Among the most important diversity combining techniques [12], maximal
ratio combining (MRC) has been proved to be the optimum one [12]. It is widely
acknowledged in the literature that a suboptimal and less complex combining tech-
nique, referred to as EGC, performs very close to MRC [12]. Studies regarding the
statistical properties of EGC and MRC in non-cooperative networks over Rayleigh,
Rice, and Nakagami fading channels are reported in [32, 5, 11]. Furthermore, per-
formance analysis of the said schemes in terms of the bit error and outage probabil-
ity over Rayleigh, Rice, and Nakagami fading channels can be found in [33, 34, 24].
In addition, the performance analysis of cooperative diversity using EGC and MRC
over Rayleigh and Nakagami-m fading channels is presented in [2, 8, 9].

In recent years, M2M communications has also gained considerable attention
for its potential utilization in cooperative networks, ad hoc networks, and vehicle-
to-vehicle (V2V) communications. Statistical studies of M2M fading channels in
[1] have revealed that such channels behave quite differently from the conventional
cellular and land mobile terrestrial channels like, e.g., Rayleigh, Rice, and Suzuki
channels. In relay-based cooperative networks, M2M fading channels under NLOS
propagation conditions can be modeled as double Rayleigh stochastic processes
[19]. Under line-of-sight (LOS) propagation conditions, double Rice processes ef-
fectively model M2M fading channels [29]. The authors of [30] have recently stud-
ied the performance of digital modulation over double Nakagami-m fading channels
with MRC diversity. However, to the best of our knowledge, the statistical analysis
of double Rayleigh and/or double Nakagami-m fading channels with EGC has not
been carried out so far.

This article deals with the derivation and analysis of the statistical properties of
EGC over M2M fading channels in cooperative networks. Although, on the one
hand, the PDF can efficiently characterize a fading channel, the LCR and the ADF,
on the other hand, provide vital information about how fast the fading channel is
changing with time. Thus, studies pertaining to the PDF, the CDF, the LCR, and the
ADF along with the CF of the received signal envelope at the output of the EG com-
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biner are included in this article. The output signal of the EG combiner is modeled
as a sum of K double Rayleigh processes. It has been illustrated that the compu-
tation of the PDF of the sum of K double Rayleigh processes is rather intractable
when it comes to the evaluation of the inverse Fourier transform of the CF. An al-
ternate approach is therefore presented in which the PDF is either approximated by
another but a simpler expression or by a series.

Depending upon the purpose for which the approximated PDF has to be used,
several methods of approximation have been proposed so far [4, 22, 16, 28]. Here,
we follow the approximation approach using orthogonal series expansion. Specif-
ically, we introduce an approximation approach based on the Laguerre series ex-
pansion [22]. It turns out that the first term in the Laguerre series equals gamma
distribution. This enables us to show that the PDF of the sum of K double Rayleigh
processes can efficiently be approximated by the gamma distribution. Exploiting
the properties of the gamma distribution, closed-form approximations are presented
for the CDF, the LCR, and the ADF of the sum process. Furthermore, the close
fitting of the approximated theoretical results with those of the exact simulation
results shows that the approximation approach followed here is valid. We have
demonstrated the influence of the number of diversity branches K on the statistical
properties of the received signal envelope at the output of the EG combiner.

The organization of the remaining part of the paper is as follows. Section II de-
scribes the M2M fading channel model associated with amplify-and-forward relay
networks. Section III deals with the derivation of the analytical expressions for the
CF, the PDF, the CDF, the LCR, and the ADF of the received signal envelope at
the output of the EG combiner. Section IV validates the correctness of the analyt-
ical expressions presented in Section III by simulations. Finally, some concluding
remarks are presented in Section V.

II. EGC OVER M2M FADING CHANNELS

In this section, we describe the system model of EGC over M2M fading channels in
a dual-hop cooperative network, where there are K mobile relays connected in par-
allel between the source mobile station and the destination mobile station. We aim
to investigate frequency non-selective M2M fading channels under NLOS propaga-
tion conditions in isotropic scattering conditions. All mobile stations in the network,
i.e., the source mobile station, the destination mobile station, and the K mobile re-
lays do not transmit and receive a signal at the same time in the same frequency
band. The propagation scenario considered is illustrated in Fig. E.1, where it can be
seen that the mobile relays form K diversity branches.

We have taken into account the time-division multiple-access (TDMA) based
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amplify-and-forward relay protocols proposed in [14, 3]. Thus, the signals from
the K diversity branches in different time slots can be combined at the destination
mobile station using EGC. Assuming perfect channel state information (CSI) at the
receiver, the received signal envelope at the output of an EG combiner can be written
as [12]

Ξ(t) =
K

∑
k=1

∣∣∣ς (k) (t)
∣∣∣ =

K

∑
k=1

χ(k) (t) (1)

where ς (k) (t) (k = 1,2, . . . ,K) describes the fading process in the kth subchannel
from the source mobile station to the destination mobile station via the kth mobile
relay. Here, we model the fading process ς (k) (t) as a weighted zero-mean complex
double Gaussian process, i.e.,

ς (k) (t) = ς (k)
1 (t)+ jς (k)

2 (t) = A
R(k) µ(2k−1) (t)µ(2k) (t) (2)

for k = 1,2, . . . ,K. In (2), µ(i) (t) (i = 1,2, . . . ,2K) represents a complex circular
Gaussian process with zero mean and variance 2σ2

µ(i) . These Gaussian processes are
mutually independent, where the spectral characteristics of each one are described
by the classical Jakes Doppler power spectral density. The Gaussian process µ(i) (t)
defines for i = 2k−1 = 1,3, . . . ,(2K−1) the scattered component of the subchannel
between the source mobile station and the kth mobile relay. Similarly, the Gaussian
process µ(i) (t) represents for i = 2k = 2,4, . . . ,2K the scattered component of the
subchannel between the kth mobile relay and the destination mobile station. In (2),
A

R(k) is the relay gain of the kth relay. It is worth mentioning that the relay gain
A

R(k) can be considered as a scaling factor for the variance of the complex Gaussian

process µ(i) (t), i.e., Var
{

A
R(k)µ(i) (t)

}
= 2(A

R(k)σµ(i))2, where i = 2,4, . . . ,2K. The

absolute value of ς (k) (t) is denoted by χ(k) (t) in (1), where each χ(k) (t) is a double
Rayleigh process.

III. STATISTICAL ANALYSIS OF EGC OVER M2M FADING CHANNELS

This section aims at presenting a thorough study of the statistical properties of EGC
over M2M fading channels. The derivation and analysis of the closed-form analyt-
ical expressions for the CF, the PDF, the CDF, the LCR, and the ADF of Ξ(t) is
included in the discussion below.
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Figure E.1: The propagation scenario describing K-parallel dual-hop relay M2M
fading channels.

A. PDF of a Sum of Double Rayleigh Processes
In order to express the PDF pΞ (x) of Ξ(t), we discuss two independent ap-

proaches, namely the CF-based exact solution and the approximate solution ob-
tained using an orthogonal series.

1) CF-based Exact Solution: Mobile radio fading channels are usually charac-
terized with the help of statistical quantities, such as the PDF of the envelope and
the phase of the received signal. Another, important statistical quantity is the CF,
which is related to the corresponding PDF through the Fourier transform.

Since the received signal envelope at the output of the EG combiner Ξ(t) given
in (1) is a sum of K independent but not necessarily identical double Rayleigh pro-
cesses χ(k) (t) ,(k = 1,2, . . . ,K). Therefore, we can express the CF ΦΞ (ω) of Ξ(t)
as a product of the CFs Φχ(k) (ω) of the stochastic processes χ(k) (t), i.e.,

ΦΞ (ω) =
K

∏
k=1

Φχ(k) (ω) . (3)
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By definition, the PDF of a stochastic process and its CF are related through the
Fourier transform [18] as

Φχ(k) (ω)=
∞∫

−∞

pχ(k) (x)e j xω dx (4)

where pχ(k) (x) represents the double Rayleigh distribution [19], i.e.,

pχ(k) (x) =
x

σ2
µ(2k−1)σ2

µ(2k)

K0

(
x

σµ(2k−1)σµ(2k)

)
. (5)

Substituting (5) in (4) and solving the integral over x using [7, Eq. (6.621-3)] allows
us to write Φχ(k) (ω) as [10]

Φχ(k)(ω) =
4/3

(1− jωA
R(k)σµ(2k−1)σµ(2k))2 2F1

[
2,

1
2

;
5
2

;
−1− jωA

R(k)σµ(2k−1)σµ(2k)

1− jωA
R(k)σµ(2k−1)σµ(2k)

]
(6)

∀k = 1,2, . . . ,K. In (6), 2F1 [·, ·; ·; ·] is the Gauss hypergeometric function [7].
Finally, substituting (6) in (3) provides us with the required CF ΦΞ (ω) of Ξ(t),
i.e.,

ΦΞ(ω)=
K

∏
k=1

4/3
(1− jωA

R(k)σµ(2k−1)σµ(2k))2 2F1

[
2,

1
2

;
5
2

;
−1− jωA

R(k)σµ(2k−1)σµ(2k)

1− jωA
R(k)σµ(2k−1)σµ(2k)

]
.

(7)

Given the CF ΦΞ (ω) of Ξ(t), the corresponding PDF pΞ (x) can be obtained
by computing the (complex conjugate of the) inverse Fourier transform of the CF
ΦΞ (ω). Unfortunately, the complicated form of the CF ΦΞ (ω) makes it difficult to
obtain a simple and closed-form expression for the PDF pΞ (x).

Assuming χ(k) (t) (k = 1,2, . . . ,K) are independent and identically distributed
(i.i.d.) stochastic processes, implies that Φχ (ω) = Φχ(k) (ω), with σ2

µ(2k−1) = σ2
µ(1) ,

σ2
µ(2k) = σ2

µ(2) , and AR = A
R(k) ∀k = 1,2, . . . ,K. This in turn allows us to express the

CF ΦΞ (ω) in (3) as

ΦΞ(ω)=
{
φχ(ω)

}K=

{
4/3

(1− jωARσµ(1)σµ(2))2 2F1

[
2,

1
2

;
5
2

;
−1− jωARσµ(1)σµ(2)

1− jωARσµ(1)σµ(2)

]}K

.

(8)
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By substituting (8) in [18, Eq. (5-94)], the PDF pΞ (x) can be obtained. However,
note that the CF ΦΞ (ω) in (8) is still quite complex to be evaluated using [18,
Eq. (5-94)].

2) Approximate Solution Using an Orthogonal Series Expansion: It has been
shown in Section III-A.1 that it is rather complicated to compute the PDF pΞ (x)
of Ξ(t) by taking the inverse Fourier transform of the CF ΦΞ (ω). An alternate
approach is to approximate the PDF pΞ (x) of Ξ(t) either by another but a sim-
pler expression or by a series. Here, we follow the approximation approach using
orthogonal series expansion. From various options of such series, like, e.g., the
Edgeworth series and the Gram-Charlier series, we apply in our analysis the La-
guerre series expansion [22]. The Laguerre series provides a good approximation
for PDFs that are unimodal (i.e., having single maximum) with fast decaying tails
and positive defined random variables. Furthermore, the Laguerre series is often
used when the first term of the series provides a good enough statistical accuracy
[22].

The PDF pΞ (x) of Ξ(t) can then be expressed using the Laguerre series expan-
sion as [22]

pΞ (x) =
∞

∑
n=0

bn e−xxαLL(αL)
n (x) (9)

where

L(αL)
n (x) = ex x(−αL)dn

x!dxn

[
e(−x)xn+αL

]
,αL >−1 (10)

denote the Laguerre polynomials. The coefficients bn can be given as

bn =
n!

Γ(n+αL +1)

∞∫

0

L(αL)
n (x) pΞ (x)dx (11)

where x = y/βL and Γ(·) is the gamma function [7].
The parameters αL and βL can be computed by solving the system of equations

in [22, p. 21] for b1 = 0 and b2 = 0. The solution of the mentioned system of
equations yields

αL = (κΞ
1 )2

κΞ
2
−1, βL = κΞ

2
κΞ

1
(12a,b)

where κΞ
1 and κΞ

2 are the first and second cumulant, respectively, of the stochastic
process Ξ(t). Note that the first and second cumulant of Ξ(t) are merely the mean
value and the variance, respectively. Furthermore, assuming that the power of the
sum process Ξ(t) is normalized by the number of diversity branches K and the
underlying double Rayleigh processes are i.i.d. stochastic processes, we can express
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the nth cumulant of Ξ(t), κΞ
n , in terms of the nth cumulant of χ (t), κχ

n , as

κΞ
n =

κχ
n

K(n−1) (13)

where χ (t) denotes a double Rayleigh process. The first two cumulants of χ (t) can
be expressed as [27]

κχ
1 =

ARσ
µ(1)σ

µ(2)π
2 , κχ

2 = 1
4A2

Rσ2
µ(1)σ2

µ(2)

(
16−π2) . (14a,b)

Given κχ
n , the value of κΞ

n (n = 1,2) can easily be computed using (13), which
directly leads to the evaluation of αL and βL in (12a,b). Substituting the obtained
quantities αL and βL in the Laguerre series expansion, the first term of the series
can be identified as the gamma distribution

pΓ (x) =
xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL . (15)

The PDF pΞ (x) of Ξ(t) can thus be approximated as

pΞ (x)≈ pΓ (x) =
xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL . (16)

The usefulness of the PDF pΞ (x) of Ξ(t) lies in the fact that it can be utilized in
the performance analysis at the link level of EGC systems. Such performance stud-
ies require the knowledge of the PDF of the received signal-to-noise ratio (SNR).
Making use of (16) and applying the concept of transformation of random variables
[18, p. 244], the required PDF of the SNR can be obtained.

In the following, we derive the analytical expressions of the CDF, the LCR, and
the ADF assuming that the double Rayleigh processes χ(k) (t) are i.i.d. stochastic
processes. In addition, we would exploit the properties of the gamma distribution.

B. CDF of a Sum of Double Rayleigh Processes
The CDF FΞ− (r) of Ξ(t) is the probability that Ξ(t) remains below the threshold

level r [18]. Substituting (16) in FΞ− (r) =
r∫

0
pΞ (x)dx and solving the integral over

x using [7, Eq. (3.381-3)] allows us to express the CDF FΞ− (r) in closed form as

FΞ− (r)≈ 1− 1
Γ(αL +1)

Γ
(

αL,
r

βL

)
(17)

where Γ(·, ·) is the upper incomplete gamma function [7].
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C. LCR of a Sum of Double Rayleigh Processes
The LCR NΞ (r) of Ξ(t) represents the average rate of up-crossings (or down-

crossings) of the stochastic process Ξ(t) per second through a certain threshold
level r. The LCR NΞ (r) can be computed using the formula [23]

NΞ (r) =
∞∫

0

ẋ pΞΞ̇(r, ẋ)dẋ (18)

where pΞΞ̇ (r, ẋ) is the joint PDF of the stochastic process Ξ(t) and its corresponding
time derivative Ξ̇(t) at the same time t. Throughout this paper, the overdot repre-
sents the time derivative.

In Section III-A.2, we have shown that the PDF pΞ (x) of Ξ(t) can efficiently
be approximated by the gamma distribution pΓ (x). Based on this fact, we assume
that the joint PDF pΞΞ̇ (r, ẋ) is approximately equal to the joint PDF pΓΓ̇ (r, ẋ) of a
gamma process and its corresponding time derivative at the same time t, i.e.,

pΞΞ̇ (r, ẋ)≈ pΓΓ̇ (r, ẋ) . (19)

A gamma distributed process is equivalent to a squared Nakagami-m distributed
process [15]. Thus, applying the concept of transformation of random variables [18,
p. 244], we can express the joint PDF pΓΓ̇ (x, ẋ) in terms of the joint PDF pNṄ (y, ẏ)
of a Nakagami-m distributed process and its corresponding time derivative at the
same time t as

pΓΓ̇ (x, ẋ) =
1
4x

pNṄ

(√
x,

ẋ
2
√

x

)
. (20)

After substituting pNṄ (y, ẏ) as given in [31, Eq. (13)] in (20), the joint PDF
pΓΓ̇ (x, ẋ) can be written as

pΓΓ̇ (x, ẋ) =
1

2
√

2πxσ̇
x(m−1)

(Ω/m)m Γ(m)
e−

x
(Ω/m)− ẋ2

8σ̇2x (21)

where m, Ω, and σ̇ are the parameters associated with the Nakagami-m distribu-
tion. The result in (21) can be expressed in terms of the parameters of the gamma
distribution, i.e., αL and βL, as

pΓΓ̇ (x, ẋ) =
1

2
√

2πβx

xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL
− ẋ2

8βx (22)
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where β = 2
(

π ARσµ(1)σµ(2)

)2 (
f 2

Smax
+2 f 2

Rmax
+ f 2

Dmax

)
/K. Here, fSmax , fRmax , and

fDmax are the maximum Doppler frequencies caused by the motion of the source
mobile station, mobile relays, and the destination mobile station, respectively.

Numerical investigations show that pΞΞ̇ (r, ẋ) ≈ 1√
3AR

pΓΓ̇ (r, ẋ). Substituting
pΞΞ̇ (r, ẋ) in (18) allows us to express the LCR NΞ (r) in closed form as

NΞ (r) ≈
∞∫

0

ẋ√
3AR

pΓΓ̇ (r, ẋ)dẋ

=

√
2rβ

3πAR

rαL e−
r

βL

β (αL+1)
L Γ(αL +1)

=

√
2rβ

3πAR

pΞ (r). (23)

D. ADF of a Sum of Double Rayleigh Processes
The ADF TΞ− (r) of Ξ(t) is the expected value of the time intervals over which

the stochastic process Ξ(t) remains below a certain threshold level r. Mathemati-
cally, the ADF TΞ− (r) is defined as the ratio of the CDF FΞ− (r) and the LCR NΞ (r)
of Ξ(t) [12], i.e.,

TΞ− (r) =
FΞ− (r)
NΞ (r)

. (24)

By substituting (17) and (23) in (24), we can easily obtain an approximate solution
for the ADF TΞ− (r).

IV. NUMERICAL RESULTS

The purpose of this section is twofold. Firstly, to illustrate the important theoret-
ical results by evaluating the expressions in (16), (17), (23), and (24). Secondly,
to validate the correctness of the theoretical results with the help of simulations.
The exact simulation results have been obtained by applying the sum-of-sinusoids
(SOS) concept [20] on the uncorrelated Gaussian noise processes making up the re-
ceived signal envelope at the output of the EG combiner. The model parameters of
the channel simulator were computed by the generalized method of exact Doppler
spread (GMEDS1) [21]. Each Gaussian process µ(i) (t) (i = 1,2, . . . ,2K) was sim-
ulated using N(i)

l = 14 for i = 1,2, . . . ,2K and l = 1,2, where N(i)
l is the number

of sinusoids required to simulate the inphase (l = 1) and quadrature components
(l = 2) of µ(i) (t). The authors of [20] have shown that with N(i)

l ≥ 7 (l = 1,2), the

simulated distribution of
∣∣∣µ(i) (t)

∣∣∣ closely approximates the Rayleigh distribution
for all i = 1,2, . . . ,2K. The maximum Doppler frequencies caused by the motion of
the source mobile station, the mobile relays, and the destination mobile station, de-
noted by fSmax , fRmax , and fDmax , respectively, were set to 91 Hz, 125 Hz, and 210 Hz.
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The variances σ2
µ(i) were chosen to be σ2

µ(i) = 1/K ∀ i = 1,2, . . . ,2K. The relay gains
AR(k) were selected to be unity, i.e., AR(k) = AR = 1 ∀ k = 1,2, . . . ,K unless stated oth-
erwise.

The results presented in Figs. E.2–E.5 show a good fitting of the approximated
analytical and the exact simulation results considered as the true results. Figure E.2
illustrates the theoretical results of the PDF pΞ (x) of Ξ(t) described by the ap-
proximation in (16). For the purpose of validation of the theory, the simulation
results obtained by evaluating the statistics of the waveforms generated by using
the SOS-based channel simulator are included in Fig. E.2. The PDF pΞ (x) of Ξ(t)
for a different number of diversity branches K, keeping the relay gain AR constant
is shown in Fig. E.2. For K = 1 and AR = 1, the PDF pΞ (x) of Ξ(t) maps to the
double Rayleigh distribution, confirming that our approximation in (16) is valid.
Furthermore, the PDF pΞ (x) of Ξ(t) tends to a Gaussian distribution if K increases.
This observation is in accordance with the central limit theorem (CLT) [18].
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Figure E.2: The PDF pΞ (x) of the received signal envelope at the output of the EG
combiner Ξ(t) for a different number of diversity branches K.

In Fig. E.3, the theoretical results of the CDF FΞ− (r) of Ξ(t) described by the
approximation in (17) are illustrated. Here, the CDF FΞ− (r) of Ξ(t) for a different
number of diversity branches K keeping the relay gain AR in each branch constant
is shown. A close agreement can be observed between the presented approximate
solution and the exact simulation results.

The LCR NΞ (r) of Ξ(t) described by (23) is evaluated along with the exact
simulation results in Fig. E.4. This figure illustrates the LCR NΞ (r) of Ξ(t) for a
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Figure E.3: The CDF FΞ− (r) of the received signal envelope at the output of the EG
combiner Ξ(t) for a different number of diversity branches K.

different number of diversity branches K while the relay gain AR is kept constant.
It is quite clear from the graphs that for K = 1 and AR = 1, (23) provides us with
a very close approximation to the exact LCR of a double Rayleigh distributed pro-
cess given in [19]. In addition, increasing K while keeping AR constant, result in a
decrease in the LCR NΞ (r) for both lower and higher signal levels r.
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Figure E.4: The LCR NΞ (r) of the received signal envelope at the output of the EG
combiner Ξ(t) for a different number of diversity branches K.
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Figure E.5 reveals the theoretical results of the ADF TΞ− (r) of Ξ(t) described
by (24) along with the exact simulation results. It can be observed in Fig. E.5 that
keeping the relay gain AR constant and increasing the number of diversity branches
K result in an increase of the ADF TΞ− (r) at higher values of r. However, at lower
values of r, the ADF TΞ− (r) decreases with increasing K.
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Figure E.5: The ADF TΞ− (r) of the received signal envelope at the output of the
EG combiner Ξ(t) for a different number of diversity branches K.

V. CONCLUSION

In this article, we have studied the statistical properties of EGC over frequency non-
selective M2M fading channels under NLOS propagation conditions in a dual-hop
amplify-and-forward relay network. It is assumed that K diversity branches are
present between the source mobile station and the destination mobile station via
K mobile relays. The received signal envelope at the output of the EG combiner
has therefore been modeled as a sum of K double Rayleigh processes. Here, we
have thoroughly analyzed the PDF, the CDF, the LCR, and the ADF along with the
CF of this sum process. We have proposed an approximation approach using an
orthogonal series expansion in the form of the Laguerre series to approximate the
PDF of the sum of K double Rayleigh processes. The approximation of the target
PDF using the Laguerre series makes it possible to approximate the PDF of the
sum process by a gamma distribution. It has been shown that the approximation
provided by the Laguerre series is remarkably good. Exploiting the properties of
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the gamma distribution, the CDF, the LCR, and the ADF of the sum process are
also approximated. With the help of this approximation, we are able to present
simple and closed-form expressions for the aforementioned statistical quantities.
Furthermore, the close agreement of the approximated theoretical results with those
of the exact simulation results shows that the approximation approach followed here
is valid. We have demonstrated the influence of the number of diversity branches K
on the statistical properties of the received signal envelope at the output of the EG
combiner. The results can easily be utilized in the performance analysis studies of
EGC over relay-based M2M fading channels.
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Abstract — In amplify-and-forward relay links, the mobile fading chan-
nel under non-line-of-sight (NLOS) conditions is usually modeled as a double
Rayleigh channel. In our paper, we are taking into consideration the existence
of line-of-sight (LOS) components in the amplify-and-forward relay links. As
a result, we have modeled the overall mobile fading channel as a double Rice
channel. The purpose of this paper is also to give analytical expressions for
the main statistical quantities like the mean value, variance, probability den-
sity functions (PDF), level-crossing rate (LCR), and average duration of fades
(ADF) of double Rice channels. The validity of the derived analytical expres-
sions is confirmed by simulations.

Keywords—Cooperative diversity, amplify-and-forward relay fading channels,
mobile-to-mobile channels, double Rayleigh fading, probability density function,
level-crossing rate, average duration of fades.

I. INTRODUCTION

In wireless and mobile communication networks, the capacity of the entire system,
its throughput, and the quality of service (QoS) are the key performance parame-
ters. Multipath propagation and fading adversely affects these performance param-
eters. Thus, in order to have a better link quality, which would in turn increase
the overall capacity of the system, several diversity techniques have been proposed
[14]. Recently, a diversity scheme called the cooperative diversity [17, 18, 7] has
gained much attention. In cooperative diversity systems, single-antenna mobiles
share their antennas with other mobile antennas in the network in a so-called virtual
multiple-antenna configuration [3]. Cooperative diversity protocols proposed in [7]
include fixed relaying, selection relaying, and incremental relaying. Furthermore,
an amplify-and-forward type of relaying that is being studied in this paper has been
introduced as a fixed relaying scenario in [7]. In such a system, a relay (R) amplifies
and retransmits the signal received from a transmitter (Tx) towards the destination
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receiver (Rx). Depending upon the type of relay, i.e., stationary or mobile, applica-
tions of cooperative diversity schemes can be found in cellular networks and mobile
ad hoc networks.

Considering NLOS propagation, the amplify-and-forward relay fading channel
can be modeled in the equivalent complex baseband as a double Gaussian chan-
nel with zero mean, i.e., the product of two zero-mean complex Gaussian channels
[3],[9]. Hence, the envelope of the amplify-and-forward relay fading channel fol-
lows the double Rayleigh distribution. Studies have shown [16] that such a dou-
ble Rayleigh channel also results when the wave propagation is taking place via
diffracting edges such as street corners in typical urban environments. Moreover,
the relay channels of mobile ad hoc networks are statistically identical to mobile-to-
mobile fading channels under the assumption that the distance between the transmit-
ter and the receiver is sufficiently large [6],[11]. The PDF of the envelope of double
Rayleigh fading channels is readily available in the literature [9],[6]. Unfortunately,
much less information can be found for other important statistical properties like
the autocorrelation function, LCR, and ADF. These properties have only been stud-
ied in [9] for amplify-and-forward relay fading channels under NLOS propagation
conditions. This paper is aimed at analyzing the statistics of amplify-and-forward
relay fading channels in the presence of LOS components.

Our amplify-and-forward relay fading channel is similar to that proposed in [9],
which is a combination of fixed-to-mobile [5] and mobile-to-mobile channels [2].
However, the novelty in our approach is that we model the envelope of the amplify-
and-forward relay fading channel as a double Rice channel, i.e., the product of two
Rice channels because of the presence of a direct LOS component in both the Tx–R
and R–Rx links. In this paper, we present exact expressions for the mean value and
the variance of double Rice fading processes. Furthermore, integral expressions for
the envelope PDF, phase PDF, LCR, and ADF of the double Rice fading process are
also derived. The simulation results presented in this paper closely fit the numerical
solutions of our integral expressions.

The rest of the paper is structured as follows: Some communication scenarios,
where the double Rice fading comes into play, are described in Section II. In Sec-
tion III, the reference model for the amplify-and-forward double Rice fading chan-
nel is developed. Section IV provides a detailed analysis of the statistical properties
of double Rice fading processes. The analytical expressions presented in Section IV
are verified with the help of simulations in Section V. Finally, concluding remarks
are given in Section VI.
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II. DOUBLE RICE FADING SCENARIOS

In this paper, we have modeled the amplify-and-forward relay fading channel under
LOS conditions as the product of two non-zero-mean complex Gaussian processes.
Thereby, the individual complex Gaussian processes model the fading behavior in
the Tx–R and R–Rx links. The Tx–R and R–Rx links can also be termed as fixed-
to-mobile [5], mobile-to-fixed [5], and mobile-to-mobile [2] channels depending
upon the nature of Tx, R, and Rx used. In the following, we will briefly discuss
two typical communication scenarios. In the first scenario, the overall relay fad-
ing channel is modeled as a concatenation of fixed-to-mobile and mobile-to-mobile
fading channels, whereas in the second scenario, the overall mobile fading channel
is considered to be a concatenation of mobile-to-fixed and fixed-to-mobile fading
channels. It should be noted here that both scenarios are based on LOS propagation,
thus giving rise to the double Rice fading channel.
Scenario A: Double Rice fading channel — A concatenation of fixed-to-mobile and
mobile-to-mobile fading channels

In Scenario A, the overall Tx–R–Rx link corresponds to the downlink from the
base station (BS) to the destination mobile station (MS) via a mobile relay (MR) as
shown in Fig. F.1. Since an MR is considered in the system, the channel from the
BS to the MR is analogous to the fixed-to-mobile fading channel, whereas from the
MR to the MS, it is a mobile-to-mobile fading channel.
Scenario B: Double Rice fading channel — A concatenation of mobile-to-fixed and
fixed-to-mobile fading channels

In Scenario B, the Tx–R and R–Rx links correspond to the uplink from the MS
to the BS and the downlink from the BS to another MS, respectively, as shown in
Fig. F.2. Since the BS is considered to be a stationary relay, it can be seen that the
overall relay fading channel from the first MS to the second MS via the BS is a con-
catenation of mobile-to-fixed and fixed-to-mobile fading channels. Throughout
this paper, we are dealing with Scenario A. However, for some particular results,
Scenario B is also considered in the analysis.

III. THE DOUBLE RICE CHANNEL

In this section, we develop the reference model based on Scenario A discussed in
Section II. We have assumed that the channel is frequency-nonselective. Moreover,
fixed gain relays are considered in our model. It should be kept in mind that we are
considering the effect of the direct LOS components existing in the links from the
BS to the MR and from the MR to the destination MS.

As stated for Scenario A, the channel from the BS to the MR is analogous to the
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Figure F.1: Scenario A: The overall mobile fading channel as a result of a concate-
nation of fixed-to-mobile and mobile-to-mobile fading channels.

land mobile terrestrial (fixed-to-mobile) channel with an LOS component [5]. Let
us denote the signal transmitted by the BS as s(t). Then, the signal r1(t) received
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(BS)

Mobile Station 

(MS)

Mobile Station

(MS)

t
1

t2

Figure F.2: Scenario B: The overall mobile fading channel as a result of a concate-
nation of mobile-to-fixed and fixed-to-mobile fading channels.
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by the MR can be expressed as

r1(t) = µρ1(t)s(t)+n1(t) (1)

where µρ1(t) is a complex Gaussian process and n1(t) denotes additive white
Gaussian noise (AWGN). The complex Gaussian process µρ1(t) models the fad-
ing channel between the BS and the MR. It represents the sum of the scattered
component µ1(t) and the LOS component m1(t), i.e., µρ1(t) = µ1(t)+ m1(t). The
scattered component is modeled by a zero-mean complex Gaussian process µ1(t) =
µ11(t)+ jµ12(t) with variance 2σ2

1 . The LOS component m1(t) = ρ1 e j(2π fρ1 t+θρ1)

has amplitude ρ1, Doppler frequency fρ1 , and phase θρ1 . The Doppler frequency
fρ1 is the Doppler frequency fρMR of the MR, i.e., fρ1= fρMR . The MR then amplifies
r1(t) and retransmits it to the MS. Thus, the signal r2(t) received by the MS is

r2(t) = Aµρ2(t)r1(t)+n2(t)

= Aµρ2(t)µρ1(t)s(t)+Aµρ2(t)n1(t)+n2(t)

= Aχ(t)s(t)+Aµρ2(t)n1(t)+n2(t) (2)

where A is the amplification factor, µρ2(t) is the second complex Gaussian process,
and n2(t) denotes AWGN. Since we are dealing with fixed gain relays, the amplifi-
cation factor A is a real constant. The complex Gaussian process µρ2(t) describes
the fading channel from the MR to the MS. It is the sum of the scattered compo-
nent µ2(t) and the LOS component m2(t), i.e., µρ2(t) = µ2(t)+ m2(t). Again the
scattered component is modeled as a zero-mean complex Gaussian process µ2(t) =
µ21(t)+ jµ22(t) with variance 2σ2

2 . The LOS component m2(t) = ρ2 e j(2π fρ2 t+θρ2)

has amplitude ρ2, Doppler frequency fρ2 , and phase θρ2 . It should be noted here that
the Doppler frequency fρ2 corresponds to the sum of the Doppler frequencies fρMR

and fρMS of the MR and the MS, respectively, i.e., fρ2 = fρMR + fρMS . Since both the
MR and the MS are mobile, the transmission link between them can be modeled as a
mobile-to-mobile fading channel. It can be seen in (2) that the overall channel from
the BS to the destination MS via the MR can be modeled as the product of two in-
dependent complex Gaussian processes µρ1(t) and µρ2(t), i.e., χ(t) = µρ1(t)µρ2(t).
Thus, the absolute value of χ(t) gives rise to a double Rice process

η(t) = |χ(t)|= ξ1(t)ξ2(t) (3)

where ξi(t) =
∣∣µρi(t)

∣∣ (i = 1,2) denotes the classical Rice process [15].
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IV. ANALYSIS OF THE DOUBLE RICE CHANNEL

In this section, we present the analytical expressions for the statistical properties of
the double Rice channel introduced in Section III.
A. Mean Value and Variance

In our double Rice fading channel model, we have assumed that the two under-
lying classical Rice processes are statistically independent. Therefore, the expected
value E {η(t)} of the double Rice process η(t) is the product of the expected values
of the individual Rice processes ξ1(t) and ξ2(t) [8], i.e.,

E {η(t)}= E {ξ1(t)}E {ξ2(t)} (4)

where E{·} denotes the expected value operator.
After substituting the mean values E {ξi(t)} (i = 1,2) of the individual Rice

processes [19] in (4), the final expression for the mean value of the double Rice
process η(t) can be given as

E{η (t)}=
σ1σ2

2
π 1F1

(
−1

2
;1;− ρ2

1
2σ2

1

)
1F1

(
−1

2
;1;− ρ2

2
2σ2

2

)
(5)

where 1F1

(
−1

2 ;1;− ρ2
i

2σ2
i

)
is the hypergeometric function [4, eq. (9.14.1)]

1F1

(
−1

2
;1;− ρ2

i

2σ2
i

)
= e

− ρ2
i

4σ2
i

[(
1+

ρ2
i

2σ2
i

)
I0

(
ρ2

i

4σ2
i

)
+

ρ2
i

2σ2
i

I1

(
ρ2

i

4σ2
i

)]
, i = 1,2 .(6)

In (6), I0(·) and I1(·) denote the zeroth and the first order modified Bessel function
of the first kind, respectively.

The variance Var{η(t)} of the double Rice process η(t) can be expressed as the
difference of its mean power E{η2(t)} and its squared mean value [E{η(t)}]2 [8],
i.e.,

Var{η(t)}= E{η2(t)}− [E{η(t)}]2 · (7)

The assumption that the two Rice processes ξ1(t) and ξ2(t) are statistically inde-
pendent allows us to write E

{
η2(t)

}
= E

{
ξ 2

1 (t)
}

E
{

ξ 2
2 (t)

}
. Thus, using the ex-

pression of the mean power E
{

ξ 2
i (t)

}
(i = 1,2) of the classical Rice process given

in [19], enables us to compute the mean power of the double Rice process η(t) as

E{η2(t)}=4σ2
1 σ2

2 1F1

(
−1;1;− ρ2

1
2σ2

1

)
1F1

(
−1;1;− ρ2

2
2σ2

2

)
(8)
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where the hypergeometric function 1F1

(
−1;1;− ρ2

i
2σ2

i

)
can be expanded as

[4, eq. (9.14.1)]

1F1

(
−1;1;− ρ2

i

2σ2
i

)
= 1+

ρ2
i

2σ2
i
, i = 1,2 . (9)

Hence, using (9) and substituting (8) and (5) in (7) results in

Var{η(t)}=−
(

σ1σ2
π
2

)2
[

1F1

(
−1

2
;1;− ρ2

1
2σ2

1

)
1F1

(
−1

2
;1;− ρ2

2
2σ2

2

)]2

+4σ2
1 σ2

2

(
1+

ρ2
1

2σ2
1

)(
1+

ρ2
2

2σ2
2

)
. (10)

Note that the expressions for the mean value (5) and the variance (10) of the
double Rice process η(t) are equally valid for both Scenarios A and B.
B. Probability Density Function of the Envelope and Phase

The PDF pη(z) of the envelope of the double Rice process η(t) can be derived
using the relation [8]

pη(z) =
∞∫

−∞

1
|y| pξ1ξ2

(
z
y
,y

)
dy (11)

where pξ1ξ2
(x,y) is the joint PDF of the envelopes ξ1(t) and ξ2(t) at the same time

t. Taking into account that the two Rice processes ξ1(t) and ξ2(t) are statistically
independent allows us to write pξ1ξ2

(x,y) = pξ1
(x) · pξ2

(y). Thus, using the PDF of
the classical Rice process (see, e.g., [15], [8]), (11) can be written as follows

pη(z) =
z

σ2
1 σ2

2

∞∫

0

1
y

e
− (z/y)2+ρ2

1
2σ2

1 e
− y2+ρ2

2
2σ2

2 I0

(
zρ1

yσ2
1

)
I0

(
yρ2

σ2
2

)
dy, z≥ 0 . (12)

It should be noted that the envelope of the double Rice process follows the
distribution given in (12) for both Scenarios A and B.

Considering the special case when ρi = 0 (i = 1,2), then the PDF of the double
Rice process given in (12) reduces to the PDF of the double Rayleigh process [6],
i.e.,

pη(z) =
z

σ2
1 σ2

2
K0

(
z

σ1σ2

)
, z≥ 0 (13)

where K0(·) is the zeroth order modified Bessel function of the second kind.
The PDF of the phase pϑ (θ) of the double Rice process η(t) can be derived
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using the relation [8]

pϑ (θ) =
∞∫

−∞

pϑ1ϑ2(θ −ψ,ψ)dψ (14)

where pϑ1ϑ2(υ ,ψ) is the joint PDF of the phase of µρ1(t) and µρ2(t) at the same
time t. Since µρ1(t) and µρ2(t) are statistically independent, it follows that the
phase processes ϑ1(t) = arg{µρ1(t)} and ϑ2(t) = arg{µρ2(t)} are also statistically
independent, i.e., pϑ1ϑ2(υ ,ψ) = pϑ1(υ) · pϑ2(ψ). Thus, using the PDF of the phase
of the classical Rice process defined in [15], (14) can be written as follows

pϑ (θ ; t) =
1

(2π)2 e
− ρ2

1
2σ2

1 e
− ρ2

2
2σ2

2

π∫

−π

P1
(
υ1 (θ ,ψ) , fρ1

)
P2

(
υ2 (θ ,ψ) , fρ2

)
dψ (15)

for −π < θ ≤ π , where

Pi
(
υi(θ ,ψ), fρi

)
= 1+

√
πLi

(
υi (θ ,ψ) , fρi

)
eL2

i (υi(θ ,ψ), fρi)[1+Φ
(
υi (θ ,ψ) , fρi

)
]

(16)

Li
(
υi(θ ,ψ), fρi

)
=

ρi√
2σi

cos
(
υi−2π fρit−θρi

)
(17)

υi =

{
θ −ψ if i = 1,

ψ if i = 2 .
(18)

In (16), Φ(·) is the error function [4, eq. (8.250.1)].
Replacing fρ1 and fρ2 with the Doppler frequencies fρMS1

and fρMS2
associated

with the LOS component of the first MS and the second MS, respectively, makes it
possible to use (15) for Scenario B.

It is interesting to note that for ρi = 0 (i = 1,2), the PDF given in (15) reduces to
the PDF of the phase of the double Rayleigh process and the classical Rice process,
which is a uniform distribution

pϑ (θ) =
1

2π
, −π < θ ≤ π . (19)

C. Level-Crossing Rate
The rate at which the double Rice process η(t) crosses a given level r from up

to down or vice versa defines the LCR Nη(r). The expression for the LCR can be
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obtained by using [15]

Nη(r) =
∞∫

0

żpηη̇(r, ż)dż (20)

where pηη̇(z, ż) is the joint PDF of the double Rice process η(t) and its correspond-
ing time derivative η̇(t) at the same time t. The joint PDF pηη̇(z, ż) can be derived
using the relation [13]

pηη̇(z, ż) =
∞∫

0

∞∫

−∞

1
y2 pξ1ξ̇1

(
z
y
,

ż
y
− z

y2 ẏ
)

pξ2ξ̇2
(y, ẏ)dẏdy, z≥ 0, |ż|< ∞ (21)

where pξiξ̇i
(x, ẋ) (i = 1,2) denotes the joint PDF of the classical Rice process ξi(t)

and its time derivate ξ̇i(t) at the same time t. The integral expression for the joint
PDF pξiξ̇i

(x, ẋ) (i = 1,2) can be found in the literature (see, e.g., [10]). Thus, substi-
tuting this integral expression in (21) and doing some lengthy computations results
in

pηη̇(z, ż) =
z

(2π)
5
2 σ2

1 σ2
2

∞∫

0

1√
β1y4 +β2z2

e
− (z/y)2+ρ2

1
2σ2

1 e
− y2+ρ2

2
2σ2

2

π∫

−π

e
(z/y)ρ1 cosθ1

σ2
1

π∫

−π

e
yρ2 cosθ2

σ2
2

×e−
1
2 K2(z,y,θ1,θ2)e

− (yż)2

2(β1y4+β2z2) e
yż√

β1y4+β2z2
K(z,y,θ1,θ2)

dθ2dθ1dy (22)

for z≥ 0, |ż|< ∞, where

K (z,y,θ1,θ2) =
y2

√
2β1α1ρ1 sinθ1 + z

√
2β2α2ρ2 sinθ2√

β1y4 +β2z2
(23)

α1 =
2π fρ1√

2β1
, α2 =

2π fρ2√
2β2

, (24a,b)

β1 =2(σ1π fmax1)
2, β2 =2(σ2π)2( f 2

max1
+ f 2

max2

)
. (25a,b)

In (25a,b), the symbols fmax1 and fmax2 denote the maximum Doppler frequency
of the MR and the MS, respectively. It should be noted here that under isotropic
scattering conditions, βi (i = 1,2) corresponds to the negative curvature of the au-
tocorrelation function of the inphase and quadrature components of µρi(t) (i = 1,2)
at the origin. Furthermore, β1 is the characteristic quantity corresponding to a fixed-
to-mobile fading process [5], whereas β2 is indicating a mobile-to-mobile fading
process [1].

Finally, after substituting (22) in (20) and doing some extensive mathematical
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manipulations, the LCR Nη(r) of the double Rice process η(t) can be expressed as
follows

Nη(r) =
r/(2π)

5
2

σ2
1 σ2

2

∞∫

0

dy
y

√
β1y2 +β2 (r/y)2e
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(r/y)ρ1 cosθ1
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−π
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e
yρ2 cosθ2

σ2
2 e−

1
2 K2(r,y,θ1,θ2)

(
1+

√
π
2

K(r,y,θ1,θ2)e
1
2 K2(r,y,θ1,θ2)

{
1+Φ

(
K(r,y,θ1,θ2)

2

)})

(26)

where K (·, ·, ·, ·) is the function defined in (23). The quantities α1, α2 and β1, β2

are the same as those given in (24a,b) and (25a,b), respectively.
It is important to mention here that (26) is a valid expression for both Scenar-

ios A and B. However, for Scenario B, the quantities α1, α2 and β1, β2 are given as
follows

α1 =
2π fρMS1√

2β1
, α2 =

2π fρMS2√
2β2

, (27a,b)

β1 = 2(σ1π fmax1)
2, β2 = 2(σ2π fmax2)

2 (28a,b)

where fρMS1
and fρMS2

are the Doppler frequencies of the LOS component associated
with the first and the second MS, respectively. Similarly, fmax1 and fmax2 are the
maximum Doppler frequencies of the first and the second MS, respectively. Note
that both β1 and β2 in (28a,b) are the characteristic quantities corresponding to the
fixed-to-mobile (or vice versa) fading channels in isotropic scattering environments.

Considering the special case when ρi = 0 (i = 1,2), then (26) reduces to the
LCR of the double Rayleigh process given in [9] as

Nη(r)=
r√

2πσ2
1 σ2

2

∞∫

0

1
y

√
β1y2 +β2 (r/y)2e

− (r/y)2

2σ2
1 e

− y2

2σ2
2 dy . (29)

D. Average Duration of Fades
Apart from the mean value, variance, PDF, and LCR, the ADF is another impor-

tant statistical property describing the fading behavior of a stochastic process. The
ADF is defined as the expected value of the length of the time intervals in which the
stochastic process is below a given level r [15].

Considering the double Rice process η(t), the ADF Tη−(r) can be expressed
using the relation [15]

Tη−(r) =
Fη−(r)
Nη(r)

(30)
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where Fη−(r) is the cumulative distribution function (CDF), and Nη(r) is the LCR
of the double Rice process η(t) [see (26)]. The CDF Fη−(r) of the double Rice
process η(t) can be written as

Fη−(r) = 1−
∞∫

0

Q1

(
ρ1

σ1
,

r
yσ1

)
pξ (y)dy, r ≥ 0 (31)

where Qm(a,b) is the Marcum Q-function, which is defined as follows [10]

Qm(a,b) =
∞∫

b

z
( z

a

)m−1
e−

z2+a2
2 Im−1(az)dz (32)

and pξ (y) is the PDF of the classical Rice process.
Finally, substituting (31) and (26) in (30) gives the ADF Tη−(r) of the double

Rice process η(t).
For the special case where ρi = 0 (i = 1,2), the CDF given in (31) reduces to

the CDF of the double Rayleigh process [6]

Fη−(r) = 1− r
σ1σ2

K1

(
r

σ1σ2

)
, r ≥ 0 (33)

where K1(·) is the first order modified Bessel function of the second kind. Thus, the
ADF given in (30) can easily be reduced to the ADF of the double Rayleigh process
using (33) and (29).

V. NUMERICAL RESULTS

The validity of the analytical expressions presented in Section IV is confirmed by
simulations in the current section. Using the sum-of-sinusoids model [10], uncor-
related complex Gaussian processes that make up the overall double Rice process
are simulated. The parameters of the simulation model are designed using the gen-
eralized method of exact Doppler spread (GMEDSq) proposed in [12] with q = 1,
i.e., GMEDS1. The number of sinusoids (N1 and N2) considered in the GMEDS1

is N1 = N2 = 20. The maximum Doppler frequency fmax1 of the MR is taken to
be 91 Hz, whereas that of the MS (i.e., fmax2) is equal to 125 Hz. Furthermore,
the amplitudes ρ1 and ρ2 of the LOS components are considered to be equal, i.e.,
ρ1 = ρ2 = ρ unless stated otherwise.

The results presented in Figs. F.3–F.8 show an excellent fitting of the analytical
and simulation results. In Fig. F.3, a comparison of the envelope PDF pη(z) of the
double Rice process η(t) and that of the classical Rice process ξ (t) is presented for
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different values of ρ , keeping fρMR and fρMS constant equal to zero. A few cases for
which ρ1 6= ρ2 6= ρ are also included in Fig. F.3. For ρ = 0, it can be seen that the
PDF of the double Rice process η(t) is following the PDF of the double Rayleigh
process. Furthermore, the PDFs corresponding to the classical Rice process ξ (t)
have higher maxima and narrower spreads as compared to those of the double Rice
process η(t) for same value of ρ . Similarly, Fig. F.4 compares the phase PDF pϑ (θ)
of the double Rice process η(t) with the phase PDF of the classical Rice process
ξ (t) for different values of ρ , where fρMR and fρMS are kept to zero. Figures F.5
and F.6 correspond to the study of the LCR of the double Rice process η(t). It
is evident from these figures that the spread of the LCR of the double Rice process
η(t) increases with the increase of ρ . A similar trend can be observed when unequal
amplitudes of the LOS components, i.e., ρ1 6= ρ2 6= ρ are considered. On the other
hand, keeping ρ constant and changing fρMR and fρMS , produces a visible difference
in the maximum of the LCR. The spread of the LCR is also changed in this case.
Finally, some plots of the ADF for different values of ρ , fρMR , and fρMS are presented
in Figs. F.7 and F.8, respectively.
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Figure F.3: The PDF pη(z) of the envelope of the double Rice process η(t).

VI. CONCLUSION

In this paper, we have described two different scenarios where double Rice fading
comes into play. It has been shown that such a fading channel can be modeled
as a product of fixed-to-mobile and mobile-to-mobile Rice channels. On the other
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hand, it can also be considered as the concatenation of mobile-to-fixed and fixed-
to-mobile Rice channels.

We have thoroughly studied the statistical properties of double Rice fading chan-
nels. The statistical properties investigated include the mean value, variance, enve-
lope PDF, phase PDF, LCR, and ADF. We have shown that our expressions are valid
for the two types of double Rice fading scenarios discussed in this paper.
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Figure F.6: The LCR Nη(r) of the double Rice process η(t) for various values of
fρMR and fρMS .
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Figure F.7: The ADF Tη−(r) of the double Rice process η(t) for various values of
ρ .

All numerical solutions of the integral expressions of the PDFs (envelope and
phase), LCR, and ADF were verified through simulation. The obtained simulation
results show that theory and simulation are in accordance with each other. The re-
sults presented in this paper provide sufficient evidence that the properties of the
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Figure F.8: The ADF Tη−(r) of the double Rice process η(t) for various values of
fρMR and fρMS .

double Rice fading channels are quite different from the classical Rice fading chan-
nels. Furthermore, we have shown that the double Rice distribution reduces to the
double Rayleigh distribution when the LOS component is set to zero.
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Abstract — Recently, mobile-to-mobile (M2M) cooperative network tech-
nology has gained considerable attention for its promise of enhanced system
performance with increased mobility support. As this is a new research field,
little is known about the statistical properties of M2M fading channels in co-
operative networks. So far, M2M fading channels have mainly been modeled
under the assumption of non-line-of-sight (NLOS) conditions. In this paper1,
we propose a new model for M2M fading channels in amplify-and-forward re-
lay links, where it is assumed that a line-of-sight (LOS) component exists in the
direct link between the source mobile station and the destination mobile sta-
tion. Analytical expressions will be derived for the main statistical quantities
of the channel envelope, such as the mean value, variance, probability den-
sity function (PDF), level-crossing rate (LCR), and average duration of fades
(ADF) as well as the channel phase. Our results show that the statistical prop-
erties of the proposed M2M channel are quite different from those of double
Rayleigh and double Rice channels. In addition, a high-performance channel
simulator will be presented for the new M2M channel model. The developed
channel simulator is used to confirm the correctness of all obtained theoretical
results by simulations.

Keywords—Mobile-to-mobile fading channels, cooperative networks, amplify-
and-forward relaying, channel modeling, level-crossing rate, average duration of
fades.

1The material in this paper is based on “On the Statistical Properties of Mobile-to-Mobile Fading
Channels in Cooperative Networks Under Line-of-Sight Conditions”, by Batool Talha and Matthias
Pätzold which appeared in the proceedings of the 10th International Symposium on Wireless Per-
sonal Multimedia Communications, WPMC 2007, Jaipur, India, December 2007.
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I. INTRODUCTION

M2M communication in cooperative wireless networks is an emerging technology.
Combining the advantages of cooperative diversity [16, 17, 8] with the features of
M2M communication systems [2] makes it possible to fulfill the consumer demands
of enhanced quality of service (QoS) with greater mobility support. M2M coopera-
tive wireless networks exploit the fact that single-antenna mobile stations can share
their antennas to create a virtual multiple-input multiple-output (MIMO) system in
a multi-user scenario [4]. Thus, such wireless networks permit mobile stations to
relay signals using other mobile stations in the network to a final destination [3].
Furthermore, the mobile relays can either decode and retransmit the received signal
or simply amplify and forward the signal [8]. This paper focuses on amplify-and-
forward relay type M2M cooperative wireless networks.

Since M2M cooperative network technology is a rather new concept, there are
only some few results available, which describe the multipath fading channel char-
acteristics under some specific communication scenarios. Studies on the statistical
properties of amplify-and-forward relay fading channels under NLOS conditions
can be found in [10]. The authors of [10] have modeled the amplify-and-forward
relay channel in the equivalent complex baseband as a zero-mean complex dou-
ble Gaussian channel, i.e., the product of two zero-mean complex Gaussian chan-
nels. Hence, the envelope of the overall amplify-and-forward relay fading channel
follows the double Rayleigh distribution [7]. Questions like how does the double
Rayleigh fading impact the systems’ performance are answered in [14]. However,
there is still a lack of information about amplify-and-forward relay fading channels
under LOS conditions. Thus, the purpose of this paper is to fill this gap by ana-
lyzing the statistical properties of amplify-and-forward relay fading channels under
LOS conditions.

An LOS component can either exist only in the direct link between the source
mobile station and the destination mobile station or only in the link between the
source mobile station and the destination mobile station via a mobile relay (i.e., the
double Rice fading scenario)[19] or in both links. Our amplify-and-forward relay
fading channel model takes into consideration the LOS component only in the di-
rect link between the source mobile station and the destination mobile station. The
novelty in our approach is that we model the envelope of the amplify-and-forward
relay channel as a single-LOS double-scattering (SLDS) fading channel, i.e., the
superposition of a deterministic LOS component and a zero-mean complex double
Gaussian process. The PDF of the envelope of SLDS fading channels has been
derived in [15]. However, other important statistical quantities like the PDF of the
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phase, LCR, and ADF have not been studied so far. Here, we present the integral
expressions for these statistical quantities. Furthermore, the validity of the analyti-
cal expressions is confirmed with the help of a high-performance channel simulator.
In addition, the results presented in this paper will provide sufficient evidence that
the properties of SLDS fading channels are quite different from those of double
Rayleigh and double Rice channels.

The rest of the paper is structured as follows: In Section II, the reference model
for amplify-and-forward SLDS fading channels is developed. Section III deals with
the analysis of the statistical properties of SLDS fading processes. Section IV con-
firms the validity of the analytical expressions presented in Section III by simula-
tions. Finally, concluding remarks are given in Section V.

II. THE SLDS FADING CHANNEL

In this section, we will develop a reference channel model for SLDS fading chan-
nels under the assumption of flat fading. It is important to note that SLDS fading
channels are M2M fading channels in the amplify-and-forward relay links, where
an LOS component exists only in the direct transmission link between the source
mobile station and the destination mobile station. The communication scenario as-
sociated with SLDS fading channels is presented in Fig. G.1.

Mobile Relay 

(MR)

Destination 

Mobile Station 

(DMS)

Source Mobile 

Station

(SMS)

tm

t

1

t

2

Figure G.1: The propagation scenario behind single-LOS double-scattering fading
channels.

Let us denote the transmission link between the source mobile station and the des-
tination mobile station via the mobile relay as LS-R-D. The signal transmitted by the
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source mobile station is s(t). Furthermore, the deterministic LOS component, m(t)
defined as

m(t) = mr (t)+ jmi (t) = ρe j(2π fρ t+θρ) (1)

assumes fixed values for the amplitude ρ , Doppler frequency fρ , and phase θρ .
The Doppler frequency fρ of the LOS component corresponds to the sum of the
Doppler frequencies fρS and fρD caused by the motion of the source mobile station
and the destination mobile station, respectively, i.e., fρ = fρS + fρD . Throughout
this paper, we will use subscripts r and i to indicate the real and the imaginary part,
respectively, of a complex number. The transmitted signal s(t) following the link
LS-R-D reaches the destination mobile station in two steps. First, the signal s(t) arrives
through multipath propagation at the mobile relay, and then it is retransmitted to the
destination mobile station. The signal rR (t) received by the mobile relay can be
expressed as

rR(t) = µ(1)(t)s(t)+n1(t) (2)

where µ(1)(t) is a scattered component that describes the fading in the link between
the source mobile station and the mobile relay (i.e., LS-R), and n1(t) is an addi-
tive white Gaussian noise (AWGN) process. Here, the scattered component µ(1)(t)
is modeled as a zero-mean complex Gaussian process having 2σ2

1 variance, i.e.,
µ(1)(t) = µ(1)

r (t)+ jµ(1)
i (t). The mobile relay then amplifies the signal rR (t) and

retransmits it to the destination mobile station. Thus, the total signal rD (t) received
at the destination mobile station can be written as

rD(t) = m(t)s(t)+AR µ(2)(t)rR(t)+n2(t)

= m(t)s(t)+AR µ(2)(t)µ(1)(t)s(t)+AR µ(2)(t)n1(t)+n2(t)

=
(

m(t)+AR µ(2)(t)µ(1)(t)
)

s(t)+AR µ(2)(t)n1(t)+n2(t)

= (m(t)+AR ς(t))s(t)+AR µ(2)(t)n1(t)+n2(t) (3)

where AR is referred to as the relay gain, µ(2)(t) is the second scattered component,
ς(t) corresponds to the double scattered component, and n2(t) is the second AWGN
process. We have assumed fixed gain relays in our model, meaning that the relay
gain AR is a real constant. The scattered component µ(2)(t) is a zero-mean complex
Gaussian process with variance 2σ2

2 , i.e., µ(2)(t) = µ(2)
r (t)+ jµ(2)

i (t). This process
models the fading channel in the link between the mobile relay and the destination
mobile station (i.e., LR-D). The double scattered component ς(t) defines the overall
fading channel in the link LS-R-D. It represents a zero-mean complex double Gaussian
process, which is modeled as the product of two independent, zero-mean complex
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Gaussian processes µ(1)(t) and µ(2)(t), i.e., ς(t) = ςr(t)+ jςi(t) = µ(1)(t)µ(2)(t).
It should be pointed out here that the relay gain AR acts as a scaling factor for
the variance of µ(2)(t), i.e., 2σ2

AR
= Var

{
AR µ(2)(t)

}
= 2(ARσ2)

2. In (3), the sum
of the double scattered component ς(t) and the LOS component m(t) results in a
non-zero-mean complex double Gaussian process χ(t), i.e., χ(t) = χr(t)+ jχi(t) =
ARς(t) + m(t). This process χ(t) models the overall fading channel between the
source mobile station and the destination mobile station. The absolute value of χ(t)
gives rise to an SLDS process Ξ(t), i.e.,

Ξ(t) = |χ(t)| . (4)

Furthermore, the argument of χ(t) defines the phase process Θ(t), i.e.,

Θ(t) = arg{χ(t)} . (5)

III. STATISTICAL ANALYSIS OF SLDS FADING CHANNELS

In this section, we derive the analytical expressions for the statistical properties of
SLDS channels introduced in Section II. Main statistical quantities of interest in-
clude the mean value, variance, PDF of the envelope as well as the phase, LCR and
ADF.
A. Joint PDF of SLDS Processes

The starting point for the derivation of the statistics of SLDS processes is the
computation of the joint PDF pχrχiχ̇r χ̇i (ur,ui, u̇r, u̇i) of the stationary
processes χr(t), χi(t), χ̇r(t), and χ̇i(t) at the same time t. Throughout this paper,
the overdot indicates the time derivative. Applying the concept of transformation of
random variables [9], we can write the joint PDF pχrχiχ̇r χ̇i (ur,ui, u̇r, u̇i) as follows

pχrχiχ̇r χ̇i (ur,ui, u̇r, u̇i) =
∞∫

−∞

∞∫

−∞

∞∫

−∞

∞∫

−∞

dẏidẏrdyidyr |J|−1

× p
µ(1)

r µ(1)
i µ̇(1)

r µ̇(1)
i µ(2)

r µ(2)
i µ̇(2)

r µ̇(2)
i

(xr,xi, ẋr, ẋi,yr,yi, ẏr, ẏi) (6)

where p
µ(1)

r µ(1)
i µ̇(1)

r µ̇(1)
i µ(2)

r µ(2)
i µ̇(2)

r µ̇(2)
i

(xr,xi, ẋr, ẋi,yr,yi, ẏr, ẏi) is the joint PDF of the

real and imaginary parts of µ(k) (t) as well as their respective time derivatives
µ̇(k) (t) (k = 1,2). The quantity xl is a function of yr, yi, ur, and ui, with ẋl as
a function of ẏr, ẏi, u̇r, and u̇i for l = r, i. In (6), J denotes the Jacobian de-
terminant. It is worth mentioning here that the processes χl(t), χ̇l(t), µ(1)

l (t),
µ̇(1)

l (t), µ(2)
l (t), and µ̇(2)

l (t) (l = r, i) are uncorrelated in pairs. Taking into account
that the underlying Gaussian processes and their time derivatives, i.e., µ(k)

l (t), and
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µ̇(k)
l (t) (k = 1,2; l = r, i) are statistically independent allows us to write

p
µ(1)

r µ(1)
i µ̇(1)

r µ̇(1)
i µ(2)

r µ(2)
i µ̇(2)

r µ̇(2)
i

(xr,xi, ẋr, ẋi,yr,yi, ẏr, ẏi) as a product of

p
µ(1)

r µ(1)
i µ̇(1)

r µ̇(1)
i

(xr,xi, ẋr, ẋi) and p
µ(2)

r µ(2)
i µ̇(2)

r µ̇(2)
i

(yr,yi, ẏr, ẏi). Furthermore,

p
µ(1)

r µ(1)
i µ̇(1)

r µ̇(1)
i

(xr,xi, ẋr, ẋi) and p
µ(2)

r µ(2)
i µ̇(2)

r µ̇(2)
i

(yr,yi, ẏr, ẏi) can be expressed by the
multivariate Gaussian distribution (see, e.g., [18, eq. (3.2)]). Thus, substituting
p

µ(1)
r µ(1)

i µ̇(1)
r µ̇(1)

i
(xr,xi, ẋr, ẋi) and p

µ(2)
r µ(2)

i µ̇(2)
r µ̇(2)

i
(yr,yi, ẏr, ẏi) in (6) and doing some

lengthy algebraic computations results in

pχrχiχ̇r χ̇i(ur,ui, u̇r, u̇i) =
1

(2π)2 σ2
1 σ2

AR

∞∫

0

v e
− 1

2σ2
1

(
g1(ur ,ui,ρ)

v2

)

e
β2
2β1

(
g1(ur ,ui,ρ) g2(u̇r ,u̇i,ρ)

v2(β2 g1(ur ,ui,ρ)+β1v4)

)

× e
− 1

2σ2
AR

v2

e
− 1

2β1

(
g2(u̇r ,u̇i,ρ)

v2

)

β2 g1 (ur,ui,ρ)+β1v4 dv (7)

where

g1(ur,ui,ρ) = u2
r +u2

i +ρ2−2ρur cos
(
2π fρt +θρ

)

−2ρui sin
(
2π fρt+θρ

)
(8a)

g2(u̇r, u̇i,ρ) = u̇2
r +u̇2

i +
(
2π fρρ

)2−4π fρρ u̇i cos
(
2π fρt+θρ

)

+4π fρρ u̇r sin
(
2π fρt+θρ

)
(8b)

and

β1 =2(σ1π)2( f 2
maxS

+f 2
maxR

)
, β2 =2(σARπ)2( f 2

maxR
+f 2

maxD

)
. (9a,b)

In (9a,b), the quantity βk (k = 1,2) is the negative curvature of the autocorrelation
function of the real and imaginary parts of µ(k)(t) (k = 1,2) presented here for the
case of isotropic scattering [11]. Furthermore, βk (k = 1,2) is the characteristic
quantity corresponding to M2M fading process [1]. The symbols fmaxS , fmaxR , and
fmaxD appearing in (9a,b) correspond to the maximum Doppler frequency caused by
the motion of the source mobile station, the mobile relay, and the destination mobile
station, respectively.

Starting from (7), the transformation of the Cartesian coordinates (ur,ui) into

polar coordinates (z,θ) by means of z =
√

u2
r +u2

i and θ = arctan(ui/ur) results
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after some lengthy algebraic manipulations in

pΞΞ̇ΘΘ̇
(
z, ż,θ , θ̇ ; t

)
=

z2/(2π)2

σ2
1 σ2

AR

∞∫

0

v e
− 1

2σ2
1

(
z2+ρ2

v2

)

e
− v2

2σ2
AR

β2 g3 (z,ρ,θ)+β1v4 e
zρ cos(θ−2π fρ t−θρ )

σ2
1 v2

×e
− 1

2

(
v2(ż2+(zθ̇)2)+(2π fρ v)2

β2 g3(z,ρ,θ)+β1v4

)

e
2π fρ ρv2(żsin(θ−2π fρ t−θρ )+zθ̇ cos(θ−2π fρ t−θρ ))

β2 g3(z,ρ ,θ)+β1v4 dv(10)

for z ≥ 0, |θ | ≤ π , |ż| < ∞, and
∣∣θ̇

∣∣ < ∞. In (10), the function g3 (·, ·, ·) can be
expressed as follows

g3 (z,ρ,θ) = z2 +ρ2−2zρ cos
(
θ −2π fρt−θρ

)
. (11)

The joint PDF pΞΞ̇ΘΘ̇
(
z, ż,θ , θ̇ ; t

)
in (10) is a fundamental equation, because it pro-

vides the basis for the computation of the PDF, LCR, and ADF of SLDS processes
Ξ(t), as well as the PDF of the phase process Θ(t). We will provide sufficient ev-
idence in rest of the current section to support our argument by deriving integral
expressions for the PDFs, LCR, and ADF using (10).
B. PDF of SLDS Processes

The PDF pΞ (z) of SLDS processes Ξ(t) can be derived from (10) by solving
the integrals over the joint PDF pΞΞ̇ΘΘ̇

(
z, ż,θ , θ̇ ; t

)
according to

pΞ (z) =
π∫

−π

∞∫

−∞

∞∫

−∞

pΞΞ̇ΘΘ̇
(
z, ż,θ , θ̇ ; t

)
dθ̇ dż dθ , z≥ 0. (12)

The closed-form solution of (12) can be given as

pΞ (z) =





z
σ2

1 σ2
AR

I0

(
z

σ1σAR

)
K0 (κ) , z < ρ

z
σ2

1 σ2
AR

K0

(
z

σ1σAR

)
I0 (κ) , z≥ ρ

(13)

where κ = ρ/(σ1σAR), I0 (·) and K0 (·) are denoting the zeroth-order modified
Bessel function of the first kind and the second kind [5], respectively. The PDF
pΞ (z) of SLDS processes Ξ(t) presented in (13) can be verified from the literature
(see, e.g., [15]).

The condition ρ = 0 indicates absence of the LOS component in the direct link
from the source mobile station to the destination mobile station. The PDF pΞ (z)
of SLDS processes Ξ(t) given in (13) then reduces to the PDF of the envelope of
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double Rayleigh processes [7], i.e.,

pΞ(z)
∣∣ρ=0 =

z
σ2

1 σ2
AR

K0

(
z

σ1σAR

)
, z≥ 0 . (14)

Furthermore, using the asymptotic expansions of the zeroth-order modified Bessel
function of the first kind and the second kind, i.e., I0 (·) and K0 (·), respectively [20],
the PDF pΞ (z) of SLDS processes Ξ(t) in (13) can be approximated for large values
of κ as the Laplace distribution [6], i.e.,

pΞ(z) |κ>>1 ≈
√

z
ρ

1
2σ1σAR

e
− |z−ρ |

σ1σAR ≈
√

z
ρ

po (z) , z≥ 0 (15)

where po (z) represents the Laplace distribution having the mean value ρ and the
variance σ2

1 σ2
AR

. It is important to note here that the approximation in (15) is valid
if κ >> 1, i.e., the ratio of the power of the LOS component to the power of the
scattered components is large. Otherwise, in the presence of a very strong LOS
component, i.e., ρ >> 1, when the power of the scattered components is constant,
κ acquires a large value.
C. Mean Value and Variance of SLDS Processes

The expected value and the variance of a stochastic process are important statis-
tical parameters, since they summarize the information provided by the PDF. The
expected value mΞ of SLDS processes Ξ(t) can be obtained using [9]

mΞ = E{Ξ(t)}=
∞∫

−∞

z pΞ (z)dz (16)

where E{·} is the expected value operator. Substituting (13) in (16) results in the
following final expression

mΞ = κ K0(κ)
[
ρI1(κ)+

π
2

σ1σAR{I0(κ)L1(κ)−I1(κ)L0(κ)}
]

+
1

(σ1σAR)
2 I0(κ)g4(z) (17)

where

g4 (z) =
∞∫

ρ

z2K0

(
z

σ1σAR

)
dz . (18)

In (17), In(·) and Kn(·) denote the nth-order modified Bessel functions of the first
and the second kind [5], respectively, and Ln(·) designates the nth-order modified
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Struve function [5].
The difference of the mean power mΞ2 and the squared mean value (mΞ)2 of

SLDS processes Ξ(t) defines its variance σ2
Ξ [9], i.e.,

σ2
Ξ = Var{Ξ(t)}= mΞ2 − (mΞ)2 . (19)

By using (13) and [9, eq. (5.67)], the mean power mΞ2 of SLDS processes Ξ(t) can
be expressed as

mΞ2 = E{Ξ2(t)} =
∞∫

−∞

z2 pΞ (z)dz

= 2ρ2K0(κ)
(
I2(κ)+

κ
2

I3(κ)
)
+

I0(κ)

(σ1σAR)
2 g5(z) (20)

where the function g5 (·) is defined as follows

g5 (z) =
∞∫

ρ

z3K0

(
z

σ1σAR

)
dz . (21)

From (17), (20), and by using (19), the variance σ2
Ξ of SLDS processes Ξ(t) can

easily be calculated.

D. PDF of Phase Processes
The PDF pΘ (θ ; t) of phase processes Θ(t) can be derived from (10) by solving

the integrals over the joint PDF pΞΞ̇ΘΘ̇
(
z, ż,θ , θ̇ ; t

)
according to

pΘ (θ ; t) =
∞∫

0

∞∫

−∞

∞∫

−∞

pΞΞ̇ΘΘ̇
(
z, ż,θ , θ̇ ; t

)
dθ̇ dż dz, |θ | ≤ π. (22)

This results in the following final expression

pΘ (θ ; t) =
1

2π

∞∫

0

[
1+

√
π
2

g6
(
x,ρ , fρ ,θ

)
e

1
2 g6(x,ρ, fρ ,θ)2

{
1+Φ

(
g6

(
x,ρ , fρ ,θ

)
√

2

)}]

×e
−x− 1

x

(
ρ

2σ1σAR

)2

dx (23)

for |θ | ≤ π and

g6 (x,ρ,θ) =
ρ cos

(
θ −2π fρt−θρ

)

σ1σAR

√
2x

. (24)
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Furthermore, in (23), Φ(·) represents the error function [5, eq. (8.250.1)]. From
(23), it is obvious that the phase process Θ(t) is not stationary in a strict sense
since pΘ (θ ; t) 6= pΘ (θ). This time dependency of the PDF pΘ (θ ; t) is due the
Doppler frequency fρ of the LOS component m(t). However, for the special case
that fρ = 0 (ρ 6= 0), the phase process Θ(t) is a strict sense stationary process.

As ρ → 0, it follows Ξ(t) = |ς(t)+m(t)| → |ς (t)|, and from (23), we obtain
the uniform distribution

pΘ(θ)
∣∣ρ=0 =

1
2π

, −π < θ ≤ π . (25)

E. LCR of SLDS Processes
The LCR of the envelope of mobile fading channels is a measure to describe the

average number of times the envelope crosses a certain threshold level r from up to
down (or vice versa) per second. The LCR NΞ (r) of SLDS processes Ξ(t) can be
obtained using [13]

NΞ(r) =
∞∫

0

żpΞΞ̇(r, ż)dż (26)

where pΞΞ̇(r, ż) is the joint PDF of SLDS processes Ξ(t) and its corresponding time
derivative Ξ̇(t) at the same time t. The joint PDF pΞΞ̇ (z, ż) can be derived from (10)
by solving the integrals over the joint PDF pΞΞ̇ΘΘ̇

(
z, ż,θ , θ̇ ; t

)
according to

pΞΞ̇(z, ż)=
π∫

−π

∞∫

−∞

pΞΞ̇ΘΘ̇
(
z, ż,θ , θ̇ ; t

)
dθ̇ dθ , z≥ 0, |ż| ≤ ∞. (27)

After doing some lengthy computations, the joint PDF in (27) results in the follow-
ing expression

pΞΞ̇(z, ż) =
(2π)−

3
2 z

σ2
1 σ2

AR

∞∫

0

π∫

−π

e
− 1

2σ2
1

(
z2+ρ2

v2

)

e
− v2

2σ2
AR e

zρ cosθ
v2σ2

1√
β2 g7 (z,ρ,θ)+β1v4

×e
− 2(π fρ ρvsinθ)2

β2 g7(z,ρ ,θ)+β1v4 e
− 1

2

(
(vż)2−4π fρ ρv2 żsinθ
β2 g7(z,ρ ,θ)+β1v4

)

dθ dv (28)

for z≥ 0, |ż| ≤ ∞, where

g7 (z,ρ ,θ) = z2 +ρ2−2zρ cosθ . (29)
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Finally, after substituting (28) in (26) and doing some extensive mathematical
manipulations, the LCR NΞ (r) of SLDS processes Ξ(t) can be expressed as follows

NΞ(r) =
√

2π r

(2π)2 σ2
1 σ2

AR

∞∫

0

π∫

−π

dθ dv

√
β2 g7 (r,ρ,θ)+β1v4

v2 e
− v2

2σ2
AR e

− g7(r,ρ,θ)
2v2σ2

1

×
(

e−
1
2 g2

8(r,y,ρ,θ) +
√

π
2

g8 (r,v,ρ,θ)
{

1+Φ
(

g8 (r,v,ρ ,θ)√
2

)})
(30)

where
g8 (r,v,ρ,θ) =

2π fρ ρ vsinθ√
β2 g7 (r,ρ,θ)+β1v4

. (31)

The quantities β1 and β2 are the same as those defined in (9a,b). Furthermore,
g7 (·, ·, ·) is the function defined in (29).

Considering the special case when ρ = 0, (30) reduces to the expression of the
LCR for double Rayleigh processes given in [10] as

NΞ(r)
∣∣ρ=0 =

r√
2πσ2

1 σ2
AR

∞∫

0

√
β2 r2 +β1 v4

v2 e
− (r/v)2

2σ2
1 e

− v2

2σ2
AR dv . (32)

F. ADF of SLDS Processes
We will conclude Section III with the discussion on the ADF. The ADF TΞ− (r)

of SLDS processes Ξ(t) can be defined as the ratio of the CDF FΞ− (r) of Ξ(t) and
its LCR NΞ (r), i.e.,

TΞ− (r) =
FΞ− (r)
NΞ (r)

. (33)

The CDF FΞ− (r) of SLDS processes Ξ(t) can be expressed using (13) as follows

FΞ− (r) =
r∫

0

pΞ (z) dz

=





r
σ1σAR

K0 (κ) I1

(
r

σ1σAR

)
, r < ρ

1− r
σ1σAR

I0 (κ)K1

(
r

σ1σAR

)
, r ≥ ρ .

(34)

From (34), (30), and by using (33), the ADF TΞ− (r) of SLDS processes Ξ(t) can
easily be computed.

It is quite obvious from (34) that as ρ → 0, (34) reduces to

FΞ− (r)
∣∣ρ=0 = 1− r

σ1σAR

K1

(
r

σ1σAR

)
. (35)
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The resulting CDF FΞ− (r) in (35) corresponds to the CDF of double Rayleigh
processes [7]. Thus, substituting (35) and (32) in (33) gives the ADF of double
Rayleigh processes.

IV. NUMERICAL RESULTS

In this section, we will confirm the correctness of the analytical expressions pre-
sented in Section III with the help of simulations. Furthermore, for a detailed analy-
sis the results for SLDS processes are compared with those of classical Rayleigh,
classical Rice, double Rayleigh, and double Rice processes. It is important to note
that the double Rice process is defined as the product of two independent classical
Rice processes, i.e., Ξ(t) =

∣∣∣µ(1)(t)+ρ1

∣∣∣
∣∣∣µ(2)(t)+ρ2

∣∣∣. To simplify matters, the
amplitudes ρ1 and ρ2 of the LOS components of the double Rice process are con-
sidered to be equal, i.e., ρ1 = ρ2 = ρ . The concept of sum-of-sinusoids (SOS) [11]
is used to simulate uncorrelated complex Gaussian processes µ(k) (t) that make up
the overall SLDS process. For simulating Gaussian processes µ(k) (t), N(k)

l = 20
(k = 1,2; l = r, i) is used. Here N(k)

r and N(k)
i denote the number of sinusoids re-

quired to generate the real and the imaginary parts of µ(k) (t), respectively. It is
readily available in the literature that N(k)

l ≥ 7 is a sufficient number to approximate

the simulated distribution of
∣∣∣µ(k) (t)

∣∣∣ very close to the Rayleigh distribution [11].
For computation of the model parameters, we selected the generalized method of
exact Doppler spread (GMEDSq) proposed in [12] for q = 1. The values for the
maximum Doppler frequencies fmaxS , fmaxR , and fmaxD were set to 91 Hz, 75 Hz,
and 110 Hz, respectively. The relay gain AR as well as the parameters σ1 and σ2

were selected to be 1, unless stated otherwise.
The results presented in Figs. G.2–G.9 show an excellent fitting of the analytical

and the simulation results. In Fig. G.2, the PDF pΞ(z) of SLDS processes Ξ(t) is
being compared with those of classical Rice and double Rice processes for differ-
ent values of ρ , where fρ was set to zero. It can be observed that the maximum
value of the PDF pΞ(z) of SLDS processes Ξ(t) is higher than that of classical Rice
and double Rice processes for same value of ρ . On the other hand, the spread of
the PDF pΞ(z) of SLDS processes Ξ(t) follows the same trend as that of classical
Rayleigh, classical Rice, and double Rayleigh processes. However, the PDF pΞ(z)
of the SLDS process Ξ(t) has a narrower spread when compared to the spread of
double Rice processes for the same value of ρ .

Figure G.3 demonstrates the fact that for increasing values of κ , the PDF pΞ(z)
of SLDS processes Ξ(t) approaches the symmetrical Laplace distribution. Further-
more, the right shift of the PDF pΞ(z) of SLDS processes Ξ(t) with increasing
values of ρ is merely due to the fact that ρ contributes towards the mean value of
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Figure G.2: A comparison of the PDF pΞ(z) of SLDS processes Ξ(t) with that of
various other stochastic processes.

SLDS processes. The mean value of SLDS processes for different values of ρ is
presented in Fig. G.4 along with the mean value of classical Rice and double Rice
processes. It is obvious from Fig. G.4 that the increase in the mean value of classical
Rice and SLDS processes is proportional to ρ , whereas for double Rice processes
it is proportional to the squared value of ρ .

The observation that the PDF pΞ(z) of SLDS processes Ξ(t) has a narrower
spread when compared to the spread of double Rice processes is more explicitly
shown in Fig. G.5. In Fig. G.5, the standard deviation σΞ of SLDS processes Ξ(t)
for different values of ρ is presented along with the standard deviation of classical
Rice and double Rice processes. It can be seen from Fig. G.5 that for a particular
value of ρ the standard deviation corresponding to double Rice processes is greater
than that of classical Rice and SLDS processes. Furthermore, when the standard
deviation σΞ of various stochastic processes, i.e., the classical Rice, the double
Rice, and the SLDS process is self-compared for different values of ρ , it can be
observed in Fig. G.5 that there is no noticeable difference in the standard deviation
σΞ of classical Rice and SLDS processes with increasing values of ρ . However,
the increase in the standard deviation of double Rice processes, meaning thereby an
increase in the spread of the PDF of these processes with increasing ρ is quite obvi-
ous. Similarly, Fig. G.6 presents the CDF FΞ−(r) of SLDS processes Ξ(t) evaluated
by using (34).

A comparison of the PDF pΘ(θ) of the phase process Θ(t) with that of the cor-
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responding classical Rice and double Rice phase processes is shown in Fig. G.7. It
is clear from Fig. G.7 that the PDF pΘ (θ) of the phase process Θ(t) has a higher
peak and narrow spread when compared with the PDF of the phase process associ-
ated with classical Rice and double Rice processes for a specific value of ρ .
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Figure G.8 shows that at low signal levels, the LCR NΞ (r) of SLDS processes
Ξ(t) decreases with an increase in ρ , keeping fρ constant. While, NΞ (r) increases
at medium and high levels with increasing ρ . Furthermore, as ρ increases the LCR
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NΞ (r) of SLDS processes Ξ(t) becomes greater than that of double Rice processes
at low signal levels. However, at medium and high signal levels, the LCR NΞ (r)
of SLDS processes Ξ(t) is lower than the LCR of double Rice processes for the
same value of ρ . Similarly, Fig. G.9 compares the ADF TΞ−(r) of SLDS processes
Ξ(t) with that of double Rice processes for different values of ρ keeping fρ equal
to zero.

V. CONCLUSION

In this paper, we have studied the statistics of M2M fading channels in cooperative
wireless networks under LOS conditions. Considering the amplify-and-forward re-
lay type systems, the existence of an LOS component in the direct transmission
link between the source mobile station and the destination mobile station results
in SLDS fading channels. Here, we have modeled the NLOS link of the system
as a zero-mean complex double Gaussian channel. Thus, the overall SLDS fading
channel is modeled as the superposition of a deterministic LOS component and the
zero-mean complex double Gaussian channel.

Statistical properties of SLDS fading channels are thoroughly investigated in
this paper. We have derived analytical expressions for the mean, variance, PDFs,
LCR, and ADF. Furthermore, we have verified our analytical expressions using nu-
merical techniques in simulations. The close fitting of the presented theoretical
and simulation results proves correctness of our analytical expressions. It has been
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shown that the properties of SLDS processes are quite different from both double
Rayleigh and the double Rice processes. For example, the PDF of SDLS processes
approaches the symmetrical Laplace distribution when the amplitude of the LOS
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component increases. Furthermore, the PDF of SLDS processes has a higher max-
imum value as compared to various other stochastic processes. On the other hand,
for a particular value of ρ the spread of the PDF of SLDS processes follow the same
trend as that of classical Rayleigh and classical Rice processes. However, the PDF
of SLDS processes has a narrower spread as compared to the spread of double Rice
processes. With increasing values of ρ the PDF of the phase process associated with
SLDS processes acquires a higher maximum value and narrow spread. A thorough
analysis of the LCR of SLDS processes reveals that at low signal levels, the LCR of
SLDS processes decreases when ρ increases. However, the LCR of SLDS proces-
ses increases with increasing ρ at low signal levels, when compared with the LCR
of double Rice processes. At medium and high signal levels, the LCR of SLDS
processes is always lower than that of double Rice processes for the same value of
ρ . The ADF of SLDS processes shows a behavior opposite to the LCR of SLDS
processes. We have also provided sufficient evidence in this paper that SLDS pro-
cesses reduces to double Rayleigh processes in the absence of the LOS component.

The theoretical analysis presented in this paper is useful for the researchers and
designers of the physical layer for mobile-to-mobile communication systems. Our
study provides an insight into the dynamics of SLDS fading channels, which can be
exploited to develop robust modulation and coding schemes for such fading envi-
ronments. Furthermore, with the help of the designed channel simulator, the overall
performance of the system can also be evaluated by simulation for different kinds
of SLDS fading environments.
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Mobile-to-Mobile Fading Channels in
Amplify-and-Forward Relay Systems Under

Line-of-Sight Conditions:
Statistical Modeling and Analysis

Batool Talha and Matthias Pätzold
Department of Information and Communication Technology

Faculty of Engineering and Science, Agder University College
Servicebox 509, NO-4876 Grimstad, Norway

E-mails: {batool.talha, matthias.paetzold}@uia.no

Abstract — This paper deals with the modeling and analysis of narrowband
mobile-to-mobile (M2M) fading channels for amplify-and-forward relay links
under line-of-sight (LOS) conditions. It is assumed that a LOS component
exists in the direct link between the source mobile station (SMS) and the desti-
nation mobile station (DMS) as well as in the links via the mobile relay (MR).
The proposed channel model is referred to as the multiple-LOS second-order
scattering (MLSS) channel model1,2. The MLSS channel model is derived from
a second-order scattering process, where the received signal is modeled in the
complex baseband as the sum of a single and a double scattered components.
Analytical expressions are derived for the mean value, variance, probability
density function (PDF), cumulative distribution function (CDF), level-crossing
rate (LCR), and average duration of fades (ADF) of the received envelope of
MLSS channels. The PDF of the channel phase is also investigated. It is ob-
served that the LOS components and the relay gain have a significant influ-
ence on the statistics of MLSS channels. It is also shown that MLSS channels
include various other channel models as special cases, e.g., double Rayleigh
channels, double Rice channels, single-LOS double-scattering (SLDS) chan-
nels, non-line-of-sight (NLOS) second-order scattering (NLSS) channels, and
single-LOS second-order scattering (SLSS) channels. The correctness of all
analytical results is confirmed by simulations using a high performance chan-
nel simulator. Our novel MLSS channel model is of significant importance for

1The material in this paper was presented in part at the 19th IEEE International Symposium
on Personal, Indoor and Mobile Radio Communications, PIMRC 2008, Cannes, France, September
2008.

2The material in this paper has been published in part in the proceedings of the 51st IEEE
Globecom 2008, New Orleans, USA, December 2008.
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the system level performance evaluation of M2M communication systems in
different M2M propagation scenarios. Furthermore, our studies pertaining to
the fading behavior of MLSS channels are useful for the design and develop-
ment of relay-based cooperative wireless networks.

Keywords—Amplify-and-forward relay systems, mobile-to-mobile fading chan-
nels, double Rayleigh process, double Rice process, probability density function,
level-crossing rate, average duration of fades.

I. INTRODUCTION

Among several upcoming new wireless technologies, M2M communication [2] in
cooperative networks has gained considerable attention in recent years. The driving
force behind merging M2M communication into cooperative networks is its promise
to provide a better link quality (higher diversity gain), an improved network range,
and an overall increase in the system capacity. M2M cooperative wireless net-
works exploit the fact that single-antenna mobile stations cooperate with each other
to share their antennas in order to form a virtual multiple-input multiple-output
(MIMO) system in a multi-user scenario [8]. Thus, in such networks, cooperative
diversity [6, 40, 41, 15] is achieved by relaying the signal transmitted from a mobile
station to the final destination using other mobile stations in the network. However,
to cope with the problems faced within the development of such systems, a solid
knowledge of the underlying multipath fading channel characteristics is essential.

M2M fading channels in cooperative networks can be modeled as a sum of mul-
tiplicative fading channels. This sum of multiplicative fading channels is also called
the multiple scattering radio propagation channel [4]. In a multiple scattering radio
propagation environment, the received signal is composed of single, double, and
in general multiple scattered components [4]. The multiple scattering concept pro-
vides a starting point for modeling the signal envelope fluctuations of various types
of M2M channels, so that their statistical properties are in good agreement with
measurement data [9, 4, 14]. In terms of statistics, M2M fading channels for relay-
based cooperative networks are usually characterized by the mean, variance, and
probability density function (PDF) of the envelope and phase of the received signal.
Unfortunately, the envelope and phase distributions do not provide any information
pertaining to the rate of fading of the channel. However, a detailed knowledge of
the fading behavior of M2M fading channels is indispensable to the development,
performance analysis, and test of cooperative wireless networks. The LCR of the
envelope of fading channels is an important statistical quantity, revealing informa-
tion about how fast the received signal changes with time. It is basically a measure
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to describe the average number of times the signal envelope crosses a certain thresh-
old level from up to down (or from down to up) per second. Another important
statistical quantity is the ADF, which is defined as the expected value of the time
intervals over which the fading signal envelope remains below a certain threshold
level.

Studies pertaining to the statistical properties of M2M fading channels under
NLOS propagation conditions in non-cooperative single-input single-output (SISO)
systems can be found in [2, 1]. Real-world measurement data for narrowband M2M
fading channels are studied in [16]. Analysis of correlation properties in the form of
autocorrelation functions (ACFs) and cross-correlation functions (CCFs) for M2M
fading channels in non-cooperative MIMO systems are available in [29, 50]. A va-
riety of M2M propagation scenarios in relay-based cooperative networks however
exist. Several models have therefore been proposed so far to characterize the fad-
ing statistics of M2M fading channels in such networks. Under NLOS propagation
conditions, the M2M amplify-and-forward relay fading channel can be modeled as
a double Rayleigh process [9, 14, 24]. Experimental measurements of outdoor-to-
indoor M2M fading channels analyzed in [14] provide us with a solid ground to
believe that double Rayleigh processes are well suited to model such channels. A
detailed analysis on the statistics of double Rayleigh channels is presented in [24].
The authors of [37] have addressed the impact of double Rayleigh fading on the sys-
tems performance. Furthermore, motivated by the studies of double Rayleigh fading
channels for keyhole channels [3], the so-called double Nakagami-m and cascaded
Weibull fading channels have been proposed in [42] and [36], respectively. From
the physical point of view it is reasonable to extend the double Rayleigh channel
model to the double Rice channel model for M2M amplify-and-forward relay fad-
ing channels under LOS propagations conditions [44]. The double Rice channels
come into play when LOS components exist in the transmission links from the SMS
to the DMS via the relay. A thorough study pertaining to the dynamic behavior of
double Rice channels is presented in [44]. In amplify-and-forward relay systems,
profiting from cooperative diversity schemes require a further extension of the dou-
ble Rayleigh channel model by adding a direct link from the SMS to the DMS. The
resulting channel, obtained by combining the SMS-MR-DMS link and the SMS-
DMS link is named as the NLSS channel model. The signal received after travers-
ing through NLSS channels is composed of a sum of a single and a double scattered
component [39, 38]. Studies conducted for NLSS channels provide us with a thor-
ough analysis of the PDF and CDF of NLSS channels. However, there is a lack of
information regarding the LCR and ADF of NLSS channels in the literature. Exten-
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sions of NLSS fading channel models when a significant LOS component is present
between the direct SMS-DMS link results in SLSS channels [39, 38]. SLSS chan-
nels have only been partially analyzed so far just as NLSS channels. A detailed
analysis of the statistical properties of a physically non-realistic channel called the
SLDS channel is presented in [45]. SLDS channel models can not be justified phys-
ically, since the scattered component of the direct SMS-DMS link is ignored while
modeling the M2M fading channels.

In this paper, we propose a novel channel model referred to as the MLSS fading
channel for amplify-and-forward relay channels under LOS conditions [46]. This
model is specifically developed for such relay-based cooperative networks where
time-division multiple-access (TDMA) based amplify-and-forward relay protocols
[19, 5, 18] are employed. Furthermore, MLSS fading channels belong to the class
of second-order scattering channels, where the received signal is modeled in the
complex baseband as a sum of the single and the double scattered component. We
have assumed that a LOS component is present in the direct link between the SMS
and the DMS (i.e., the SMS-DMS link) as well as in the two links via the MR (i.e.,
the SMS-MR link and the MR-DMS link). For this new class of MLSS channels,
we derive analytical expressions for the mean value, variance, PDF, CDF, LCR, and
ADF of the received envelope as well as for the PDF of the channel phase assuming
isotropic scattering conditions. We also show that the derived analytical expressions
for MLSS processes include the corresponding expressions for double Rayleigh,
double Rice, SLDS, NLSS, and SLSS processes as special cases. The correctness
of all analytical results is confirmed by simulations using a high-performance chan-
nel simulator. Notice, that problems pertaining to the protocol level and system level
implementation of amplify-and-forward relay networks is out of scope of the cur-
rent paper. However, the analytical results presented in this article are important for
the development and performance evaluation of relay-based cooperative networks
in different M2M propagation environments under LOS and NLOS conditions.

The rest of the paper is structured as follows: In Section II, the reference model
for amplify-and-forward MLSS fading channels is developed. Section III deals with
the analysis of the statistical properties of MLSS fading processes. Special cases of
MLSS fading channels are discussed in detail in Section IV. Section V confirms
the validity of the analytical expressions presented in Section III by simulations.
Finally, concluding remarks are given in Section VI.

II. THE MLSS FADING CHANNEL

Taking into consideration the limitations on the physical implementation of the
mobile stations, i.e., the SMS, the mobile relay, and the DMS in an amplify-and-
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forward relay communication system, the mentioned mobile stations mostly operate
in half-duplex. This means that the mobile stations cannot transmit and receive a
signal in the same frequency band at the same time. Here, it is assumed that the
SMS continuously communicates with the DMS, i.e., the signal transmitted by the
SMS in each time slot is received by the DMS. The MR however, receives a signal
from the SMS in the first time slot and re-transmits it to the DMS in the second time
slot [19, 5, 18]. The considered communication scenario determined by an SMS, a
DMS, and an MR is shown in Fig. H.1.

In general, under NLOS conditions, the complex time-varying channel gain of
the multiple scattering radio propagation channel proposed in [4] can be written as

χ (t) = α1µ(1) (t)+α2µ(2) (t)µ(3) (t)+α3µ(4) (t)µ(5) (t)µ(6) (t)+ · · · (1)

where µ(i) (t) (i = 1,2,3, . . .) is a zero-mean complex Gaussian process that repre-
sents the scattered component of the ith link and αi (i = 1,2,3, . . .) is a real-valued
constant that determines the contribution of the ith scattered component. In (1), the
Gaussian processes µ(i) (t) are mutually independent. However, when the fading
channel is modeled by taking into account only the first two terms of (1), the result-
ing channel is referred to as the NLSS channel [39, 38]. Here, we are presenting
an extension of the NLSS channel to the MLSS channel by incorporating a LOS
component in all transmission links.

Starting from (1), ignoring µ(i) (t) ∀ i ≥ 4, and replacing µ(i) (t) by µ(i)
ρ (t) for

i = 1,2,3, results in

χρ (t) = µ(1)
ρ (t)+AMR µ(2)

ρ (t)µ(3)
ρ (t) (2)

where α1 = 1 and α2 = AMR. The signal model in (2) represents well the considered
propagation scenario, where the direct transmission link from the SMS to the DMS
and the link via the MR coexist every second time slot.

In (2), the quantity AMR is called the relay gain, which is a real constant quan-
tity. In (2), µ(1)

ρ (t), µ(2)
ρ (t), and µ(3)

ρ (t) are statistically independent non-zero-
mean complex Gaussian processes, which model the subchannels in the SMS-DMS,
SMS-MR, and MR-DMS links, respectively (see Fig. H.1). Each complex Gaus-
sian process µ(i)

ρ (t) = µ(i)
ρ1 (t)+ jµ(i)

ρ2 (t) represents the sum of a scattered compo-

nent µ(i) (t) and a LOS component m(i) (t), i.e., µ(i)
ρ (t) = µ(i) (t) + m(i) (t). The

scattered component µ(i) (t) = µ(i)
1 (t)+ jµ(i)

2 (t) is modeled by a zero-mean com-
plex Gaussian process with variance 2σ2

i . Furthermore, the power spectral density
(PSD) Sµ(i)µ(i) ( f ) can be proved to be symmetrical for isotropic scattering condi-
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tions [13]. The LOS component m(i) (t) = ρie j(2π fρi t+θρi) assumes a fixed ampli-
tude ρi, a constant Doppler frequency fρi , and a constant phase θρi for i = 1,2,3.
Let us denote the second term in (2), which is a weighted non-zero-mean com-
plex double Gaussian process, as ςρ (t) = ςρ1 (t) + jςρ2 (t) = AMR µ(2)

ρ (t)µ(3)
ρ (t).

From Fig. H.1, we can realize that ςρ (t) models the overall fading in the SMS-
MR-DMS link. It is worth mentioning here that the relay gain AMR is just a scaling
factor for the mean and variance of the complex Gaussian process µ(3)

ρ (t), i.e.,

m(3) (t) = E{AMR µ(3)
ρ (t)} = ρAMRe j(2π fρ3 t+θρ3), where ρAMR = AMR ρ3 and 2σ2

AMR
=

Var{AMR µ(3)
ρ (t)} = 2(AMR σ3)

2. Finally, the overall fading process that takes into
account the direct SMS-DMS link and the SMS-DMS link via the MR results in the
complex process χρ (t) = χρ1 (t)+ jχρ2 (t) introduced in (2). The absolute value of
χρ (t) defines the MLSS process

Ξ(t) = |χρ (t) |= |µ(1)
ρ (t)+ ςρ (t) |. (3)

Furthermore, the argument of χρ (t) introduces the phase process Θ(t)

Θ(t) = arg{χρ (t)}. (4)

It is important to point out here that the signal reaching the DMS via the mobile
relay is delayed by one time slot. However, we have not introduced this time delay
in (2). One of the reasons behind this is that the time delay is meaningless in channel
modeling and system performance analysis. Notice, a time delay only introduces
a phase shift in the signal. Thus, this delay does not affect the envelope related
statistical properties of the channel, like for example, PDF, LCR, and ADF. Besides,
it is assumed that the subchannels in the SMS-DMS, SMS-MR, and MR-DMS links
are uncorrelated (see Section III). It can be shown that the correlation properties of
a channel, such as the cross-correlation function (CCF), are independent of the time
delay. Meaning thereby, the observed delay here would not influence the correlation
properties of the overall channel.

If there is no delay, then the received signal is like a superposition of different
multipath components. These multipath components can be single-, double-, triple-
scattered components as shown in [4]. In our system, the transmitted signal arrives
at the DMS after crossing two links. One of the links can be modeled as a single
scattered component and the other link corresponds to double scattered component.
The superposition of the multipath components is given in (2).
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III. ANALYSIS OF THE MLSS FADING CHANNEL

In this section, we analyze the statistical properties of MLSS fading channels intro-
duced in Section II. The starting point for the derivation of the analytical expres-
sions of the most important statistical quantities like the mean value, variance, PDF,
LCR, and ADF of MLSS fading channels, as well as the PDF of the correspond-
ing phase process is the computation of the joint PDF pχρ1 χρ2 χ̇ρ1 χ̇ρ2

(u1,u2, u̇1, u̇2; t)
of the stochastic processes χρ1 (t), χρ2 (t), χ̇ρ1 (t), and χ̇ρ2 (t) at the same time t.
Throughout this paper, the overdot indicates the time derivative. The joint PDF
pχρ1 χρ2 χ̇ρ1 χ̇ρ2

(u1,u2, u̇1, u̇2; t) can be expressed in terms of a 4-dimensional (4D)
convolution integral as

pχρ1 χρ2 χ̇ρ1 χ̇ρ2
(u1,u2, u̇1, u̇2; t)=

∞∫

−∞

∞∫

−∞

∞∫

−∞

∞∫

−∞

dẏ2 dẏ1 dy2 dy1

× p
ςρ1 ςρ2 ς̇ρ1 ς̇ρ2 µ(1)

ρ1 µ(1)
ρ2 µ̇(1)

ρ1 µ̇(1)
ρ2

(y1,y2, ẏ1, ẏ2,u1− y1,u2− y2, u̇1− ẏ1, u̇2− ẏ2; t) (5)

where p
ςρ1 ςρ2 ς̇ρ1 ς̇ρ2 µ(1)

ρ1 µ(1)
ρ2 µ̇(1)

ρ1 µ̇(1)
ρ2

(y1,y2, ẏ1, ẏ2,u1,u2, u̇1, u̇2; t) is the joint PDF of the

processes µ(1)
ρ1 (t), µ(1)

ρ2 (t), µ̇(1)
ρ1 (t), µ̇(1)

ρ2 (t), ςρ1 (t), ςρ2 (t), ς̇ρ1 (t), and ς̇ρ2 (t) at the

same time t. It is important to note that the processes µ(1)
ρi (t), µ̇(1)

ρi (t), ςρi (t), and
ς̇ρi (t) (i = 1,2) are mutually uncorrelated3. Furthermore, the statistically indepen-
dent nature of the process pairs {µ(1)

ρi (t) , µ̇(1)
ρi (t)} and {ςρi (t) , ς̇ρi (t)} (i = 1,2) al-

lows us to write p
ςρ1 ςρ2 ς̇ρ1 ς̇ρ2 µ(1)

ρ1 µ(1)
ρ2 µ̇(1)

ρ1 µ̇(1)
ρ2

(y1, y2, ẏ1, ẏ2,u1,u2, u̇1, u̇2; t) as a product

of the joint PDFs p
µ(1)

ρ1 µ(1)
ρ2 µ̇(1)

ρ1 µ̇(1)
ρ2

(u1,u2, u̇1, u̇2; t) and pςρ1 ςρ2 ς̇ρ1 ς̇ρ2
(y1,y2, ẏ1, ẏ2; t).

Hence, (5) becomes

pχρ1 χρ2 χ̇ρ1 χ̇ρ2
(u1,u2, u̇1, u̇2; t)=

∞∫

−∞

∞∫

−∞

∞∫

−∞

∞∫

−∞

dẏ2 dẏ1 dy2 dy1 pςρ1 ςρ2 ς̇ρ1 ς̇ρ2
(y1,y2, ẏ1, ẏ2; t)

× p
µ(1)

ρ1 µ(1)
ρ2 µ̇(1)

ρ1 µ̇(1)
ρ2

(u1− y1,u2− y2, u̇1− ẏ1, u̇2− ẏ2; t) (6)

where p
µ(1)

ρ1 µ(1)
ρ2 µ̇(1)

ρ1 µ̇(1)
ρ2

(u1,u2, u̇1, u̇2; t) is the joint PDF of the processes µ(1)
ρi (t) and

µ̇(1)
ρi (t) (i = 1,2) at the same time t. Using the multivariate Gaussian distribution

3The PSD Sµ(i)µ(i) ( f ) is an even function. Then, µ(i) (t) and µ̇(i) (t) are uncorrelated at the

same point in time, because rµ(i) µ̇(i) (0) =− d
dτ rµ(i)µ(i) (τ) |0 =− j2π

∞∫
−∞

f Sµ(i)µ(i) ( f ) dτ = 0. Since,

µ(i) (t) and µ̇(i) (t) are uncorrelated Gaussian processes, it follows that µ(i) (t) and µ̇(i) (t) are also
independent [22].
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(see, e.g., [43, Eq. (3.2)]), this joint PDF can be written as

p
µ(1)

ρ1 µ(1)
ρ2 µ̇(1)

ρ1 µ̇(1)
ρ2

(u1,u2, u̇1, u̇2; t) =
1

(2π)2 σ2
1 β1

e
−

(
u1−m(1)

1 (t)
)2

+
(

u2−m(1)
2 (t)

)2

2σ2
1

×e−

(
u̇1−ṁ(1)

1 (t)
)2

+
(

u̇2−ṁ(1)
2 (t)

)2

2β1 . (7)

Similarly, pςρ1 ςρ2 ς̇ρ1 ς̇ρ2
(y1,y2, ẏ1, ẏ2; t) in (6), represents the joint PDF of the proces-

ses ςρi (t) and ς̇ρi (t) (i = 1,2) at the same time t. Recall that the stochastic process
ςρ (t) is a product process, i.e., ςρ (t) = AMR µ(2)

ρ (t)µ(3)
ρ (t). Thus, exploiting the

statistical independent nature of the underlying complex Gaussian processes, i.e.,
µ(2)

ρ (t) and µ(3)
ρ (t) we can write the joint PDF pςρ1 ςρ2 ς̇ρ1 ς̇ρ2

(y1,y2, ẏ1, ẏ2; t) as fol-
lows

pςρ1 ςρ2 ς̇ρ1 ς̇ρ2
(y1,y2, ẏ1, ẏ2; t)=

∞∫

−∞

∞∫

−∞

∞∫

−∞

∞∫

−∞

|J|−1 p
µ(2)

ρ1 µ(2)
ρ2 µ̇(2)

ρ1 µ̇(2)
ρ2

(z1,z2, ż1, ż2; t)

× p
µ(3)

ρ1 µ(3)
ρ2 µ̇(3)

ρ1 µ̇(3)
ρ2

(
y1

z1
,
y2

z2
,
ẏ1

ż1
,
ẏ2

ż2
; t

)
dż2 dż1 dz2 dz1 (8)

where |J|= (z2
1+z2

2)
2 denotes the Jacobian determinant and p

µ(i)
ρ1 µ(i)

ρ2 µ̇(i)
ρ1 µ̇(i)

ρ2
(z1,z2, ż1,

ż2; t)(i = 2,3) is the multivariate Gaussian distribution [43, Eq. (3.2)]. The solution
of (8) is as follows

pςρ1 ςρ2 ς̇ρ1 ς̇ρ2
(y1,y2, ẏ1, ẏ2; t) =

∞∫

−∞

∞∫

−∞

dz2 dz1
e
−

(
z1−m(3)

1 (t)
)2

+
(

z2−m(3)
2 (t)

)2

2σ2
AMR e−

(
ṁ(3)

1 (t)
)2

+
(

ṁ(3)
2 (t)

)2

2β3

(2π)3 σ 2
2 σ2

AMR

[
β3

(
y2

1 + y2
2

)
+β2

(
z2

1 + z2
2

)2
]

e

β2(z2
1+z2

2)
2
{(

ṁ(3)
1 (t)

)2
+

(
ṁ(3)

2 (t)
)2

}
+β3(y2

1+y2
2)

(
ṁ(2)

1 (t)+ṁ(2)
2 (t)

)

2β2

{
β3(y2

1+y2
2)+β2(z2

1+z2
2)

2
}

e

z1ṁ(3)
2 (t)

(
−y2 ẏ1+y1 ẏ2−ṁ(2)

2 (t)y1z1+ṁ(2)
1 (t)y2z1

)

β3(y2
1+y2

2)+β2(z2
1+z2

2)
2

×e
−

y2
1+y2

2−2
(

y2m(2)
2 (t)+y1m(2)

1 (t)
)

z1−2
(

y2m(2)
1 (t)−y1m(2)

2 (t)
)

z2+

{(
m(2)

1 (t)
)2

+
(

m(2)
2 (t)

)2
}
(z2

1+z2
2)

2σ2
2(z2

1+z2
2)

×e
−

ẏ2
1+ẏ2

2−2
(

ẏ2ṁ(2)
2 (t)+ẏ1ṁ(2)

1 (t)
)

z1−2
(

ẏ2ṁ(2)
1 (t)−ẏ1ṁ(2)

2 (t)
)

z2+

{(
ṁ(2)

1 (t)
)2

+
(

ṁ(2)
2 (t)

)2
}
(z2

1+z2
2)

2β2(z2
1+z2

2)

×e

2β2z2(z2
1+z2

2)
{

ṁ(3)
1 (t)

(
y2 ẏ1−y1 ẏ2+2ṁ(2)

2 (t)y1z1−2ṁ(2)
1 (t)y2z1

)
+ṁ(3)

2 (t)
(

y1 ẏ1+y2 ẏ2−2ṁ(2)
1 (t)y1z1−2ṁ(2)

2 (t)y2z1

)}
+β3(y2

1+y2
2)(ẏ2

1+ẏ2
2)

2β2(z2
1+z2

2)
{

β3(y2
1+y2

2)+β2(z2
1+z2

2)
2
}

×e

β3(y2
1+y2

2)
[
−2ẏ2

(
ṁ(2)

2 (t)z1+ṁ(2)
1 (t)z2

)
+2ẏ1

(
−ṁ(2)

1 (t)z1+ṁ(2)
2 (t)z2

)]

2β2(z2
1+z2

2)
{

β3(y2
1+y2

2)+β2(z2
1+z2

2)
2
}

e

z1ṁ(3)
1 (t)

(
y1 ẏ1+y2 ẏ2−ṁ(2)

1 (t)y1z1+ṁ(2)
2 (t)y2z1

)

β3(y2
1+y2

2)+β2(z2
1+z2

2)
2
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×e

z2
2

{
ṁ(2)

1 (t)ṁ(3)
1 (t)y1+ṁ(2)

2 (t)ṁ(3)
2 (t)y1+ṁ(2)

2 (t)ṁ(3)
1 (t)y2−ṁ(2)

1 (t)ṁ(3)
2 (t)y2

}

β3(y2
1+y2

2)+β2(z2
1+z2

2)
2

. (9)

It should be pointed out here that the joint densities p
µ(1)

ρ1 µ(1)
ρ2 µ̇(1)

ρ1 µ̇(1)
ρ2

(u1,u2, u̇1, u̇2; t)

and pςρ1 ςρ2 ς̇ρ1 ς̇ρ2
(y1,y2, ẏ1, ẏ2; t) are functions of time t because of the Doppler fre-

quency fρi of the LOS component m(i)(t) (i = 1,2,3). Only for the special case
when fρi = 0 ∀ i = 1,2,3, the joint densities p

µ(1)
ρ1 µ(1)

ρ2 µ̇(1)
ρ1 µ̇(1)

ρ2
(u1,u2, u̇1, u̇2) and

pςρ1 ςρ2 ς̇ρ1 ς̇ρ2
(y1,y2, ẏ1, ẏ2) become independent of time t. Furthermore, in (7) and

(9), the quantity βi (i = 1,2,3) is the negative curvature of the autocorrelation
function of the inphase and quadrature components of µ(i) (t) (i = 1,2,3). Un-
der isotropic scattering conditions, the quantities βi (i = 1,2,3) can be expressed
for M2M fading channels as [1, 25]

β1 = 2(σ1π)2 (
f 2

SMSmax
+ f 2

DMSmax

)
(10a)

β2 = 2(σ2π)2 (
f 2

SMSmax
+ f 2

MRmax

)
(10b)

β3 = 2(σAMRπ)2 (
f 2

MRmax
+ f 2

DMSmax

)
(10c)

where the symbols fSMSmax , fMRmax , and fDMSmax denote the maximum Doppler frequency
caused by the motion of the SMS, the MR, and the DMS, respectively. Note that
the maximum Doppler frequencies associated with the individual M2M subchan-
nels in the SMS-DMS, SMS-MR, and MR-DMS links, i.e., fSMS-DMSmax , fSMS-MRmax , and
fMR-DMSmax are greater than maximum Doppler frequencies fSMSmax , fMRmax , and fDMSmax .
Substituting (7) and (9) in (6), applying the concept of transformation of random
variables [22], and doing tedious algebraic manipulations, allows us to express the
joint PDF pΞΞ̇ΘΘ̇

(
x, ẋ,θ , θ̇ ; t

)
of the MLSS process Ξ(t), and the phase process

Θ(t) as well as their respective time derivatives Ξ̇(t) and Θ̇(t) as shown in (11)
below

pΞΞ̇ΘΘ̇
(
x, ẋ,θ , θ̇ ; t

)
=

x2 e
− x2

2σ2
1 e−

(
ṁ(2)

1 (t)
)2

+
(

ṁ(2)
2 (t)

)2

2β2 e−
(

ṁ(3)
1 (t)

)2
+

(
ṁ(3)

2 (t)
)2

2β3 e−
(

ṁ(1)
1 (t)

)2
+

(
ṁ(1)

2 (t)
)2

2β1

(2π)4 σ2
1 σ2

2 σ2
AMR

×
∞∫

−∞

∞∫

−∞

∞∫

−∞

∞∫

−∞

dz2 dz1 dy2 dy1
e
−

(
z1−m(3)

1 (t)
)2

+
(

z2−m(3)
2 (t)

)2

2σ2
AMR e

−
(

y1+m(1)
1 (t)

)2
+

(
y2+m(1)

2 (t)
)2

2σ2
1

β1
(
z2

1 + z2
2

)
+β3

(
y2

1 + y2
2

)
+β2

(
z2

1 + z2
2

)2

×e
−

y2
1+y2

2−2
(

y2m(2)
2 (t)+y1m(2)

1 (t)
)

z1−2
(

y2m(2)
1 (t)−y1m(2)

2 (t)
)

z2+

{(
m(2)

1 (t)
)2

+
(

m(2)
2 (t)

)2
}
(z2

1+z2
2)

2σ2
2(z2

1+z2
2) e

β3(y2
1+y2

2)
{(

ṁ(1)
1 (t)

)2
+

(
ṁ(1)

2 (t)
)2

}

2β1

{
β1(z2

1+z2
2)+β3(y2

1+y2
2)+β2(z2

1+z2
2)

2
}

×e

β2
2(z2

1+z2
2)

2
[

β3

{(
ṁ(1)

1 (t)
)2

+
(

ṁ(1)
2 (t)

)2
}

+β1

{(
ṁ(3)

1 (t)
)2

+
(

ṁ(3)
2 (t)

)2
}]

+β3β1

{(
ṁ(2)

1 (t)
)2

+
(

ṁ(2)
2 (t)

)2
}
[β3(y2

1+y2
2)+β1(z2

1+z2
2)]

2β3β2β1

{
β1(z2

1+z2
2)+β3(y2

1+y2
2)+β2(z2

1+z2
2)

2
}
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×e

z2
2

{
ṁ(2)

1 (t)ṁ(3)
1 (t)y1+ṁ(2)

2 (t)ṁ(3)
2 (t)y1+ṁ(2)

2 (t)ṁ(3)
1 (t)y2−ṁ(2)

1 (t)ṁ(3)
2 (t)y2−z1

(
ṁ(1)

1 (t)ṁ(2)
1 (t)+ṁ(1)

2 (t)ṁ(2)
2 (t)

)
−z2

(
ṁ(1)

2 (t)ṁ(2)
1 (t)−ṁ(1)

1 (t)ṁ(2)
2 (t)

)}

β1(z2
1+z2

2)+β3(y2
1+y2

2)+β2(z2
1+z2

2)
2

×e

z2

{
2z1

(
ṁ(2)

2 (t)ṁ(3)
1 (t)y1−ṁ(2)

1 (t)ṁ(3)
2 (t)y1−ṁ(2)

1 (t)ṁ(3)
1 (t)y2−ṁ(2)

2 (t)ṁ(3)
2 (t)y2

)
−z2

1

(
ṁ(1)

2 (t)ṁ(2)
1 (t)−ṁ(1)

1 (t)ṁ(2)
2 (t)

)
+

(
ṁ(1)

2 (t)ṁ(3)
1 (t)−ṁ(1)

1 (t)ṁ(3)
2 (t)

)
y1

}

β1(z2
1+z2

2)+β3(y2
1+y2

2)+β2(z2
1+z2

2)
2

×e

z2
1

(
ṁ(2)

1 (t)ṁ(3)
2 (t)y2−ṁ(2)

1 (t)ṁ(3)
1 (t)y1−ṁ(2)

2 (t)ṁ(3)
2 (t)y1−ṁ(2)

2 (t)ṁ(3)
1 (t)y2

)
−z1

(
ṁ(1)

1 (t)ṁ(3)
1 (t)y1+ṁ(1)

2 (t)ṁ(3)
2 (t)y1+ṁ(1)

2 (t)ṁ(3)
1 (t)y2−ṁ(1)

1 (t)ṁ(3)
2 (t)y2

)

β1(z2
1+z2

2)+β3(y2
1+y2

2)+β2(z2
1+z2

2)
2

×e
−

z3
1

(
ṁ(1)

1 (t)ṁ(2)
1 (t)+ṁ(1)

2 (t)ṁ(2)
2 (t)

)
+

{
ṁ(3)

1 (t)(y2z1−y1z2)+ṁ(3)
2 (t)(y1z1+y2z2)+

(
ṁ(1)

2 (t)+ṁ(2)
2 (t)z1+ṁ(2)

1 (t)z2

)
(z2

1+z2
2)

}
(xθ̇ cosθ+ẋsinθ)

β1(z2
1+z2

2)+β3(y2
1+y2

2)+β2(z2
1+z2

2)
2

×e

{
ṁ(3)

2 (t)(y1z2−y2z1)+ṁ(3)
1 (t)(y1z1+y2z2)+

(
ṁ(1)

1 (t)+ṁ(2)
1 (t)z1−ṁ(2)

2 (t)z2

)
(z2

1+z2
2)

}
(ẋcosθ−xθ̇ sinθ)−

{
ṁ(1)

2 (t)ṁ(3)
2 (t)+ṁ(1)

1 (t)ṁ(3)
1 (t)

}
y2z2

β1(z2
1+z2

2)+β3(y2
1+y2

2)+β2(z2
1+z2

2)
2

×e

β1(z2
1+z2

2)
{(

ṁ(3)
1 (t)

)2
+

(
ṁ(3)

2 (t)
)2

}

2β3

{
β1(z2

1+z2
2)+β3(y2

1+y2
2)+β2(z2

1+z2
2)

2
}

e
− (z2

1+z2
2){ẋ2+(xθ̇)2}

2
{

β1(z2
1+z2

2)+β3(y2
1+y2

2)+β2(z2
1+z2

2)
2
}

e

r
(

y1+m(1)
1 (t)

)
cosθ+r

(
y2+m(1)

2 (t)
)

sinθ

σ2
1 (11)

for x≥ 0, |ẋ|< ∞, |θ | ≤ π, and |θ̇ |< ∞. The resulting joint PDF pΞΞ̇ΘΘ̇
(
x, ẋ,θ , θ̇ ; t

)

is of fundamental importance, because it provides the basis for the computation
of the PDF, LCR, and ADF of MLSS processes Ξ(t) as well as the PDF of the
corresponding phase processes Θ(t).
A. PDF of MLSS Processes

The joint PDF pΞΘ (x,θ ; t) of the MLSS process Ξ(t) and the corresponding
phase process Θ(t) can be obtained by solving the integrals over the joint PDF
pΞΞ̇ΘΘ̇

(
x, ẋ,θ , θ̇ ; t

)
according to

pΞΘ (x,θ ; t) =
∞∫

−∞

∞∫

−∞

pΞΞ̇ΘΘ̇
(
x, ẋ,θ , θ̇ ; t

)
dθ̇ dẋ (12)

for x≥ 0 and |θ | ≤ π . Substituting (11) in (12) results in the following expression

pΞΘ (x,θ ; t)=
xe

x2

2σ2
1

(2π)2 σ2
1 σ2

2 σ2
AMR

∞∫

0

∞∫

0

π∫

−π

dψ dω dν
ω
ν

e
− (ω/ν)2+ρ2

2
2σ2

2 e
−

ν2+ρ2
AMR

2σ2
AMR e

− g1(ω,ψ;t)
2σ2

1

×e−
xg3(ω,θ ,ψ;t)

σ1 I0

(√
g2 (ω,ν ,ψ; t)

)
, x≥ 0, |θ | ≤ π (13)

where

g1(ω,ψ; t) = ω2 +ρ2
1 +2ρ1ω cos

(
ψ−2π fρ1t−θρ1

)
(14a)

g2 (ω ,ν ,ψ; t) =
2ρ2ρAMRω

σ2
2 σ2

AMR

cos
[
ψ−2π

(
fρ2 + fρ3

)
t− (

θρ2 +θρ3

)]
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+
(

ρ2ω
σ2

2 ν

)2

+

(
ρAMRν
σ2

AMR

)2

(14b)

g3 (ω,θ ,ψ; t) =
ρ1 cos

(
θ −2π fρ1t−θρ1

)
+ω cos(θ −ψ)

σ1
. (14c)

In (13), I0 (·) is the zeroth-order modified Bessel function of the first kind [10].
The PDF pΞ (x) of MLSS processes Ξ(t) can be obtained by integrating (13)

over θ in the interval [−π,π]. Hence,

pΞ(x)=
xe
− x2

2σ2
1

2π σ2
1 σ2

2 σ2
AMR

∞∫

0

∞∫

0

dν dω
ω
ν

e
− (ω/ν)2+ρ2

2
2σ2

2 e
−

ν2+ρ2
AMR

2σ2
AMR

×
π∫

−π

dψ e
− g4(ω ,ψ)

2σ2
1 I0

(
x

σ2
1

√
g4(ω,ψ)

)
I0

(√
g5(ω,ν ,ψ)

)
(15)

for x≥ 0, where

g4 (ω,ψ) = ω2 +ρ2
1 +2ρ1ω cos(ψ) (16a)

g5(ω,ν ,ψ) =
(

ρ2ω
σ2

2 ν

)2

+

(
ρAMRν
σ2

AMR

)2

+
2ρ2ρAMRω

σ2
2 σ2

AMR

cos(ψ). (16b)

It is worth mentioning that the joint PDF pΞΘ (x,θ ; t) in (13) is dependent on time
t. Nevertheless, the PDF pΞ (x) in (15) is independent of time t showing that MLSS
processes Ξ(t) are first order stationary.

The significance of the PDF pΞ (x) lies in the fact that it can easily be utilized in
the link level performance analysis of relay-based M2M communication systems.
The bit error probability (BEP) or the symbol error probability (SEP) and the chan-
nel capacity are a few measures to evaluate the performance of communication sys-
tems at the link level. The evaluation of the BEP, the SEP, and the channel capacity
usually requires the knowledge of the PDF of the signal-to-noise ratio (SNR). Thus,
given the PDF pΞ (x) of Ξ(t), the computation of the PDF of the SNR is nothing
but transformation of random variables.

Integrating (13) over x in the interval [ 0,∞ ) results in the following expression
for the PDF pΘ (θ ; t) of the phase process Θ(t)

pΘ (θ ; t)=
∞∫

0

∞∫

0

π∫

−π

dψ dω dν
ω
ν

e
− (ω/ν)2+ρ2

2
2σ2

2 e
−

ν2+ρ2
AMR

2σ2
AMR

(2π)2 σ2
2 σ2

AMR

e
− g1(ω,ψ;t)

2σ2
1 I0

(√
g2 (ω,ν ,ψ; t)

)



224 Mobile-to-Mobile Cooperative Communication Systems

×
[

1+
√

π
2

g3 (ω,θ ,ψ; t)e
1
2 g2

3(ω,θ ,ψ;t)
{

1+Φ
(

g3 (ω,θ ,ψ; t)√
2

)}]
(17)

for |θ | ≤ π , where g1 (·, ·; t), g2 (·, ·, ·; t), and g3 (·, ·, ·; t) are defined in (14a), (14b),
and (14c), respectively. In (17), Φ(·) represents the error function
[10, Eq. (8.250.1)]. From (17), it is obvious that the phase process Θ(t) is not
strict sense stationary, because the density pΘ (θ ; t) is a function of time t. This
time dependency of the PDF pΘ (θ ; t) is due the Doppler frequency fρi of the LOS
component m(i)(t) (i = 1,2,3). However, for the special case when fρi = 0, ρi 6=
0 (i = 1,2,3), the phase process Θ(t) becomes a first order stationary process.
B. CDF of MLSS Processes

The CDF FΞ− (r) of MLSS processes Ξ(t) can be obtained by using
[22, Eqs. (4.1), (4.6), (4.16)]

FΞ− (r) =
r∫

−∞

pΞ (x)dx = 1−
∞∫

r

pΞ (x)dx, r ≥ 0 (18)

where pΞ (x) is the PDF as given by (15). Substituting (15) in (18), allows us to
write the final expression of the CDF FΞ− (r) of MLSS processes Ξ(t) as

FΞ− (r) = 1− 1

(2π)2 σ2
2 σ2

AMR

∞∫

0

∞∫

0

π∫

−π

dψ dω dν
ω
ν

e
− (ω/ν)2+ρ2

2
2σ2

2 e
−

ν2+ρ2
AMR

2σ2
AMR

×Q1

(√
g4(ω,ψ)

σ1
,

r
σ1

)
I0

(√
g5(ω,ν ,ψ)

)
(19)

for r ≥ 0. In (19), g4 (·, ·) and g5 (·, ·, ·) are the functions defined in (16a) and (16b),
respectively, whereas Qm (a,b) is the generalized Marcum Q-function [25].
C. Mean Value and Variance of MLSS Processes

The PDF of a stochastic process plays a vital role in characterizing the process.
However, the information provided by the PDF can also be summarized with the
help of the expected value (mean value) and the variance of the stochastic process.
The expected value mΞ of MLSS processes Ξ(t) can be obtained by substituting
(15) in [22, Eq. (5.44)] and performing some mathematical manipulations, i.e.,

mΞ =
√

π
2

σ1

(2π)2 σ2
2 σ2

AMR

∞∫

0

∞∫

0

π∫

−π

dψ dω dν
ω
ν

e
− (ω/ν)2+ρ2

2
2σ2

2 e
−

ω2+ρ2
AMR

2σ2
AMR e

− 1
2

(
g4(ω,ψ)

2σ2
1

)

×
{(

1+
g4(ω,ψ)

2σ2
1

)
I0

(
g4(ω,ψ)

4σ2
1

)
+

(
g4(ω,ψ)

2σ2
1

)
I1

(
g4(ω,ψ)

4σ2
1

)}
I0

(√
g5(ω ,ν ,ψ)

)
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(20)

where g4 (·, ·) and g5 (·, ·, ·) are defined in (16a) and (16b), respectively.
The difference of the mean power E{Ξ2 (t)} and the squared mean value m2

Ξ of
MLSS processes Ξ(t) defines its variance σ2

Ξ [22, Eq. (5.61)], i.e.,σ2
Ξ = E{Ξ2(t)}−

m2
Ξ. Note that E{·} is the expected value operator. Using (15) and [22, Eq. (5.67)],

the mean power E{Ξ2 (t)} of MLSS processes Ξ(t) can be expressed as

E{Ξ2(t)}=
∞∫

0

x2 pΞ (x)dx

=
(2π)−1

σ2
2 σ2

AMR

∞∫

0

∞∫

0

ω
ν

e
− (ω/ν)2+ρ2

2
2σ2

2 e
−

ν2+ρ2
AMR

2σ2
AMR

π∫

−π

{
2σ2

1 +g4(ω,ψ)
}

I0

(√
g5(ω,ν ,ψ)

)
dψ dω dν .

(21)

Thus, the variance σ2
Ξ of MLSS processes Ξ(t) can be computed by using (21) and

(20).
D. LCR of MLSS Processes

The LCR of the received envelope of mobile fading channels is a measure to
describe the average number of times the envelope crosses a certain threshold level
r from up to down (or vice versa) per second. The LCR NΞ (r) of MLSS processes
Ξ(t) can be obtained using [35]

NΞ(r) =
∞∫

0

ẋpΞΞ̇(r, ẋ)dẋ (22)

where pΞΞ̇(x, ẋ) is the joint PDF of the MLSS process Ξ(t) and its corresponding
time derivative Ξ̇(t) at the same time t. From (11), the joint PDF pΞΞ̇ (x, ẋ) can be
obtained by integrating over the undesirable variables θ and θ̇ , i.e.,

pΞΞ̇(x, ẋ)=
π∫

−π

∞∫

−∞

pΞΞ̇ΘΘ̇
(
x, ẋ,θ , θ̇ ; t

)
dθ̇ dθ , x≥ 0, |ẋ|< ∞. (23)

In (11), after performing transformation of random variables from rectangular to
polar coordinates, substituting the values of m(i)

k (t) as well as ṁ(i)
k (t) (i = 1,2,3and

k = 1,2), and doing some lengthy computations, the joint PDF pΞΞ̇ (x, ẋ) results in
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the following expression

pΞΞ̇(x, ẋ)=
(2π)−

7
2 xe

− x2

2σ2
1

σ2
1 σ2

2 σ2
AMR

∞∫

0

∞∫

0

π∫

−π

π∫

−π

π∫

−π

dθ dψ dφ dω dν
ωe

− g4(ω,ψ)
2σ2

1√
β (ω,ν)

e
xg6(ω,θ ,ψ)

σ2
1 e

− g8(ν ,φ)
2σ2

AMR

×e
− g7(ω,ν ,ψ ,φ)

2σ2
2 e−

1
2 g9(ω,ν ,θ ,ψ,φ)e−

ẋ2ν2
2β (ω ,ν) e

− ẋν√
β (ω,ν)

g9(ω ,ν ,θ ,ψ,φ)
, x≥ 0, |ẋ|< ∞ (24)

where

β (ω,ν) = β1ν2 +β3ω2 +β2ν4 (25a)

g6 (ω,θ ,ψ) = ρ1 cos(θ)+ω cos(θ −ψ) (25b)

g7 (ω,ν ,ψ,φ) = (ω/ν)2−2(ω/ν)ρ2 cos(ψ−φ)+ρ2
2 (25c)

g8 (ν ,φ) = ν2−2νρAMR cos(φ)+ρ2
AMR

(25d)

g9 (ω,ν ,θ ,ψ,φ) =
2π fρ2ρ2ν2 sin(θ −φ)+2π fρ1ρ1ν sin(θ)√

β (w,ν)

+
2π fρ3ρAMRω sin(θ −ψ +φ)√

β (ω,ν)
. (25e)

Substituting (24) in (22) and further doing some tedious mathematical manipula-
tions, the LCR NΞ (r) of MLSS processes Ξ(t) can be expressed as

NΞ(r)=
(2π)−

7
2 r e

− r2

2σ2
1

σ2
1 σ2

2 σ2
AMR

∞∫

0

∞∫

0

π∫

−π

π∫

−π

π∫

−π

√
β(ω ,ν)

ω
ν2 e

rg6(ω,θ ,ψ)
σ2

1 e
− g4(ω,ψ)

2σ2
1 e

− g7(ω,ν ,ψ,φ)
2σ2

2

×
[

e−
1
2 g2

9(ω ,ν ,θ ,ψ,φ) +
√

π
2

g9(ω,ν ,θ ,ψ,φ)
{

1+Φ
(

g9(ω ,ν ,θ ,ψ,φ)√
2

)}]

×e
− g8(ν ,φ)

2σ2
AMR dθ dψ dφ dω dν (26)

where g4 (·, ·), β (·, ·), g6 (·, ·, ·), g7 (·, ·, ·, ·), g8 (·, ·), and g9 (·, ·, ·, ·, ·) are defined in
(16a) and (25a) – (25e), respectively.
E. ADF of MLSS Processes

The ADF of mobile fading channels is a measure to quantify how long the re-
ceived envelope remains in average below a certain threshold level r. The ADF
TΞ− (r) of MLSS processes Ξ(t) can be obtained from the ratio of the CDF FΞ− (r)
and the LCR NΞ (r) [35], i.e.,

TΞ− (r) =
FΞ− (r)
NΞ (r)

. (27)
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The ADF TΞ− (r) of MLSS processes Ξ(t) can easily be computed by substituting
(19) and (26) in (27).

Note that MLSS fading channels belong to the class of time-variant multipath
propagation and fading channels. Such channels exhibit bursty error characteristics
[33]. The fading channel often causes the signal to fall below a certain threshold
noise level, which in turn results in error bursts. The error bursts produced as a
consequence of fading can be combated by using interleaving techniques [33, 47]
and coding techniques [7, 17]. The PDF pΞ (x) of Ξ(t) is insufficient to be utilized
in developing robust interleaving and coding schemes, as it does not give any insight
into the rate of fading. The statistical quantities such as the LCR NΞ (r) and the ADF
TΞ− (r) describe the fading behavior of MLSS processes Ξ(t). Studies pertaining to
the LCR NΞ (r) and the ADF TΞ− (r) of Ξ(t) are thus quite useful in the design as
well as optimization of coding and interleaving schemes for M2M fading channels
in the relay links in cooperative networks.

IV. SPECIAL CASES OF MLSS CHANNELS

The MLSS fading channel model developed in Section II incorporates at least five
other fading processes as special cases. These special cases include double Rice
[44], double Rayleigh [14, 24], SLDS [45], SLSS [39, 38], and NLSS [39, 38] fad-
ing channels. In this section, we will discuss the conditions under which MLSS
fading processes reduce to any of the embedded processes. Furthermore, in order
to demonstrate the flexibility of the analytical expression presented in Section III,
the expressions for the PDF, CDF, and LCR of all the above mentioned processes
are also presented in this section. The proofs for the reduction of the PDF of MLSS
processes to that of the stochastic processes mentioned above are included in Ap-
pendices H.A–H.E.
A. The Double Rice Process

The double Rice process is obtained by removing the direct SMS-DMS trans-
mission link and considering LOS propagation conditions in the SMS-MR-DMS
transmission link [44]. Thus, under the consideration when µ(1)

ρ1 (t)→ 0, i.e., ρ1 = 0
and σ2

1 → 0, and choosing without loss of generality AMR = 1 the MLSS process in
(2) reduces to

χρ (t)

∣∣∣∣∣∣∣
ρ1=0
AMR=1
σ2

1→0

= µ(2)
ρ (t)µ(3)

ρ (t) . (28)

Note that even though the direct SMS-DMS transmission link is not present, still the
transmitted signal is available at the DMS every second time slot according to the
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amplify-and-forward relay protocol considered. The absolute value of the stochastic
process in (28) defines the double Rice process, i.e.,

Ξ(t)

∣∣∣∣∣∣∣
ρ1=0
AMR=1
σ2

1→0

=

∣∣∣∣∣∣∣
χρ (t)

∣∣∣∣∣∣∣
ρ1=0
AMR=1
σ2

1→0

∣∣∣∣∣∣∣
=

∣∣∣µ(2)
ρ (t)µ(3)

ρ (t)
∣∣∣ . (29)

Substituting ρ1 = 0 and AMR = 1 in (15), (19), and (26) and taking the limit σ2
1 → 0,

reduces the PDF, LCR, and ADF of the MLSS processes to the following corre-
sponding expressions for double Rice processes:

pΞ(x)

∣∣∣∣∣∣∣
ρ1=0
AMR=1
σ2

1→0

=
x

σ2
2 σ2

AMR

∞∫

0

1
ν

e
− (x/ν)2+ρ2

2
2σ2

2 e
−

ν2+ρ2
AMR

2σ2
AMR I0

(
xρ2

νσ 2
2

)
I0

(
νρAMR

σ2
AMR

)
dν , x≥ 0

(30)

FΞ− (r)

∣∣∣∣∣∣∣
ρ1=0
AMR=1
σ2

1→0

= 1−
∞∫

0

ν
σ2

AMR

e
−

ν2+ρ2
AMR

2σ2
AMR I0

(
νρAMR

σ2
AMR

)
Q1

(
ρ2

σ2
,

r
νσ2

)
dν , r ≥ 0 (31)

NΞ(r)

∣∣∣∣∣∣∣
ρ1=0
AMR=1
σ2

1→0

=
(2π)−

5
2 r

σ2
2 σ2

AMR

∞∫

0

dν
ν2

√
β2ν4 +β3r2e

− (r/ν)2+ρ2
2

2σ2
2 e

−
ν2+ρ2

AMR
2σ2

AMR

π∫

−π

dφe
(r/ν)ρ2 cos(φ−ψ)

σ2
2

×
π∫

−π

e

νρAMR
cosφ

σ2
AMR

(
e−

1
2 g2

10(r,ν ,φ ,ψ)+
√

π
2

g10 (r,ν ,φ ,ψ)
{

1+Φ
(

g10 (r,ν ,φ ,ψ)
2

)})
dψ

(32)

where

g10 (r,ν ,φ ,ψ) =
2π fρ3rρ3 sin(φ −ψ)−2π fρ2ν2ρ2 sinφ√

β2ν4 +β3r2
. (33)

The proof of (30) can be found in Appendix H.A, whereas the proofs of (31) and
(32) have been omitted for reasons of brevity. We notice that the results in (30)–(33)
have first been presented in the study conducted for double Rice processes in [44].
B. The Double Rayleigh Process

Considering NLOS propagation conditions in the SMS-MR-DMS link, when
there is no direct transmission link between the SMS and the DMS, a double
Rayleigh process comes into play. Thus, substituting ρ2 = ρ3 = 0 in (29), results in
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the double Rayleigh process

Ξ(t)

∣∣∣∣∣∣∣
ρ1,ρ2,ρ3=0
AMR=1
σ2

1→0

=

∣∣∣∣∣∣∣
χρ (t)

∣∣∣∣∣∣∣
ρ1,ρ2,ρ3=0
AMR=1
σ2

1→0

∣∣∣∣∣∣∣
= |µ(2) (t)µ(3) (t) |. (34)

Applying the same conditions mentioned above on (15), (19), and (26) allows us to
obtain the PDF, CDF, and LCR of double Rayleigh processes as follows:

pΞ(x)

∣∣∣∣∣∣∣
ρ1,ρ2,ρ3=0
AMR=1
σ2

1→0

=
x

σ2
2 σ2

AMR

K0

(
x

σ2σAMR

)
, x≥ 0 (35)

FΞ− (r)

∣∣∣∣∣∣∣
ρ1,ρ2,ρ3=0
AMR=1
σ2

1→0

= 1− r
σ2σ3

K1

(
r

σ2σ3

)
r ≥ 0 (36)

NΞ(r)

∣∣∣∣∣∣∣
ρ1,ρ2,ρ3=0
AMR=1
σ2

1→0

=
r√

2πσ2
2 σ2

AMR

∞∫

0

√
β3 r2 +β2 v4

v2 e
− (r/v)2

2σ2
2 e

− v2

2σ2
AMR dv . (37)

The proof of (35) can be found in Appendix H.B. The expressions presented in
(35) – (37) can be found in the literature (see, e.g., [14, 24]).
C. The SLDS Process

The MLSS fading process tends to the SLDS fading process if a LOS compo-
nent is considered only in the direct transmission link from the SMS to the DMS,
ignoring the scattered component of the link [45]. The stochastic process associated
with SLDS processes can be expressed by substituting ρ2 = ρ3 = 0, AMR = 1, and
taking the limit σ2

1 → 0 in (2) as follows

χρ (t)

∣∣∣∣∣∣∣
ρ2,ρ3=0
AMR=1
σ2

1→0

= m(1) (t)+ µ(2) (t)µ(3) (t) . (38)

The absolute value of the stochastic process in (38) defines the SLDS process, i.e.,

Ξ(t)

∣∣∣∣∣∣∣
ρ2,ρ3=0
AMR=1
σ2

1→0

=

∣∣∣∣∣∣∣
χρ (t)

∣∣∣∣∣∣∣
ρ2,ρ3=0
AMR=1
σ2

1→0

∣∣∣∣∣∣∣
=

∣∣∣m(1) (t)+ µ(2) (t)µ(3) (t)
∣∣∣ . (39)
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Substituting ρ2 = ρ3 = 0, AMR = 1, and taking the limit σ2
1 → 0 in (15), (19), and

(26), allows us to obtain the PDF, CDF, and LCR of SLDS processes in the form
[45]

pΞ(x)

∣∣∣∣∣∣∣
ρ2,ρ3=0
AMR=1
σ2

1→0

=





x
σ2

2 σ2
AMR

I0

(
x

σ2σAMR

)
K0

(
ρ1

σ2σAMR

)
, x < ρ1

x
σ2

2 σ2
AMR

K0

(
x

σ2σAMR

)
I0

(
ρ1

σ2σAMR

)
, x≥ ρ1

(40)

FΞ− (r)

∣∣∣∣∣∣∣
ρ2,ρ3=0
AMR=1
σ2

1→0

=





r
σ2σ3

K0

(
ρ1

σ2σ3

)
I1

(
r

σ2σ3

)
, r < ρ1

1− r
σ1σ2

I0

(
ρ1

σ2σ3

)
K1

(
r

σ2σ3

)
, r ≥ ρ1

(41)

NΞ (r)

∣∣∣∣∣∣∣
ρ2,ρ3=0
AMR=1
σ2

1→0

=
√

2π r

(2π)2 σ2
2 σ2

AMR

∞∫

0

π∫

−π

dθ dv

√
β3 g11 (r,θ)+β2ν4

ν2 e
− ν2

2σ2
AMR e

− g11(r,θ)
2ν2σ2

2

×
(

e−
1
2 g2

12(ν ,θ)+
√

π
2

g12 (ν ,θ)
{

1+Φ
(

g12 (ν ,θ)√
2

)})
(42)

respectively, where

g11 (r,θ) = r2 +ρ2
1 −2rρ1 cosθ and g12 (ν ,θ) =

2π fρ1 ρ1 ν sinθ√
β3 g11(r,θ)+β2ν4

.

(43a,b)
The proof of (40) is given in Appendix H.C.
D. The SLSS Process

The MLSS process tends to the SLSS process if NLOS propagation conditions
are assumed in the transmission link between the SMS and the DMS via the MR.
Thus, for ρ2 = ρ3 = 0 and AMR = 1, (2) reduces to the stochastic process given by

χρ (t)
∣∣∣∣ρ2,ρ3=0
AMR=1

= µ(1)
ρ (t)+ µ(2) (t)µ(3) (t) . (44)

Taking the absolute value of the stochastic process in (44) is referred to as the SLSS
process, i.e.,

Ξ(t)
∣∣∣∣ρ2,ρ3=0
AMR=1

=
∣∣∣∣χρ (t)

∣∣∣∣ρ2,ρ3=0
AMR=1

∣∣∣∣ =
∣∣∣µ(1)

ρ (t)+ µ(2) (t)µ(3) (t)
∣∣∣ . (45)
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The PDF, CDF, and LCR of SLSS processes can be obtained by substituting ρ2,ρ3 =
0 and AMR = 1 in (15), (19), and (26), respectively, i.e.,

pΞ(x)
∣∣∣∣ρ2,ρ3=0
AMR=1

=
x

2π σ2
1 σ2

2 σ2
AMR

∞∫

0

π∫

−π

dθ dω ω e
− ω2

2σ2
1 e
− g11(x,θ)

2σ2
1

×K0

(
ω

σ2σAMR

)
I0

(
ω
σ2

1

√
g11(x,θ)

)
, x≥ 0 (46)

FΞ−(r)
∣∣∣∣ρ2,ρ3=0
AMR=1

= 1− 1
2πσ2

2 σ2
3 σ2

1

∞∫

0

dω ω e
− ω2

2σ2
1 K0

(
ω

σ2σ3

) π∫

−π

dθ

×
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r

dxxe
− g11(x,θ)

2σ2
1 I0

(
ω
σ2

1

√
g11(x,θ)

)
, (47)

NΞ (r)
∣∣∣∣ρ2,ρ3=0
AMR=1

=
(2π)−

3
2 r

σ2
1 σ2

2 σ2
AMR

∞∫

0

∞∫

0

π∫

−π

dθ dω dν
ω
ν2

√
β (ω,ν)e

− ν2

2σ2
AMR e

−ω2+g11(r,θ)
2σ2

1 e
− (ω/ν)2

2σ2
2

× I0

(
ω
σ2

1

√
g11(r,θ)

)[
e−

1
2 g2

13(ω ,ν ,θ) +
√

π
2

g13 (ω,ν ,θ)
{

1+Φ
(

g13 (ω,ν ,θ)√
2

)}]
(48)

where
g13 (ω ,ν ,θ) =

2π fρ1 ρ1 ν sinθ√
β (ω,ν)

. (49)

The proof of (46) is given in Appendix H.D. The expressions for the PDF and CDF
of the SLSS process presented in (46) and (47), respectively, can be found in the
literature [39, 38]. However, the expression for the LCR of the SLSS process given
in (48) is one of our side results.
E. The NLSS Process

The NLSS process assumes NLOS propagation conditions in both the trans-
mission links, i.e., the direct SMS-DMS link and the SMS-MR-DMS link. This
implies that ρ1 = ρ2 = ρ3 = 0 and AMR = 1. Substituting ρ1 = 0 in (45) gives the
NLSS process, i.e.,

Ξ(t)
∣∣∣∣ρ1,ρ2,ρ3=0
AMR=1

=
∣∣∣∣χρ (t)

∣∣∣∣ρ1,ρ2,ρ3=0
AMR=1

∣∣∣∣ =
∣∣∣µ(1) (t)+ µ(2) (t)µ(3) (t)

∣∣∣ . (50)

The PDF, CDF, and LCR of NLSS processes can be derived from the PDF, CDF,
and LCR of MLSS processes by solving (15), (19), and (26), respectively, for ρ1 =
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ρ2 = ρ3 = 0 and AMR = 1, i.e.,

pΞ(x)
∣∣∣∣ρ1,ρ2,ρ3=0
AMR=1

=
x e
− x2

2σ2
1

σ2
1 σ2

2 σ2
AMR

∞∫

0

ω e
− ω2

2σ2
1 K0

(
ω

σ2σAMR

)
I0

(
ω
σ2

1
x
)

dω, x≥ 0 (51)

FΞ− (r)
∣∣∣∣ρ1,ρ2,ρ3=0
AMR=1

= 1− 1
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2 σ2
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∞∫
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ω K0
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ω

σ2σ3

)
Q1

(
ω
σ1

,
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σ1

)
dω, r ≥ 0 (52)

NΞ (r)
∣∣∣∣ρ1,ρ2,ρ3=0
AMR=1

=
(2π)−

3
2 r e

−r2

2σ2
1

σ2
1 σ2

2 σ2
AMR

∞∫

0

∞∫

0

π∫

−π

dθ
ω
ν2

√
β (ω,ν)e

− v2

2σ2
AMR e

− ω2

2σ2
1

×e
− (ω/ν)2

2σ2
2 I0

(
rω
σ2

1

)
dω dν r ≥ 0. (53)

The proof of (51) is given in Appendix H.E. To the best of our knowledge, analytical
expressions for the LCR of NLSS processes have not yet been published. However,
the PDF and CDF of NLSS processes are well-studied functions (see, e.g., [39, 38]).

V. NUMERICAL RESULTS

The purpose of this section is twofold. Firstly, to illustrate the important theoretical
results by evaluating the expressions in (15), (17), (19), (26), and (27). Secondly,
we will confirm the correctness of the theoretical results with the help of simula-
tions. The concept of sum-of-sinusoids (SOS) [34, 35] was exploited to simulate
the underlying uncorrelated Gaussian noise processes of the overall MLSS process.
The motivation to select an SOS-based channel simulator is that such simulators
are widely acknowledged to be simple but efficient to model mobile radio fading
channels under isotropic scattering conditions [25]. In addition, the concept of
SOS has found its application in the design of channel simulators for temporally
correlated frequency-nonselective channels [25, 23], frequency-selective channels
[12, 49], and space-selective channels [11, 32, 26, 29]. However, in order to re-
produce the desired channel characteristics in simulations, a careful selection of
the simulator parameters is essential. For this reason, several methods for an accu-
rate computation of the model parameters of SOS simulators have been developed
[30, 31, 12, 51, 49, 28]. One such method for the parameter computation, which
is referred to as the generalized method of exact Doppler spread (GMEDS1) [27],
has been employed in this work. Using the GMEDS1, it is possible to generate
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any number of uncorrelated Gaussian waveforms without increasing the complex-
ity of the channel simulator. Each Gaussian process µ(i) (t) was simulated using
N(i)

1 = 20 and N(i)
2 = 21, where N(i)

1 and N(i)
2 are the number of sinusoids required

to simulate the inphase and quadrature components of µ(i) (t), respectively. It has
been shown in [25] that with N(i)

l ≥ 7 where l = 1,2, the simulated distribution of∣∣∣µ(i) (t)
∣∣∣ closely approximates the Rayleigh distribution. The variance of the in-

phase and quadrature components of µ(i) (t) is equal to σ2
i = 1 for i = 1,2,3, unless

stated otherwise. The Doppler frequencies, i.e., fSMSmax , fMRmax , and fDMSmax , were set
to 91 Hz, 75 Hz, and 110 Hz, respectively. Whereas, the Doppler frequencies of
the three LOS components, i.e., fρ1 , fρ2 , and fρ3 , were set to 166 Hz, 185 Hz, and
201 Hz, respectively. For simplicity, the amplitudes of the three LOS components
ρ1, ρ2, and ρ3 are assumed to be equal, i.e., ρ1 = ρ2 = ρ3 = ρ and the relay gain
AMR = 1, unless stated otherwise.

In the following, the theory is verified for many different propagation scenarios
and the results presented in Figs. H.2–H.6 show a good fit between the analytical
and simulation results. These results illustrate that the statistics of MLSS fading
channels corresponding to various propagation scenarios vary in a wide range. This
in turn leads to the fact that the proposed model is highly flexible, since we expect
that its statistics can be fitted to measurement data.

The PDF pΞ(x) of MLSS processes Ξ(t) described by (15) is presented in
Fig. H.2 as well as the simulation results obtained by evaluating the statistics of
the waveforms generated by using the SOS-based channel simulator. Figure H.2
also shows several special cases of the PDF pΞ (x) of MLSS processes Ξ(t) that
can be obtained by selecting appropriate values of ρ1, ρ2, ρ3,and σ2

1 in (15). The
presented results show an excellent fitting between the analytical and simulation re-
sults. Studying the PDF pΞ(x) of MLSS processes Ξ(t) shows that the mean value
mΞ and the variance σ2

Ξ of Ξ(t) are greater than the mean values and the variances
of the above mentioned processes for the same value of ρ . The same trend can be
seen when different values of ρi (i = 1,2,3) are selected. Furthermore, increasing
the value of the relay gain AMR causes an increase in the spread of the PDF pΞ(x)
of MLSS processes Ξ(t). Similarly, Fig. H.3 illustrates the theoretical results of the
CDF FΞ− (r) of MLSS processes Ξ(t) described by (19) along with the simulation
results.

Figure H.4 presents a comparison of the PDF pΘ(θ) of the phase process Θ(t)
with that of the phase processes corresponding to classical Rayleigh, classical Rice,
double Rayleigh, double Rice, SLDS, NLSS, and SLSS processes for ρ = 1. It
should be noted that the results presented in Fig. H.4 are valid for the case when
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fρi (i = 1,2,3) is set to zero. It can be observed that the PDF of the phase process
corresponding to the SLDS process has the smallest variance. The PDF pΘ(θ) fol-
lows the same trend in terms of the maximum value and the spread as that of the
classical Rice process for the same value of ρ . Furthermore, it is interesting to note
that for the phase process Θ(t) with ρi (i = 1,2,3) being selected as ρ1 = ρ3 = 0.5
and ρ2 = 1, the PDF pΘ(θ) is almost the same as that of the double Rice process
for ρ = 1. In addition, conclusions can be drawn about the influence of the relay
gain AMR on the PDF pΘ(θ) of the phase process Θ(t) from Fig. H.4 like, e.g., as
AMR increases, the variance of the phase process Θ(t) increases.

The LCR NΞ(r) of MLSS processes Ξ(t) described by (26) is shown in Fig. H.5.
Like Figs. H.2–H.4, Fig. H.5 also presents a comparison of the LCR NΞ(r) of MLSS
processes Ξ(t) with that of the LCR of several special cases, e.g., double Rayleigh,
double Rice, SLDS, NLSS, and SLSS processes for some values of ρ . Studying
the results presented in Fig. H.5 show that at low signal levels r, the LCR NΞ(r) of
MLSS processes Ξ(t) is lower as compared to that of the special cases. This is in
contrast to the behavior at medium and high levels, where the LCR NΞ(r) of Ξ(t)
is higher than that of the LCR of the special cases. Furthermore, increasing the
value of AMR results in a decrease in the LCR NΞ(r) at low signal levels r and in an
increase in the LCR NΞ(r) at medium and high signal levels.

The ADF TΞ− (r) of MLSS processes Ξ(t) described by (27) is evaluated along
with the simulation results in Fig. H.6. For comparative purposes, the ADF of dou-
ble Rayleigh, double Rice, SLDS, NLSS, and SLSS processes for some values of ρ
is also presented in Fig. H.6 along with the ADF TΞ− (r) of MLSS processes Ξ(t).
It can be observed that the ADF TΞ− (r) of MLSS processes Ξ(t) is lower than the
ADF of the mentioned stochastic processes. Furthermore, the decrease in the ADF
TΞ− (r) as a consequence of an increase in the value of the relay gain AMR is also
visible in Fig. H.6.

The qualitative description of the figures presented above is to put emphasis
on the correctness of the derived analytical expressions. The quantitative analysis
however is imperative to show how the channel and system parameters such as AMR,
ρ , fρ , etc. effect the statistics of the channel and to what extent. Thus, classi-
fying the studied fading channels as NLOS M2M channels (i.e., double Rayleigh
and NLSS channels) and LOS M2M channels (i.e., double Rice, SLDS, SLSS, and
MLSS channels) we can conclude that LOS M2M channels have higher mean values
and variances compared NLOS M2M channels. Furthermore, the fading behavior
of LOS M2M channels can be described by a higher LCR at higher signal levels
(a lower LCR at lower signal levels) but a lower ADF when compared to that of
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NLOS M2M channels. The relay gain AMR influences the statistics of both NLOS
and LOS M2M fading channels in the same way, i.e., increasing AMR increases the
mean value, the variance, and the LCR of M2M fading channels. An increase in
AMR on the other hand decreases the ADF of the channels under discussion.

VI. CONCLUSION

In this paper, we have proposed a new flexible M2M amplify-and-forward relay
fading channel model under LOS conditions. The novelty in the model is that we
are considering the LOS components in all transmission links, i.e., the direct link
between the SMS and the DSM as well as the two links via the MR. Thus, by anal-
ogy to multiple scattering radio propagation channels, we have introduced a new
narrowband M2M channel referred to as the MLSS channel. The flexibility of the
MLSS fading channel model comes from the fact that it includes several other chan-
nel models as special cases, e.g., double Rayleigh, double Rice, SLDS, NLSS, and
SLSS channel models.

This paper presents a deep analysis pertaining to the statistical behavior of
MLSS channels. Analytical expressions for the most important statistical prop-
erties like the mean, variance, PDF, CDF, LCR, and ADF of MLSS fading channels
along with the PDF of the corresponding phase process are derived. The obtained
theoretical results have complicated integral forms, which is inherent in the nature
of the problem. However, that is not a serious drawback since, nowadays there are
several efficient ways to solve multi-fold integrals numerically. Modern day com-
puters and computer programmes such as Matlab can give very accurate numerical
results of integrals. Furthermore, using functions available in Matlab for numerical
integration such as trapz, we managed to evaluate the derived analytical expressions
with high accuracy and precision. An excellent fitting between the theoretical and
simulation results confirms the correctness of the derived analytical expressions.
It has been shown that under certain assumptions, the derived analytical expres-
sions for the PDF, CDF, and LCR of MLSS processes reduce to the corresponding
expressions of double Rayleigh, double Rice, SLDS, NLSS, and SLSS processes.
The same is true for the ADF of MLSS processes as well as for the PDF of the
corresponding phase processes. The presented results show that the PDF of MLSS
processes has lower maximum value and higher spread in comparison to various
special cases. Furthermore, at low signal levels, the LCR of MLSS processes is
lower compared to that of several special cases. While, at medium and high signal
levels, the LCR of MLSS processes is higher than that of the included special cases.
A significant impact of the relay gain on different statistical properties of MLSS
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processes has also been observed. An increase in the relay gain decreases the max-
imum value of the PDF of MLSS processes and increases its spread. Similarly, an
increase in the relay gain decreases the LCR of MLSS process at low signal levels,
whereas the LCR at medium and high signal levels increases. The opposite is true
for the ADF of MLSS processes.

Our novel M2M channel model is useful for the system level performance eval-
uation of M2M communication systems in different M2M propagation scenarios.
Furthermore, the theoretical results presented in this paper are beneficial for de-
signers of the physical layer of M2M cooperative wireless networks. Based on our
studies about the dynamics of MLSS fading channels, robust modulation, coding,
and interleaving schemes can be developed and analyzed for M2M communication
systems under LOS and NLOS propagation conditions.
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H.A Proof of (30)

For ρ1 = 0, AMR = 1, and σ2
1 → 0, (15) reduces to

pΞ(x)
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x/(2π)
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2 σ2
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2 e
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e
− x2+ω2

2σ2
1 I0

(
xω
σ2

1

)

σ2
1︸ ︷︷ ︸

X1

(A.1)

for x ≥ 0. Furthermore, using the asymptotic expansions of the zeroth-order mod-
ified Bessel function of the first kind I0 (·) [48, Sec. (7.23), Eq. (2)], allows us to
write X1 as

X1 = lim
σ2

1→0

e
− x2+ω2

2σ2
1

σ2
1

e
xω
σ2

1 σ1√
2πxω
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xω
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e
− x2+ω2−2xω

2σ2
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2πσ1
=
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δ (ω− x) . (A.2)

Substituting (A.2) in (A.1) gives
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)
δ (ω− x) (A.3)

for x≥ 0. Applying the sifting property of the delta function [20] on (A.3) gives
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(A.4)
for x ≥ 0. Numerical investigations show that it is possible to approximate X2 in
(A.4) as

X2 = (2π) I0

(
xρ2

νσ2
2

)
I0

(
νρAMR

σ2
AMR

)
. (A.5)

Thus, replacing (A.5) in (A.4) gives (30).



238 Mobile-to-Mobile Cooperative Communication Systems

H.B Proof of (35)

Substituting ρ1 = ρ2 = ρ3 = 0 and AMR = 1 in (15), we can express pΞ(x)
∣∣∣∣ρ1,ρ2,ρ3=0
AMR=1

as follows
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where X3 is obtained by using [10, Eq. (3.478.4)]. Taking the limit σ2
1 → 0, (B.1)

can be written as
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for x ≥ 0. Using the asymptotic expansions of the zeroth-order modified Bessel
function of the first kind I0 (·) [48, Sec. (7.23), Eq. (2)], (B.2) can be expressed as
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where X5 = δ (ω− x) by definition of the delta function [21]. Thus, (B.3) can be
written as
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Applying the sifting property of the delta function [20] on (B.4), results in (35).
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H.C Proof of (40)

Substituting ρ2 = ρ3 = 0 as well as AMR = 1 and integrating (13) over θ from −π to

π allows us to write pΞ(x)
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as
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(C.1)

for x ≥ 0. In (C.1), X6 is evaluated using [10, Eq. (3.478.4)], whereas X7 with the
help of [10, Eq. (3.338.4)]. Taking the limit σ2

1 → 0 in (C.1), allows us to write
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for x ≥ 0. Using the asymptotic expansions of the zeroth-order modified Bessel
function of the first kind I0 (·) [48, Sec. (7.23), Eq. (2)], (C.2) can be expressed as

pΞ(x)

∣∣∣∣∣∣∣
ρ2,ρ3=0
AMR=1
σ2

1→0

=
x/(2π)
σ2

2 σ2
AMR

∞∫

0

∞∫

0

π∫

−π

dθdνdω
ω
ν

e
− (ω/ν)2

2σ2
2 e

− ν2

2σ2
AMR

× lim
σ2

1→0

e
− ω2

2σ2
1 e
− g11(x,θ)

2σ2
1

σ2
1

e
ω

σ2
1

√
g11(x,θ)

σ1√
2πωg11 (x,θ)

x/(2π)
σ2

2 σ2
AMR

∞∫

0

∞∫

0

π∫

−π

dθdνdω
√

ω
ν g11 (x,θ)

e
− (ω/ν)2

2σ2
2 e

− ν2

2σ2
AMR



240 Mobile-to-Mobile Cooperative Communication Systems
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for x ≥ 0. In (C.3), X8 = δ (ω−g11 (x,θ)) by definition of the delta function [21].
Thus, (C.3) can be written as
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for x ≥ 0. Applying the sifting property of the delta function [20] on (C.5) results
in
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where X9 is evaluated using [10, Eq. (3.478.4)]. Thus, integrating (C.5) over θ from
−π to π results in the final expression given in (40).

H.D Proof of (46)

Substituting ρ2 = ρ3 = 0 as well as AMR = 1 and integrating (13) over θ from −π to
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for x ≥ 0. In (D.1), X10 and X11 are evaluated using [10, Eq. (3.478.4)] and [10,
Eq. (3.338.4)], respectively. Thus, replacing X10 and X11 in (D.1) results in (46).

H.E Proof of (51)

Substituting ρ1 = ρ2 = ρ3 = 0 and AMR = 1 in (15), we can express pΞ(x)
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as follows
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where X12 is evaluated using [10, Eq. (3.478.4)]. Thus, replacing X12 and X13 in
(E.1) gives (51).
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tronics and Communications, AEÜ-55(6):433–442, November 2001.

[33] J. Proakis and M. Salehi. Digital Communications. New York: McGraw-Hill,
5th edition, 2008.

[34] S. O. Rice. Mathematical analysis of random noise. Bell Syst. Tech. J., 23:282–
332, July 1944.

[35] S. O. Rice. Mathematical analysis of random noise. Bell Syst. Tech. J., 24:46–
156, January 1945.

[36] N. C. Sagias and G. S. Tombras. On the cascaded Weibull fading channel
model. J. Franklin Inst., 344:1–11, January 2007.

[37] J. Salo, H. M. El-Sallabi, and P. Vainikainen. Impact of double-rayleigh fad-
ing on system performance. In Proc. 1st IEEE Int. Symp. on Wireless Perva-
sive Computing, ISWPC 2006. Phuket, Thailand, January 2006. 0-7803-9410-
0/10.1109/ISWPC.2006.1613574.

[38] J. Salo, H. M. El-Sallabi, and P. Vainikainen. Statistical analysis of
the multiple scattering radio channel. IEEE Trans. Antennas Propagat.,
54(11):3114–3124, November 2006.

[39] J. Salo, J. Salmi, and P. Vainikainen. Distribution of the amplitude of a sum
of singly and doubly scattered fading radio signal. In Proc. IEEE 61st Semi-
annual Veh. Tech. Conf., VTC’05-Spring, volume 1, pages 87–91. Stockholm,
Sweden, May/June 2005.



H – Statistical Modeling and Analysis of MLSS Fading Channels 245

[40] A. Sendonaris, E. Erkip, and B. Aazhang. User cooperation diversity — Part
I: System description. IEEE Trans. Commun., 51(11):1927–1938, November
2003.

[41] A. Sendonaris, E. Erkip, and B. Aazhang. User cooperation diversity — Part
II: Implementation aspects and performance analysis. IEEE Trans. Commun.,
51(11):1939–1948, November 2003.

[42] H. Shin and J. H. Lee. Performance analysis of space-time block codes over
keyhole Nakagami-m fading channels. IEEE Trans. Veh. Technol., 53(2):351–
362, March 2004.

[43] M. K. Simon. Probability Distributions Involving Gaussian Random Vari-
ables: A Handbook for Engineers and Scientists. Dordrecht: Kluwer Aca-
demic Publishers, 2002.

[44] B. Talha and M. Pätzold. On the statistical properties of double Rice channels.
In Proc. 10th Int. Symp. on Wireless Personal Multimedia Communications,
WPMC 2007, pages 517–522. Jaipur, India, December 2007.

[45] B. Talha and M. Pätzold. On the statistical properties of mobile-to-mobile fad-
ing channels in cooperative networks under line-of-sight conditions. In Proc.
10th Int. Symp. on Wireless Personal Multimedia Communications, WPMC
2007, pages 388–393. Jaipur, India, December 2007.

[46] B. Talha and M. Pätzold. A novel amplify-and-forward relay channel model
for mobile-to-mobile fading channels under line-of-sight conditions. In Proc.
19th IEEE Int. Symp. on Personal, Indoor and Mobile Radio Communica-
tions, PIMRC 2008, pages 1–6. Cannes, France, September 2008. DOI
10.1109/PIMRC.2008.4699733.

[47] K. Y. Tsie, P. Fines, and A. H. Aghvami. Concatenated code and interleaver
design for data transmission over fading channels. In Proc. 9th International
Conference on Digital Satellite Communications, ICDSC-9, pages 253–259.
Copenhagen, Denmark, May 1992.

[48] G. N. Watson. A Treatise on the Theory of Bessel Functions. Bentley House,
London: Cambridge University Press, 2nd edition, 1995.

[49] K. W. Yip and T. S. Ng. Efficient simulation of digital transmission over
WSSUS channels. IEEE Trans. Commun., 43(12):2907–2913, December
1995.



246 Mobile-to-Mobile Cooperative Communication Systems
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Figure H.1: The propagation scenario describing MLSS fading channels.
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Abstract — This article analyzes the statistical properties of narrowband
mobile-to-mobile (M2M) fading channels with equal gain combining (EGC)
under line-of-sight (LOS) propagation conditions. Here, we study a dual-hop
amplify-and-forward relay network. It is assumed that there can exist LOS
components in the transmission links between the source mobile station and
the destination mobile station via K mobile relays. In order to cater for asym-
metric fading conditions in the relay links, the received signal envelope at the
output of the equal gain (EG) combiner is thus modeled as a sum of K dou-
ble Rice processes. These processes are considered to be independent but not
necessarily identically distributed. Simple and closed-form analytical approxi-
mations are derived for the probability density function (PDF), the cumulative
distribution function (CDF), the level-crossing rate (LCR), and the average du-
ration of fades (ADF) of the sum process by exploiting the properties of gamma
processes. The correctness of the derived analytical approximations is verified
by simulations. The presented results are easily utilizable in the system perfor-
mance analysis and optimization of relay-based cooperative networks, where
EGC is deployed at the destination mobile station.

I. INTRODUCTION

In recent years, cooperative relaying has secured a prominent position in the wire-
less communications’ research community. The reason is that it promises high
data-rate, improved link quality, and increased network coverage [13, 5, 4]. Fur-
thermore, in cooperative networks, the link quality is enhanced by realizing a spa-
tial diversity gain with the help of existing resources (i.e., the mobile stations) of the
network. From several different cooperative diversity techniques proposed to date
[11, 20, 21], amplify-and-forward relaying is the simplest. In this kind of relaying,
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several mobile stations work together with the source mobile station, where they
amplify and then forward the information signal to the destination mobile station.

In this work, we study a dual-hop amplify-and-forward relay network, where
EGC [9] is deployed at the destination mobile station. The system under consid-
eration contains K mobile relays that are connected in parallel between the source
mobile station and the destination mobile station. It is widely acknowledged that
EGC is a suboptimal combining technique, which is less complex but performs very
close to the optimal maximal ratio combining (MRC) schemes [9]. Studies pertain-
ing to the statistical characterization as well as the performance analysis of EGC
along with MRC over Rayleigh, Rice, and Nakagami channels are readily available
in the literature, see, e.g., [26, 3, 8, 27]. In addition, quite a few works have studied
the performance of cooperative diversity using EGC along with MRC over Rayleigh
and Nakagami-m fading channels [1, 7].

Rayleigh and Rice distributions efficiently describe the multipath propagation
in classical cellular networks under non-line-of-sight (NLOS) and LOS conditions,
respectively. These distributions are however not appropriate to effectively charac-
terize the fading in M2M cooperative communication systems. Under NLOS propa-
gation conditions, the distribution that models best, the fading in relay-based M2M
networks is referred to as the double Rayleigh distribution [10, 15]. An extension
from the double Rayleigh channel model to the double Rice channel model has been
proposed in [22]. The statistics of EGC over multiple double Rayleigh fading chan-
nels have been explored recently in [24]. Furthermore, the performance of digital
modulations over double Rayleigh as well as double Nakagami-m fading channels
with EGC and MRC diversity has already been studied [23, 25]. At present, there is
a lack in information regarding the propagation channel characteristics under LOS
conditions in relay-based M2M networks with EGC.

Here, the statistical properties of EGC over M2M fading channels under LOS
propagation conditions in relay-based networks are thoroughly investigated. In
many practical propagation scenarios, asymmetric fading conditions can be ob-
served in different relay links. Meaning thereby, LOS components can exist in only
some few transmission links between the source mobile station and the destination
mobile station via K mobile relays. Thus, in order to accommodate unbalanced re-
lay links, the received signal envelope at the output of the EG combiner is modeled
as a sum of K double Rice processes. Furthermore, these double Rice processes are
independent but not necessarily identically distributed. Analytical approximations
are derived for the PDF, the CDF, the LCR, and the ADF of the sum process. Analy-
sis of these statistical quantities give us a complete picture of the fading channel,
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since the PDF can well characterize the channel, and the LCR along with the ADF
provide an insight into the fading behavior of the channel. This work includes a
discussion on the influence of the number of diversity branches K as well as the
presence of LOS components in the transmission links on the statistics of double
Rice processes with EGC. In addition, the obtained results can easily be used in the
system performance analysis and optimization of relay-based cooperative networks,
where EGC is deployed at the destination mobile station.

This article has the following structure. In Section II, we present the system
model for EGC over M2M fading channels under LOS propagation conditions
in amplify-and-forward relay networks. Section III deals with the derivation and
analysis of approximations for the PDF, the CDF, the LCR, and the ADF of the
received signal envelope at the output of the EG combiner. The correctness of the
derived analytical approximations is verified by simulations in Section IV. Section V
summarizes and concludes the article.

II. EGC OVER DOUBLE RICE FADING CHANNELS

This section aims at describing the system model of EGC over M2M fading chan-
nels in a dual-hop cooperative network. The M2M channels explored here are flat
fading channels in isotropic scattering environments under LOS propagation con-
ditions. It is further assumed that there exist K diversity branches due to the pres-
ence of K mobile relays. These mobile relays are connected in parallel between
the source mobile station and the destination mobile station (see Fig. I.1). In ad-
dition, considering the limitations on the technical implementation of the mobile
stations, we suppose that all mobile stations in the network operate in half-duplex.
Time-division multiple-access (TDMA) based amplify-and-forward relay protocols
proposed in [12, 2] have been employed in the system under consideration. Thus,
the signals from the K diversity branches in different time slots can be combined
at the destination mobile station using EGC. This allows us to express the received
signal envelope at the output of the EG combiner as [9]

Ξρ (t) =
K

∑
k=1

∣∣∣ς (k)
ρ (t)

∣∣∣ =
K

∑
k=1

χ(k)
ρ (t) (1)

where it is assumed that perfect channel state information (CSI) is available at the
receiver, i.e., the destination mobile station.

In (1), the process ς (k)
ρ (t) (k = 1,2, . . . ,K) represents the complex channel gain

of the kth subchannel from the source mobile station to the destination mobile sta-
tion via the kth mobile relay under LOS propagation conditions. Here, each fading
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Figure I.1: The propagation scenario illustrating K-parallel dual-hop relay M2M
fading channels.

process ς (k)
ρ (t) is modeled as a weighted non-zero-mean complex double Gaussian

process, i.e.,

ς (k)
ρ (t) = ς (k)

ρ1 (t)+ jς (k)
ρ2 (t) = Ak µ(2k−1)

ρ (t)µ(2k)
ρ (t) (2)

for k = 1,2, . . . ,K. For i = 2k− 1 = 1,3, . . . ,(2K − 1), the non-zero-mean com-
plex Gaussian process µ(i)

ρ (t) in (2) is the sum of the scattered component µ(i) (t)
and the LOS component m(i) (t) of the subchannel between the source mobile sta-
tion and the kth mobile relay, i.e., µ(i)

ρ (t) = µ(i) (t) + m(i) (t). Similarly, for i =

2k = 2,4, . . . ,2K, the Gaussian process µ(i)
ρ (t) denotes the sum of the scattered

component µ(i) (t) and the LOS component m(i) (t) of the subchannel between the
kth mobile relay and the destination mobile station. Each scattered component
µ(i) (t) is modeled by a zero-mean complex Gaussian process with variance 2σ2

i .
In addition, these Gaussian processes are mutually independent, where the classi-
cal Jakes Doppler power spectral density describes the spectral characteristics of
each process. The corresponding LOS component m(i) (t) = ρi exp{ j(2π f (i)

ρ t +

θ (i)
ρ )} possesses a fixed amplitude ρi, a constant Doppler frequency f (i)

ρ , and a

constant phase θ (i)
ρ . In (2), Ak is the relay gain of the kth relay. It is interest-

ing to note that the relay gain Ak is nothing but a scaling factor of the mean (i.e.,
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E{Ak µ(i)
ρ (t)} = ρ(k)

i exp{ j(2π f (i)
ρ t + θ (i)

ρ )}, where ρ(k)
i = Ak ρi) and the variance

(i.e., Var
{

Akµ(i)
ρ (t)

}
= 2(Akσi)2) of the complex Gaussian process µ(i)

ρ (t) ∀ i =

2k− 1 = 1,3, . . . ,(2K− 1). The absolute value of ς (k)
ρ (t) is denoted by χ(k)

ρ (t) in

(1), where each χ(k)
ρ (t) is a double Rice process.

III. STATISTICAL ANALYSIS OF EGC OVER DOUBLE RICE FADING CHANNELS

In this section, we analyze the statistical properties of EGC over M2M fading chan-
nels under LOS propagation conditions. The statistical quantities of interest include
the PDF, the CDF, the LCR, and the ADF of double Rice processes Ξρ (t) with
EGC.
A. PDF of a Sum of Double Rice Processes

Under LOS propagation conditions, the received signal envelope Ξρ (t) at the
output of the EG combiner is modeled as a sum of K independent but not neces-
sarily identically distributed double Rice processes. The PDF pΞρ (x) of Ξρ (t) can
be obtained by solving a K-dimensional convolution integral. The computation of
this convolution integral is however quite tedious. It can further be shown that the
evaluation of the inverse Fourier transform of the characteristic function (CF) does
not lead to a simple and closed-form expression for the PDF pΞρ (x). Thus, we
propose to approximate the PDF pΞρ (x) by the gamma distribution. This gamma
distribution infact appears as the first term in the Laguerre series expansion [18],
i.e.,

pΞρ (x)≈ pΓ (x) =
xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL (3)

where Γ(·) is the gamma function [6]. The parameters αL and βL can be obtained
by following the steps in [18, p. 21], which yields in

αL =
[
κ2

1/κ2
]−1, βL = κ2/κ1 (4a,b)

where κ1 corresponds to the first cumulant (i.e., the mean value) and κ2 represents
the second cumulant (i.e., the variance) of the stochastic process Ξρ (t). Mathemat-
ically, κ1 and κ2 can be expressed as

κn =
K

∑
k=1

κ(k)
n , n = 1,2 (5)



258 Mobile-to-Mobile Cooperative Communication Systems

where κ(k)
n describes the cumulants associated with the double Rice process χ(k)

ρ (t).

The first two cumulants of χ(k)
ρ (t) originally reported in [22] are as follows

κ(k)
1 = Akσ(2k−1)σ(2k)

π
2 1F1

(
−1

2
;1;−ρ2

(2k−1)/2σ2
(2k−1)

)

×1F1

(
−1

2
;1;−ρ2

(2k)/2σ2
(2k)

)
(6a)

κ(k)
2 = A2

k

(
2σ2

(2k−1) +ρ2
(2k−1)

)(
2σ2

(2k) +ρ2
(2k)

)
−

(
Akσ(2k−1)σ(2k)

π
2

)2

×
[

1F1

(
−1

2
;1;−ρ2

(2k−1)/2σ2
(2k−1)

)
1F1

(
−1

2
;1;−ρ2

(2k)/2σ2
(2k)

)]2

. (6b)

where 1F1(·; ·; ·) is the hypergeometric function [6].
The evaluation of κn in (5) is rather straightforward once we have κ(k)

n (n = 1,2)
for all χ(k)

ρ (t). Given κn, the quantities αL and βL can easily be computed using
(4a,b). Substitution of αL and βL in (3) leads to the approximate solution for the
PDF pΞρ (x).

The motivation behind deriving an expression for the PDF pΞρ (x) of Ξρ (t) is
that it can be utilized with ease in the link level performance analysis of dual-hop
cooperative networks with EGC.
B. CDF of a Sum of Double Rice Processes

The probability that Ξρ (t) remains below a threshold level r defines the CDF

FΞρ (r) of Ξρ (t) [14]. After substituting (3) in FΞρ (r) = 1−
∞∫
r

pΞρ (x)dx and solving

the integral over x using [6, Eq. (3.381-3)], we can approximate FΞρ (r) in closed
form as

FΞρ− (r)≈ 1− 1
Γ(αL +1)

Γ
(

αL,
r

βL

)
(7)

where Γ(·, ·) is the upper incomplete gamma function [6].
C. LCR of a Sum of Double Rice Processes

The LCR NΞρ (r) of Ξρ (t) is a measure to describe the average number of times
the stochastic process Ξρ (t) crosses a particular threshold level r from up to down
(or from down to up) within one second. The LCR NΞρ (r) can be computed using
the formula [19]

NΞρ (r) =
∞∫

0

ẋ pΞρ Ξ̇ρ
(r, ẋ)dẋ (8)

where pΞρ Ξ̇ρ
(r, ẋ) is the joint PDF of the stochastic process Ξρ (t) and its corre-

sponding time derivative Ξ̇ρ (t) at the same time t. Throughout this paper, the
overdot represents the time derivative. The task at hand is to find the joint PDF
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pΞρ Ξ̇ρ
(r, ẋ). Here, we proceed to solve this problem by approximating the joint

PDF pΞρ Ξ̇ρ
(r, ẋ) by the joint PDF pΓΓ̇ (r, ẋ) of a gamma process and its correspond-

ing time derivative at the same time t, i.e.,

pΞρ Ξ̇ρ
(r, ẋ)≈ pΓΓ̇ (r, ẋ) (9)

where pΓΓ̇ (r, ẋ) can be expressed in terms of αL and βL, as

pΓΓ̇ (x, ẋ) =
1

2
√

2πβx

xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL
− ẋ2

8βx (10)

with β = π2βL
(

f 2
Smax

+2 f 2
Rmax

+ f 2
Dmax

)
. The quantities fSmax and fDmax represent the

maximum Doppler frequencies caused by the motion of the source mobile station
and the destination mobile station, respectively. In addition, the maximum Doppler
frequencies caused by the motion of mobile relays are assumed to be equal such
that f (1)

Rmax = f (2)
Rmax = · · ·= f (K)

Rmax = fRmax .
Finally, substituting pΞρ Ξ̇ρ

(r, ẋ) in (8) and solving the integral over ẋ using [6,
Eq. (3.326-2)], we reach the following closed-form approximation for the LCR
NΞρ (r)

NΞρ (r) ≈
∞∫

0

ẋ pΓΓ̇ (r, ẋ)dẋ

=

√
2rβ
π

rαL e−
r

βL

β (αL+1)
L Γ(αL +1)

=

√
2rβ
π

pΞρ (r) . (11)

D. ADF of a Sum of Double Rice Processes
The ADF TΞρ (r) of Ξρ (t) is the expected value of the time intervals over which

the stochastic process Ξρ (t) remains below a certain threshold level r. Mathemat-
ically, the ADF TΞρ (r) is defined as the ratio of the CDF FΞρ− (r) and the LCR
NΞρ (r) of Ξρ (t) [9], i.e.,

TΞρ (r) =
FΞρ (r)
NΞρ (r)

. (12)

By substituting (7) and (11) in (12), we can easily obtain an approximate solution
for the ADF TΞρ (r).

The significance of studying the LCR NΞρ (r) and the ADF TΞρ (r) of Ξρ (t) lies
in the fact that they provide insight into the rate of fading of the stochastic process
Ξρ (t). Knowledge about the rate of fading is beneficial in both the design as well as
the optimization of coding and interleaving schemes to combat fading in the relay
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links of cooperative networks.

IV. NUMERICAL RESULTS

This section deals with the illustration of important theoretical results by evaluating
the approximations in (3), (11), and (12). In addition, here the correctness of the
theoretical results is verified with the help of simulations. The sum-of-sinusoids
(SOS) concept [16] has been applied on the uncorrelated Gaussian noise processes
making up the received signal envelope at the output of the EG combiner in order
to obtain the exact simulation results. The model parameters of the channel simu-
lator were computed by employing the generalized method of exact Doppler spread
(GMEDS1) [17]. Each Gaussian process µ(i) (t) (i = 1,2, . . . ,2K) was simulated
with N(i)

l = 14 for i = 1,2, . . . ,2K and l = 1,2, where N(i)
l is the number of sinu-

soids used to simulate the inphase (l = 1) and quadrature components (l = 2) of
µ(i) (t). The simulated waveforms µ̃(i) (t) have a distribution which closely approx-
imates the Rayleigh distribution if N(i)

l ≥ 7 (l = 1,2) for all i = 1,2, . . . ,2K [16].
Thus, by choosing N(i)

l = 14, we make sure the waveforms µ̃(i) (t) have the desired
Gaussian distribution. The maximum Doppler frequencies caused by the motion of
the source mobile station, K mobile relays, and the destination mobile station, de-
noted by fSmax , fRmax , and fDmax , respectively, were set to 91 Hz, 125 Hz, and 110 Hz.
The variances σ2

i , the amplitudes of the LOS components ρi, and the relay gains
Ak were selected to be unity for all i = 1,2, . . . ,2K and k = 1,2, . . . ,K unless stated
otherwise.

In Figs. I.2–I.4, we have presented the PDF, the LCR, and the ADF of Ξρ (t)
considering the full-LOS (FLOS) and partial-LOS (PLOS) propagation scenarios.
We have referred to the scenario as FLOS propagation where LOS components exist
in all the transmission links between the source mobile station and the destination
mobile station via K mobile relays. In PLOS propagation scenario, the LOS compo-
nents are present only in the links from the source mobile station to the k-th mobile
relay. The presented results illustrate a good fit of the approximated analytical and
the exact simulation results.

Figure I.2 demonstrates the theoretical approximation for the PDF pΞρ (x) of
Ξρ (t) described in (3). The simulation results obtained by evaluating the statistics
of the waveforms generated by using the SOS-based channel simulator are included
in this figure for confirming the correctness of the theory. Studying the PDFs pΞρ (x)
for a different number of diversity branches K reveal that increasing K increases the
mean value whereas the variance of Ξρ (t) decreases under both FLOS and PLOS
propagation conditions. Furthermore, for K = 1, ρi = 1 (i = 1,2), and Ak = 1, the
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PDF pΞρ (x) of Ξρ (t) maps to the double Rice distribution, verifying the correct-
ness of our approximation in (3).

The LCR NΞρ (r) of Ξρ (t) described by (11) is evaluated along with the exact
simulation results in Fig. I.3. This figure presents the LCR NΞρ (r) for a different
number of diversity branches K for FLOS and PLOS propagation conditions. For
K = 1, ρi = 1 (i = 1,2), and Ak = 1, it is quite clear from the graphs that at higher
signal levels r, (11) provides us with a very close approximation to the exact LCR of
a double Rice process given in [22]. Under FLOS propagation conditions, increas-
ing K while keeping ρi and Ak constant, results in a decrease in the LCR NΞρ (r) at
lower signal levels r. However, the LCR NΞρ (r) increases at higher signal levels r
for increasing K with constant ρi and Ak. Figure I.3 also shows that for a particular
value of K with constant Ak, the LCR NΞρ (r) assumes a lower value at lower signal
levels r under PLOS propagation conditions and vice versa.

In Fig. I.4, the analytical approximate results of the ADF TΞρ (r) of Ξρ (t) de-
scribed by (12) along with the exact simulation results are displayed. These results
clearly indicate that under both FLOS and PLOS propagation conditions, increas-
ing the number of diversity branches K results in a decrease of the ADF TΞρ (r) for
all signal levels r. It can also be observed in Fig. I.4 that the presence of the LOS
components in all the transmission links lowers the ADF TΞρ (r) at all signal levels
r for any number K.
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Figure I.2: The PDF pΞρ (x) of the received signal envelope Ξρ (t) at the output of
the EG combiner for a different number of diversity branches K.
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Figure I.3: The LCR NΞρ (r) of the received signal envelope Ξρ (t) at the output of
the EG combiner for a different number of diversity branches K.

V. CONCLUSION

This article is focused on the statistical analysis of EGC over narrowband M2M
fading channels under LOS propagation conditions. The system under investiga-
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Figure I.4: The ADF TΞρ− (r) of the received signal envelope Ξρ (t) at the output of
the EG combiner for a different number of diversity branches K.
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tion is a dual-hop amplify-and-forward relay communication system, where there
exist K mobile relays between the source mobile station and the destination mobile
station. Such a system configuration gives rise to K diversity branches. The sig-
nals received from the K diversity branches are then combined at the destination
mobile station to achieve the spatial diversity gain. We have modeled the received
signal envelope at the output of the EG combiner as a sum of K independent but not
necessarily identically distributed double Rice processes. Simple and closed-form
analytical approximations for the channel statistics such as the PDF, the CDF, the
LCR, and the ADF are derived. Here, the gamma distribution has been employed
to approximate with reasonable accuracy the PDF of a sum of K double Rice pro-
cesses. The CDF, the LCR, and the ADF of the sum process are also approximated
by exploiting the properties of a gamma distributed process. Furthermore, the pre-
sented results demonstrate that the approximated theoretical results fit closely to the
exact simulation results. For this reason, we believe that the proposed approxima-
tion approach followed in this study is valid. In addition to studying the impact of
the number of diversity branches K, we have investigated the influence of the exis-
tence of the LOS components in the transmission links on the statistical properties
of EGC over M2M channels. Designers of the physical layer of M2M cooperative
wireless networks can take advantage of this work by utilizing our results in system
performance analysis and optimization.
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Abstract — In this article, we present a detailed study on the statistical
properties of the channel capacity of vehicle-to-vehicle (V2V) fading channels
with equal gain combining (EGC). Assuming perfect channel state information
(CSI) at the receiver, we have modeled the received signal envelope at the out-
put of the equal gain (EG) combiner as a sum of double Rayleigh processes.
These double Rayleigh processes are assumed to be independent but not nec-
essarily identical processes. It is illustrated that the PDF of this sum process
can efficiently be approximated using the gamma distribution. Furthermore,
exploiting the properties of the gamma distribution, other statistical properties
of the sum process are also evaluated. Thus, given the analytical approxima-
tions for the statistical properties of the received signal envelope at the output
of the EG combiner, the theoretical results associated the statistics of the chan-
nel capacity just involves transformation of random variables. Here, simple
and closed-form analytical approximations for the probability density func-
tion (PDF), the cumulative distribution function (CDF), the level-crossing rate
(LCR), and the average duration of fades (ADF) of the channel capacity are
derived. The correctness of the theoretical results is validated by simulations.
The presented results can be utilized to optimize the performance of spatial
diversity receivers employed in the forthcoming V2V multiple-input multiple-
output (MIMO) wireless communication systems.

I. INTRODUCTION

V2V wireless communications has recently gained a fair share of attention by re-
searchers, standardization bodies, and industrial companies, since it offers many
applications. These applications are targeted to reduce traffic accidents and to facil-
itate the flow of traffic [36, 7]. The development of V2V communication systems
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requires the knowledge of the propagation channel characteristics. It is well-known
that the multipath propagation channel in any mobile and wireless communication
system can efficiently be described with the help of proper statistical models. For
example, the Rayleigh distribution is considered to be a suitable distribution to
model the fading channel under non line-of-sight (NLOS) propagation conditions
in classical cellular networks [34, 15, 16], a Suzuki process represents a reasonable
model for land mobile terrestrial channels [20, 31] and the generalized-K distribu-
tion is widely accepted in radar systems [5, 28]. To model fading channels under
NLOS propagation conditions in V2V communication systems, the double Rayleigh
distribution is the appropriate choice (see, e.g., [14, 19] and the references therein).
Motivated by the applications of the double Rayleigh channel model, a generalized
channel model referred to as the N ∗Nakagami channel model has been proposed
in [12].

Inter-vehicle communication can be considered as a kind of mobile-to-mobile
(M2M) communication. In M2M communication systems both the source (trans-
mitter) and the destination (receiver) are mobile stations. If the destination mobile
station is equipped with K receive antennas, then the signals reaching the destination
mobile station through K diversity branches can be combined in order to mitigate
the adverse multipath fading effects. Among other diversity combining techniques
[24] aiming to combat the undesirable fading effects, the spatial diversity combining
is a well-studied topic in the field of wireless communications. Selection combining
(SC) [11], maximal ratio combining (MRC) [11], and EGC [11] are to name a few
such combining schemes that provide a spatial diversity gain. MRC has been proved
to be the optimum scheme, while the suboptimal EGC scheme is more popular for
its simplicity in implementation [11]. Studies pertaining to the statistical properties
as well as the performance analysis of both EGC and MRC over Rayleigh, Rice, and
Nakagami channels can be found in the literature, see, e.g., [33, 4, 10, 35, 37, 26]. In
a recent work [32], the performance of digital modulation over double Nakagami-m
fading channels with MRC diversity is investigated.

In addition to the knowledge about the propagation channel characteristics, a
sound understanding of the channel capacity is also indispensable to meet the data
rate requirements of future mobile communication systems. For this reason, re-
searchers are currently devoting their time and efforts in investigating the various
aspects of the channel capacity. A study on the capacity of Rayleigh and Rice
channels with MRC diversity is presented in [3, 13, 9]. The authors of [23] have
analyzed the statistical properties of the channel capacity of Rice fading channels
with EGC and MRC. However, to the best of the authors’ knowledge, the analysis
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of the statistical properties of the channel capacity of double Rayleigh fading chan-
nels with EGC in V2V communication systems is still an open problem that calls
for further work.

This article analyzes the statistical properties of the channel capacity of double
Rayleigh fading channels with EGC. The statistical quantities included in our study
are the PDF, the CDF, the LCR, and the ADF of the channel capacity. The de-
rived expression for the PDF of the channel capacity allows us to deduce the mean
channel capacity and the capacity variance. To obtain an insight into the tempo-
ral variations of the channel capacity, an analysis of the LCR and the ADF of the
channel capacity is inevitable [6]. We have derived simple and closed-form approx-
imations for all these statistical quantities. The obtained approximate analytical
results are compared with the exact simulation results that are considered to be the
true results. This allows us to confirm the correctness and to study the accuracy of
our approximate solution. Lastly, the influence of the number of diversity branches
K on the statistical properties of the channel capacity of double Rayleigh fading
channels with EGC has been investigated in detail.

The rest of the article is comprised of five parts. First, a brief review of EGC over
double Rayleigh fading channels is given in Section II. In Section III, we discuss
the statistical properties of EGC over double Rayleigh fading channels. Section IV
deals with the derivation and analysis of the PDF, the CDF, the LCR, and the ADF of
the channel capacity of double Rayleigh fading channels with EGC. In Section V,
we compare the obtained analytical results with simulation results to validate the
correctness of the theory. Finally, we conclude the article in Section VI.

II. EGC OVER DOUBLE RAYLEIGH FADING CHANNELS

The instantaneous signal-to-noise ratio (SNR) per symbol γEGC (t) at the output of
the EG combiner can be defined as [30, 27]

γEGC (t) =
Ξ2 (t)

E{N2 (t)}Es =
Ξ2 (t)
K N0

Es = γsΞ2 (t) (1)

where E{·} is the expectation operator. The quantity γs = Es/(K N0) denotes the
average received SNR where Es gives the energy (in joules) per symbol, K is the
total number of diversity branches, and N0 is the total noise power. The process
Ξ(t) corresponds to the total received signal envelope at the output of the EG com-
biner, and N (t) represents the total received noise, i.e., N (t) = ∑K

k=1 n(k) (t). Here,
n(k) (t) (k = 1,2, . . . ,K) refers to the additive white Gaussian noise (AWGN) in the
kth diversity branch. The AWGN is a zero-mean Gaussian process with variance
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N0/2.
Assuming perfect CSI at the destination mobile station, the received signal en-

velope Ξ(t) at the output of an EG combiner can be written as [11]

Ξ(t) =
K

∑
k=1

∣∣∣ς (k) (t)
∣∣∣ =

K

∑
k=1

χ(k) (t) (2)

where ς (k) (t) describes the fading process in the kth diversity branch between the
source mobile station and the destination mobile station. We model the fading pro-
cess ς (k) (t) as a zero-mean complex double Gaussian process, i.e.,

ς (k) (t) = ς (k)
1 (t)+ jς (k)

2 (t) = µ(2k−1) (t)µ(2k) (t) (3)

for k = 1,2, . . . ,K. In (3), µ(i) (t) (i = 1,2, . . . ,2K) represents a zero-mean complex
circular Gaussian process having variance 2σ2

µ(i) . These Gaussian processes µ(i) (t)
are mutually independent, where each one is characterized by the classical Jakes
Doppler power spectral density. The absolute value of ς (k) (t) is denoted by χ(k) (t)
in (2), where each χ(k) (t) is a double Rayleigh process.

III. STATISTICAL ANALYSIS OF EGC OVER DOUBLE RAYLEIGH FADING

CHANNELS

In order to conduct a statistical analysis of the channel capacity, the knowledge of
the statistics of the channel itself is imperative. Thus, this section is devoted to
briefly discuss the statistical properties of EGC over double Rayleigh fading chan-
nels.

In the previous section, we modeled the received signal envelope Ξ(t) at the
output of the EG combiner as a sum of K independent but not necessarily identical
double Rayleigh processes. Thus, the derivation of the PDF pΞ (x) of Ξ(t) involves
the computation of a K-dimensional convolution integral. This computation is how-
ever quite tedious but still simple as well as closed-form result is not obtained. Here,
we follow an approximation approach based on the Laguerre series expansion [22].
The Laguerre series is known to provide a reasonably good approximation for PDFs
that have single maximum and fast decaying tails. In addition, the Laguerre series
is often used when the first term in the expansion gives a simple approximation of
high accuracy [22]. We can thus start by expressing the PDF pΞ (x) of Ξ(t) using
the Laguerre series expansion as [22]

pΞ (x) =
∞

∑
n=0

bn e−xxαLL(αL)
n (x) (4)
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where

L(αL)
n (x) = ex x(−αL)dn

x!dxn

[
e(−x)xn+αL

]
,αL >−1 (5)

represent the Laguerre polynomials. The coefficients bn can be computed as

bn =
n!

Γ(n+αL +1)

∞∫

0

L(αL)
n (x) pΞ (x)dx (6)

where x = y/βL and Γ(·) is the gamma function [8].
By solving the system of equations in [22, p. 21] for b1 = 0 and b2 = 0, the

parameters αL and βL can easily be obtained. The solution of the said system of
equations results in

αL = (κΞ
1 )2

κΞ
2
−1, βL = κΞ

2
κΞ

1
(7a,b)

where κΞ
1 denotes the first cumulant (i.e., the mean value) of the stochastic process

Ξ(t) and κΞ
2 is the second cumulant (i.e., the variance) of Ξ(t). Mathematically, κΞ

1

and κΞ
2 can be expressed as

κΞ
1 =

K
∑

k=1
κχ(k)

1 , κΞ
2 =

K
∑

k=1
κχ(k)

2 (8a,b)

where κχ(k)

n (n = 1,2) represents the nth cumulant associated with the double
Rayleigh process χ(k) (t). The first two cumulants of χ(k) (t) can be given as [29]

κχ(k)

1 =
σ

µ(2k−1)σ
µ(2k)π

2 , κχ(k)

2 = 1
4σ2

µ(2k−1)σ2
µ(2k)

(
16−π2) . (9a,b)

Once the cumulants κχ(k)

n (n = 1,2) are obtained for all χ(k) (t) using (9a,b), it is
not difficult to compute κΞ

n in (8a,b). In addition, given κΞ
n , the required quantities

αL and βL can be found with the help of (7a,b). After substituting αL and βL in
the Laguerre series expansion, the first term of the series turns out to be the gamma
distribution pΓ (x) [22]. This allows us to approximate the PDF pΞ (x) of Ξ(t) as

pΞ (x)≈ pΓ (x) =
xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL , x≥ 0 . (10)

The PDF pΞ2 (x) of the squared received signal envelope Ξ2 (t) at the output
of the EG combiner can be obtained by a simple transformation of the random
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variables [17, p. 244] as follows:

pΞ2 (x) =
1

2
√

x
pΞ

(√
x
)

≈ 1

2β (αL+1)
L Γ(αL +1)

x
(

αL−1
2

)
e−

√
x

βL (11)

for x ≥ 0. This PDF pΞ2 (x) of Ξ2 (t) will be used in the following section for
computing the PDF of the channel capacity.

The derivation of the analytical expression for the LCR of a stochastic process
involves the evaluation of the joint PDF of that process and its time derivative at
the same time t. Thus, similar to the approximation of the PDF pΞ (x) of Ξ(t),
here the joint PDF pΞΞ̇ (x, ẋ) of Ξ(t) and Ξ̇(t)1 is approximated by the joint PDF
pΓΓ̇ (x, ẋ) of a gamma process and its corresponding time derivative at the same time
t. Numerical investigations have shown that pΞΞ̇ (r, ẋ)≈ 1√

3
pΓΓ̇ (x, ẋ), where

pΓΓ̇ (x, ẋ) =
1

2
√

2πβx

xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL
− ẋ2

8βx (12)

for x ≥ 0 and |ẋ| < ∞. Furthermore, for the isotropic scattering conditions, the
quantity β equals 2π2βL

(
f 2

Smax
+ f 2

Dmax

)
[2, 1]. Here, fSmax and fDmax correspond

to the maximum Doppler frequencies caused by the motion of the source mobile
station and the destination mobile station, respectively.

Finally, making use of the joint PDF pΞΞ̇ (x, ẋ) and applying the concept of
transformation of random variables [17, p. 244] allows us to express the joint PDF
pΞ2Ξ̇2 (x, ẋ) as

pΞ2Ξ̇2(x, ẋ) =
1
4x

pΞΞ̇

(√
x,

ẋ
2
√

x

)
≈ 1

4
√

3x
pΓΓ̇

(√
x,

ẋ
2
√

x

)

=
1

8
√

6πβ
x
(

2αL−5
4

)

β (αL+1)
L Γ(αL +1)

e
−
√

x
βL
− ẋ2

32βx3/2 (13)

for x ≥ 0 and |ẋ| < ∞. In (13), pΞ2Ξ̇2 (x, ẋ) represents the joint PDF of the squared
received envelope Ξ2 (t) and its corresponding time derivative Ξ̇2 (t) at the same
time t. The joint PDF pΞ2Ξ̇2 (x, ẋ) will be utilized in the derivation of the LCR of
the channel capacity in the next section.

1Throughout this paper, the overdot represents the time derivative.
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IV. STATISTICAL ANALYSIS OF THE CHANNEL CAPACITY OF DOUBLE

RAYLEIGH FADING CHANNELS WITH EGC

In this section, we present a statistical analysis of the channel capacity of double
Rayleigh fading channels with EGC. The statistical quantities studied here include
the PDF, the CDF, the LCR, and the ADF of the channel capacity.

The instantaneous channel capacity C (t) of double Rayleigh fading channels
with EGC is defined as

C (t) = log2 (1+ γEGC (t)) (bits/s/Hz) (14)

where γEGC (t) introduced in (1) is the instantaneous SNR per symbol. Equation (14)
illustrates the mapping of the instantaneous SNR γEGC (t) on the channel capacity
C (t). This mapping makes it possible to derive the analytical expressions for the
statistical properties of the channel capacity C (t) with the help of those associated
with γEGC (t).

We start the statistical analysis of the channel capacity C (t) by deriving an ex-
pression for the PDF pC (r) of C (t). However, in order to proceed with this deriva-
tion, we require the PDF pγEGC (z) of γEGC (t). The PDF pγEGC (z) can be obtained using
the relation pγEGC (z) = (1/γs) pΞ2 (z/γs), where pΞ2 (z) is presented in (11). Using
the concept of transformation of random variables [17, p. 244], the PDF pC (r) of
C (t) can be expressed in closed form as

pC (r) = 2r ln(2) pγEGC (2r−1)

≈ 2r−1 ln(2)

γ

(
αL+1

2

)

s

(2r−1)
(

αL−1
2

)
e−

√
(2r−1)/γs

βL

β (αL+1)
L Γ(αL +1)

, r ≥ 0 . (15)

The probability that the channel capacity C (t) remains below a certain thresh-
old level r defines the CDF FC (r) of C (t) [17]. Substituting (15) in FC (r) =

1−
∞∫
r

pC (z)dz results in the following approximation

FC (r) = 1− 0.5ln(2)γ
−

(
αL+1

2

)

s

β (αL+1)
L Γ(αL +1)

∞∫

r

2z (2z−1)
(

αL−1
2

)
e−

√
(2z−1)/γs

βL dz, r ≥ 0 . (16)
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The LCR NC (r) of C (t) describes the average number of times the channel
capacity C (t) crosses a certain threshold level r from up to down (or from down to
up) per second. Mathematically, the LCR NC (r) of C (t) can be expressed as [25]

NC (r) =
∞∫

0

ż pCĊ(r, ż)dż, r ≥ 0 (17)

where pCĊ (r, ż) is the joint PDF of the stochastic process C (t) and its corresponding
time derivative Ċ (t) at the same time t. Here, we first need to find the joint PDF
pγEGCγ̇EGC (z, ż) of γEGC (t) and γ̇EGC (t) at the same time t. The joint PDF pγEGCγ̇EGC (z, ż)
can be found using the relation pγEGCγ̇EGC (z, ż) = (1/γs)

2 pΞ2Ξ̇2 (z/γs, ż/γs) along with
(13). Thus, given the joint PDF pγEGCγ̇EGC (z, ż) and using the concept of transform-
ation of random variables [17, p. 244], the joint PDF pCĊ (r, ż) can be expressed
as

pCĊ (z, ż) = (2z ln(2))2 pγEGCγ̇EGC (2z−1,2zż ln(2))

≈ (2z ln(2))2

8
√

6πβ γ

(
2αL+3

4

)

s

(2z−1)
(

2αL−5
4

)

β (αL+1)
L Γ(αL +1)

e
−
√

(2z−1)/γs
βL

− (2zż ln(2))2/
√γs

32β (2z−1)3/2 (18)

for z≥ 0, |ż|< ∞.
Finally, substituting (18) in (17) and solving the integral over ż using

[8, Eq. (3.326-2)] leads to a closed-form approximation for the LCR NC (r) of C (t)
in the form

NC (r) ≈
√

2
3π

β
(2r−1)

(
2αL+1

4

)
e−

√
(2r−1)/γs

βL

γ

(
2αL+1

4

)

s β (αL+1)
L Γ(αL +1)

, r ≥ 0 . (19)

The ADF TC (r) of the channel capacity C (t) is the expected value of the time
intervals over which C (t) remains below a certain threshold level r. The ADF
TC (r) of C (t) can be computed by evaluating the ratio of the CDF FC (r) and the
LCR NC (r) of C (t) [11], i.e.,

TC (r) =
FC (r)
NC (r)

. (20)

Thus, the substitution of (16) and (19) in (20) results in an approximation for the
ADF TC (r) of C (t).
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V. NUMERICAL RESULTS

This section illustrates the important theoretical results by evaluating the expres-
sions in (10), (15), (16), (19), and (20). The correctness of the approximations is
then validated by simulations. Here, the simulation results are considered as the true
results. A sum-of-sinusoids (SOS) channel simulator [18] has been employed to ob-
tain the simulation results. Meaning thereby, the SOS concept has been exploited to
simulate the uncorrelated Gaussian noise processes making up the received signal
envelope at the output of the EG combiner. The model parameters of the channel
simulator are computed by utilizing the generalized method of exact Doppler spread
(GMEDS1) [21]. Each Gaussian process µ(i) (t) was simulated using N(i)

l = 14 for
i = 1,2, . . . ,2K and l = 1,2, where N(i)

l is the number of sinusoids required to simu-
late the inphase (l = 1) and quadrature components (l = 2) of µ(i) (t). It is required
that the simulated distribution of

∣∣∣µ̂(i) (t)
∣∣∣2 closely approximates the Rayleigh dis-

tribution for all i = 1,2, . . . ,2K. Furthermore, it has been shown in [18] that any
value of N(i)

l ≥ 7 (l = 1,2) serves this purpose. Thus, our selection of N(i)
l = 14

for i = 1,2, . . . ,2K and l = 1,2 provides us with the waveforms having the desired
distribution. The maximum Doppler frequencies caused by the motion of the source
mobile station and the destination mobile station, denoted by fSmax and fDmax , respec-
tively, were selected as 154 Hz and 273 Hz. The variances σ2

µ(i) were set to unity
∀ i = 1,2, . . . ,2K unless stated otherwise. In addition, the analysis of the statistical
properties of the channel capacity C (t) is carried out for an SNR γs of 15 dB.

The results presented in Figs. J.1-J.5 show a good fitting of the approximated
analytical and the exact simulation results considered as the true results. Figure J.1
illustrates the theoretical results of the PDF pΞ (x) of Ξ(t) described by the approx-
imation in (10) as well as the simulation results obtained by evaluating the statistics
of the waveforms generated by using the SOS-based channel simulator. This figure
shows the influence of the number of diversity branches K on the behavior of the
PDF pΞ (x). It can be observed that as the number of diversity branches K increases,
the mean value and the variance of the stochastic process Ξ(t) increases. Further-
more, for K = 1, the PDF pΞ (x) of Ξ(t) reduces to the double Rayleigh distribution.
This result confirms the validity of the approximation in (10).

The closed-form approximate expression of the PDF pC (r) of the channel ca-
pacity C (t) given in (15) is presented in Fig. J.2 along with the simulation results.
A close agreement can be seen between the approximate solution and the exact
(simulation) results. Figure J.2 also compares the PDF pC (r) of C (t) for a different
number of diversity branches K. It is obvious that increasing K, increases the mean

2The process µ̂(i) (t) denotes a simulated Gaussian process.
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Figure J.1: The PDF pΞ (x) of the received signal envelope at the output of the EG
combiner Ξ(t) for a different number K of diversity branches.
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Figure J.2: The PDF pC (r) of the channel capacity C (t) of the double Rayleigh
fading channels with EGC for a different number K of diversity branches.

channel capacity, whereas the variance of C (t) decreases. Similarly, in Fig. J.3, the
theoretical results of the CDF FC (r) of C (t) described by the approximation in (16)
are illustrated.

The LCR NC (r) of the channel capacity C (t) described by the closed-form ap-
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Figure J.3: The CDF FC (r) of the channel capacity C (t) of the double Rayleigh
fading channels with EGC for a different number K of diversity branches.

proximate expression in (19) is evaluated together with the exact (simulation) results
in Fig. J.4. This figure depicts the LCR NC (r) of C (t) for a different number of di-
versity branches K. Studying the graphs shows that increasing the value of K results
in a drastic decrease in the LCR NC (r) at low signal levels r. The LCR NC (r) at
higher signal levels r is however the same for all values of K. Furthermore, a very
good fitting of the approximate solution and the exact simulation results can be wit-
nessed for any number of diversity branches K > 1.

Figure J.5 displays the ADF TC (r) of the channel capacity C (t) given in (20)
for a different number of diversity branches K. For the purpose of validation of
the obtained approximate solution, the exact (simulation) results are also plotted in
Fig. J.5. The presented results reveal the fact that the ADF TC (r) of C (t) decreases
with the increase in the number of diversity branches K.

VI. CONCLUSION

In this article, we present a thorough analysis of the statistical properties of the
channel capacity of double Rayleigh fading channels with EGC. A V2V communi-
cation system is considered here, where the destination mobile station is equipped
with K receive antennas. The signal reaching the destination mobile station through
K diversity branches is then combined using EGC. Simple and close-form analyt-
ical approximations for the PDF, the CDF, the LCR, and the ADF of the channel
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capacity of double Rayleigh fading channels with EGC have been derived. We have
modeled the received signal envelope at the output of the EG combiner as a sum
of K independent but not necessarily identical double Rayleigh processes. With the
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help of the Laguerre series expansion, the PDF of this sum process can be approxi-
mated by the gamma distribution. Furthermore, making use of the properties of the
gamma distribution, other statistical properties of the sum process can also be eval-
uated. Once the analytical expressions for the statistical properties of the received
signal envelope at the output of the EG combiner are obtained, the computation of
the theoretical results associated with the statistics of the channel capacity can be
performed using the concept of transformation of random variables. The correct-
ness of the approximate theoretical results are then validated by simulations. We
have presented the results demonstrating the influence of the number of diversity
branches K on the PDF, the CDF, the LCR, and the ADF of the channel capacity of
double Rayleigh fading channels with EGC. It has been shown that the mean chan-
nel capacity increases and the capacity variance decreases with an increase in the
number of diversity branches K. In addition, at low signal levels r, the LCR of the
channel capacity decreases as the value of K increases. The LCR however remains
the same at high signal levels r for all values of K. A decrease in the ADF of the
channel capacity can be observed if the number of diversity branches K increases.
The results presented in this article can be utilized to optimize the spatial diversity
receivers employed in the future V2V MIMO communication systems.
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Abstract — This article studies the performance of M-ary phase shift key-
ing (PSK) modulation schemes over mobile-to-mobile (M2M) fading channels
with equal gain combining (EGC) in cooperative networks. The frequency-
nonselective M2M fading channels are modeled assuming non-line-of-sight
(NLOS) propagation conditions. Furthermore, a dual-hop amplify-and-
forward relay type cooperative network is taken into consideration here. It is
assumed that K diversity branches are present between the source mobile sta-
tion and the destination mobile station via K mobile relays. The performance of
M-ary PSK modulation schemes is analyzed by evaluating the average bit error
probability (BEP). We have derived a simple analytical approximation for the
average BEP of M-ary PSK modulation schemes over relay-based M2M fading
channels with EGC. The validity and accuracy of the analytical approximation
is confirmed by simulations. The presented results show that in a dual-hop re-
lay system with EGC, there is a remarkable improvement in the diversity gain
as the number of diversity branches K increases.

I. INTRODUCTION

Recently, cooperative relaying has emerged as an attractive technology in the field
of wireless communications. Since it is capable of fulfilling the ever-increasing de-
mand of high data-rates with improved coverage that is imposed by the consumers
[14, 5]. Such relaying makes it possible to achieve a spatial diversity gain by ex-
ploiting the existing resources (i.e., the mobile stations) of the network. So far
several cooperative diversity schemes have been proposed [12, 22, 23]. However, in
all these schemes, the network resources assist the source mobile station by relaying
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its information signal to the destination mobile station.
In this article, a dual-hop amplify-and-forward relay type cooperative network

has been considered. It is assumed that K mobile relays are connected in parallel
between the source mobile station and the destination mobile. Consequently, this
kind of configuration gives rise to K diversity branches. The signals received from
these K diversity branches can then be combined with each other at the destination
mobile station, thus providing the desirable spatial diversity gain. Selection com-
bining (SC) [11], EGC [11], and maximal ratio combining (MRC) [11] are those
diversity combining techniques that have been studied since decades. Studies per-
taining to the statistical and the performance analysis of EGC along with MRC in
non-cooperative networks over Rayleigh, Rice as well as Nakagami fading channels
are reported in [28, 4, 10] and [29, 30, 20], respectively. In addition, the authors of
[2, 8, 9] have analyzed the performance of cooperative diversity using EGC and
MRC over Rayleigh and Nakagami-m fading channels.

Like cooperative relaying, M2M communications is also an emerging technol-
ogy that has demonstrated its potential application in cooperative networks, ad hoc
networks, and vehicle-to-vehicle (V2V) communications. It is widely acknowl-
edged now that M2M fading channels [1] are statistically quite different from con-
ventional cellular and land mobile terrestrial channels like, e.g., Rayleigh, Rice,
and Suzuki channels. Under NLOS propagation conditions, M2M fading channels
in relay-based cooperative networks can effectively be modeled as double Rayleigh
stochastic processes [15]. A straightforward extension of the double Rayeigh chan-
nel model to the double Rice channel model for relay-based M2M fading channels
under line-of-sight (LOS) propagation conditions is presented in [26]. A study on
the performance of digital modulation schemes over double Nakagami-m fading
channels with MRC diversity is available in [27]. However, there is a lack of in-
formation in the literature regarding the performance of digital modulation schemes
over double Rayleigh and/or double Nakagami-m fading channels with EGC. Thus,
we aim to fill in this gap by studying the performance of M-ary PSK modulation
schemes over double Rayleigh fading channels with EGC assuming K diversity
branches (mobile relays).

Here, the performance of M-ary PSK modulation schemes is analyzed by eval-
uating the average BEP. We have derived a simple analytical approximation for the
average BEP of M-ary PSK modulation schemes over M2M fading channels with
EGC. The derivation of the approximation requires the knowledge of the probabil-
ity density function (PDF) of the received signal envelope at the output of the equal
gain (EG) combiner. The output of the EG combiner is modeled as a sum of K
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statistically independent but not necessarily identical double Rayleigh fading chan-
nels. Furthermore, we approximate the PDF of this sum process with the help of
an orthogonal series expansion. Depending upon the purpose of use of the approxi-
mated PDF and the amount of accuracy required, there are various orthogonal series
to choose from. The Edgeworth series, the Gram-Charlier series, and the Laguerre
series expansion [18] are just to name a few. To obtain a simple and closed-form
approximate expression for the PDF of the sum process, we have employed the La-
guerre series expansion. It turns out that the first term in the Laguerre series equals
the gamma distribution, which provides a simple approximation of high accuracy.
The average BEP computed by making use of the approximate PDF of the sum
process is validated by simulations. A good fitting of the approximate theoretical
results with those of the exact results obtained by simulations confirms the correct-
ness of our approach. The presented results illustrate that in a dual-hop relay system
with EGC, there is a significant improvement in the diversity gain as the number of
diversity branches K increases.

The remaining part of the paper is organized as follows. Section II describes the
system model for EGC over M2M fading channels in amplify-and-forward relay
networks. The PDF of the received signal envelope at the output of the EG com-
biner is derived in Section III. Section IV deals with the derivation of the average
BEP of M-ary PSK modulation schemes over relay-based M2M fading channels
with EGC. Verification of the analytical expressions by simulations and a detailed
discussion on the presented results are included in Section V. Finally, the article is
concluded in Section VI.

II. EGC OVER M2M FADING CHANNELS

In this section, we describe the system model for EGC over M2M fading channels
in a K-parallel dual-hop cooperative network. Here, the K mobile relays in the net-
work are connected in parallel between the source mobile station and the destination
mobile station, as illustrated in Fig. K.1. We target to study frequency-nonselective
M2M fading channels under NLOS propagation conditions. Furthermore, the sys-
tem model has been developed assuming isotropic scattering conditions. The mode
of operation of all the mobile stations in the network, i.e., the source mobile station,
the destination mobile station, and the K mobile relays is considered to be half-
duplex. This means that the mobile stations do not transmit and receive a signal at
the same time in the same frequency band.

The time-division multiple-access (TDMA) based amplify-and-forward relay
protocols proposed in [13, 3] are taken into account here. Thus, the signals from
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Figure K.1: The propagation scenario describing K-parallel dual-hop relay M2M
fading channels.

the K diversity branches in different time slots can be combined at the destination
mobile station using EGC. Let s(t) denote the signal transmitted by the source mo-
bile station. Then, the signal r(k) (t) received from the kth diversity branch at the
destination mobile station can be expressed as

r(k) (t) = ς (k) (t)s(t)+n(k) (t) (1)

where ς (k) (t) and n(k) (t) (k = 1,2, . . . ,K) describe the fading process from the
source mobile station to the destination mobile station via the kth mobile relay and
the additive white Gaussian noise (AWGN) in the kth subchannel, respectively. The
AWGN is a zero-mean stochastic process having variance N0/2, where N0 is the
noise power spectral density.

In (1), we model the fading process ς (k) (t) as a weighted zero-mean complex
double Gaussian process, i.e.,

ς (k) (t) = ς (k)
1 (t)+ jς (k)

2 (t) = A
R(k) µ(2k−1) (t)µ(2k) (t) (2)

for k = 1,2, . . . ,K. In (2), µ(i) (t) (i = 1,2, . . . ,2K) represents a zero-mean complex
circular Gaussian process having variance 2σ2

µ(i) . These Gaussian processes µ(i) (t)
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are mutually independent, where each one is characterized by the classical Jakes
Doppler power spectral density. The Gaussian process µ(i) (t) for i = 2k− 1 =
1,3, . . . ,(2K − 1) corresponds to the scattered component of the subchannel be-
tween the source mobile station and the kth mobile relay. Likewise, the Gaussian
process µ(i) (t) for i = 2k = 2,4, . . . ,2K describes the scattered component of the
subchannel between the kth mobile relay and the destination mobile station. In (2),
A

R(k) is the relay gain of the kth relay. It is noteworthy that the relay gain A
R(k) is

only a scaling factor for the variance of the complex Gaussian process µ(i) (t), i.e.,
Var

{
A

R(k)µ(i) (t)
}

= 2(A
R(k)σµ(i))2, where i = 2,4, . . . ,2K.

It is imperative to stress that in a real amplify-and-forward relay system, the
total noise n(k)

T (t) in the kth relay link is in fact given as follows

n(k)
T (t) = A

R(k) µ(2k) (t)n(2k−1) (t)+n(2k) (t) (3)

for all k = 1,2, . . . ,K. However, for reasons of simplicity, we have considered the
total noise n(k)

T (t) in the link from the source mobile station to the destination mobile
station via the kth mobile relay to be AWGN, i.e., n(k) (t).

Finally, the total signal r (t) at the destination mobile station, after combining
the signals r(k) (t) received from the kth diversity branch can be given as

r (t) =
K

∑
k=1

r(k) (t) = Ξ(t)s(t)+N (t) (4)

under the assumption of perfect channel state information (CSI) at the destination
mobile station. In (4), Ξ(t) represents the fading envelope at the output of the EG
combiner, which can be written as [11]

Ξ(t) =
K

∑
k=1

χ(k) (t) (5)

where χ(k) (t) is the absolute value of ς (k) (t). Thus, each χ(k) (t) is a double
Rayleigh process. In (4), N (t) is the total received noise, i.e., N (t) = ∑K

k=1 n(k) (t).

III. PDF OF A SUM OF DOUBLE RAYLEIGH PROCESSES

In this section, we approximate the PDF pΞ (x) of a sum of double Rayleigh pro-
cesses Ξ(t) by making use of an orthogonal series expansion. Depending upon the
purpose of use of the approximated PDF and the amount of accuracy required, one
can choose from various options of such series, like, e.g., the Edgeworth series, the
Gram-Charlier series, and the Laguerre series expansion [18]. In our study, we em-
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ploy the Laguerre series since it provides a good enough statistical accuracy even
when only the first term of this series is used [18].

The PDF pΞ (x) of Ξ(t) can be expressed using the Laguerre series expansion
as [18]

pΞ (x) =
∞

∑
n=0

bn e−xxαLL(αL)
n (x) (6)

where

L(αL)
n (x) = ex x(−αL)dn

x!dxn

[
e(−x)xn+αL

]
, αL >−1 (7)

denote the Laguerre polynomials. The coefficients bn can be given as

bn =
n!

Γ(n+αL +1)

∞∫

0

L(αL)
n (x) pΞ (x)dx (8)

where x = y/βL and Γ(·) is the gamma function [7].
The parameters αL and βL can be computed by solving the system of equations

in [18, p. 21] for b1 = 0 and b2 = 0, which yields

αL = (κΞ
1 )2

κΞ
2
−1, βL = κΞ

2
κΞ

1
(9a,b)

where κΞ
1 is the first and κΞ

2 is the second cumulant of the stochastic process Ξ(t).
It is important to understand here that the first and second cumulant of Ξ(t) are
merely the mean value and the variance, respectively. Mathematically, κΞ

1 and κΞ
2

can be expressed as

κΞ
1 =

K
∑

k=1
κχ(k)

1 , κΞ
2 =

K
∑

k=1
κχ(k)

2 (10a,b)

where κχ(k)

n (n = 1,2) denotes the cumulants associated with the double Rayleigh
process χ(k) (t). The first two cumulants of χ(k) (t) are [24]

κχ(k)

1 =
A

R(k)σµ(2k−1)σµ(2k)π
2

, (11a)

κχ(k)

2 =
1
4

A2
R(k)σ2

µ(2k−1)σ2
µ(2k)

(
16−π2) . (11b)

Given κχ(k)

n (n = 1,2) for all χ(k) (t), leads to a straightforward evaluation of κΞ
n

using (10a,b). This in turn allows an easy computation of αL and βL in (9a,b).
Substituting the obtained quantities αL and βL in the Laguerre series expansion
provides an exact solution for the PDF pΞ (x). The first term of the series can be
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identified as the gamma distribution, i.e.,

pΓ (x) =
xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL . (12)

The PDF pΞ (x) of Ξ(t) can thus be approximated as

pΞ (x)≈ pΓ (x) =
xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL . (13)

The approximation in (13) will be used in the following section for deriving the
average BEP of M-ary PSK modulation schemes over double Rayleigh processes
with EGC.

IV. PERFORMANCE ANALYSIS OF M-ARY PSK MODULATION SCHEMES OVER

DOUBLE RAYLEIGH FADING CHANNELS WITH EGC

In Section II, we derived the total received signal envelope at the output of the
EG combiner, Ξ(t), and the total received noise, N (t). This makes it possible to
define the instantaneous signal-to-noise ratio per bit γEGC (t) at the output of the EG
combiner as [25, 21]

γEGC (t) =
Ξ2 (t)

E{N2 (t)}Eb =
Ξ2 (t)
K N0

Eb (14)

where Eb is the energy (in joules) per bit and E{·} is the expectation operator.
The average BEP Pb over the fading channel statistics at the output of the EG

combiner can be given as [25]

Pb =
∞∫

0

pΞ (x)Pb|Ξ (x)dx (15)

where Pb|Ξ (x) is the BEP of M-ary PSK modulation schemes conditioned on the
fading amplitudes {xk}K

k=1, and x = ∑K
k=1 xk. It is important to keep in mind that the

fading amplitudes {xk}K
k=1 follow the double Rayleigh distribution.
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The conditional BEP Pb|Ξ (x) of M-ary PSK modulation schemes is known to be
equal to [6]

Pb|Ξ (x) ≈ a
log2 M

Q
(√

2g log2 MγEGC (x)
)

≈ a
log2 M

Q

(√
2g log2 M Eb

K N0
x2

)
(16)

where M = 2b with b as the number of bits per symbol and Q(·) is the error function
[19]. The parameter a equals 1 or 2 for M-ary PSK modulation schemes when
M = 2 or M > 2, respectively, whereas for all M-ary PSK modulation schemes
g = sin2 (π/M) [27].

Substituting (13) and (16) in (15) allows us to approximate the required average
BEP Pb as

Pb ≈ a
log2 M

1

β (αL+1)
L Γ(αL +1)

∞∫

0

xαL e−
x

βL Q

(√
2g log2 M Eb

K N0
x2

)
dx . (17)

V. NUMERICAL RESULTS

This section deals with the evaluation of the derived theoretical results and their
verification. The correctness and accuracy of the approximations in (13) and (17)
are validated with the help of simulations. In order to obtain the simulation re-
sults, which are the true results, the sum-of-sinusoids (SOS) concept [16] has been
exploited. Meaning thereby, the SOS concept has been applied on the uncorrelated
Gaussian noise processes making up the received signal envelope at the output of the
EG combiner. The generalized method of exact Doppler spread (GMEDS1) [17] has
been employed for the computation of the model parameters of the channel simula-
tor. Each Gaussian process µ(i) (t) was simulated using N(i)

l = 14 for i = 1,2, . . . ,2K
and l = 1,2, where N(i)

l is the number of sinusoids chosen to simulate the inphase
(l = 1) and quadrature components (l = 2) of µ(i) (t). The selection of N(i)

l is based

on the fact that the simulated distribution of
∣∣∣µ(i) (t)

∣∣∣ closely approximates the

Rayleigh distribution when N(i)
l ≥ 7 (l = 1,2) [16]. The maximum Doppler fre-

quencies caused by the motion of the source mobile station and the destination mo-
bile station were set to 91 Hz. However, the maximum Doppler frequencies caused
by the motion of K mobile relays were chosen to be 125 Hz. The variances σ2

µ(i)

were selected from the set {0.25,0.5,0.75,1,1.25,1.5,1.75} ∀ i = 1,2, . . . ,2K. The
relay gains AR(k) were set to be unity, i.e., AR(k) = AR = 1 ∀ k = 1,2, . . . ,K unless stated
otherwise. The total number of symbols used for a reliable generation of the BEP
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curves was 106.
The results presented in Figs. K.2–K.5 show a good fitting of the approximated

analytical and the exact (simulation) results. Figures K.2 and K.3 demonstrate the
theoretical results of the PDF pΞ (x) of Ξ(t) described by (13). As an evidence
of the correctness of the approximated analytical results, the simulation results ob-
tained by evaluating the statistics of the waveforms generated by using the SOS-
based channel simulator are included in Figs. K.2 and K.3. Keeping the relay gain
AR constant, the PDF pΞ (x) of Ξ(t) for a different number of diversity branches K,
having the same and different variances is shown in Fig. K.2 and Fig. K.3, respec-
tively. For K = 1 and AR = 1, the PDF pΞ (x) of Ξ(t) reduces to the double Rayleigh
distribution validating that our approximation in (13) is very accurate.

The average BEP Pb of M-ary PSK modulation schemes over double Rayleigh
processes with EGC described by (15) is presented in Fig. K.4. In this figure, a
comparison of the average BEP Pb of quadrature PSK (QPSK), 8-PSK, and 16-PSK
modulation schemes is shown and a different number diversity branches K is con-
sidered for each modulation scheme. Here, the average BEP Pb is evaluated while
keeping the variances σ2

µ(i) equal to unity. For all modulation schemes, a remarkable
improvement in the diversity gain can be observed when the number of diversity
branches increases from K = 1 to K = 6. See, e.g., at Pb = 10−3, a diversity gain
of ≈ 26 dB can be achieved when K increases from K = 1 to K = 6. It can also be
seen in Fig. K.4 that the average BEP Pb curve associated with QPSK modulation
shifts to the right when 8-PSK or 16-PSK modulation schemes are employed in the
system. This shift that higher-order modulation schemes are more prone to errors.
However, they have a higher data rate.

For the sake of completeness of our performance analysis, we have included in
Fig. K.5 the average BEP Pb curves when MRC is deployed at the destination mo-
bile station. Keeping the number of diversity branches K constant, i.e., K = 3, the
average BEP Pb of QPSK, 8-PSK, and 16-PSK modulation schemes is evaluated. By
studying the curves in Fig. K.5, a diversity gain of ≈ 1 dB can be observed when
MRC is used instead of EGC. This gain however comes at the cost of increased
complexity of the receiver.

VI. CONCLUSION

In this article, we have analyzed the performance of M-ary PSK modulation schemes
over M2M fading channels with EGC in a dual-hop amplify-and-forward relay net-
work. The narrowband M2M fading channels are modeled assuming NLOS propa-
gation conditions. It is further assumed that there exist K diversity branches between
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the source mobile station and the destination mobile station. The performance of
M-ary PSK modulation schemes is studied by computing the average BEP. A sim-
ple analytical expression for the average BEP of M-ary PSK modulation schemes
over double Rayleigh fading channels with EGC is derived. The derivation of this
expression however, requires the knowledge of the PDF of the received signal en-
velope at the output of the EG combiner. Here, the output of the EG combiner is
modeled as a sum of K independent, but not necessarily identical double Rayleigh
fading channels. Furthermore, exploiting the properties of the Laguerre series ex-
pansion made it possible to approximate the PDF of the sum of double Rayleigh
processes by a gamma distribution. Utilizing this approximation of the target PDF
allowed us to evaluate with ease the required average BEP. The validity of all the
obtained analytical expressions is confirmed by simulations. Note that the simula-
tion results are the true results here. We have included in our discussion the results
demonstrating the influence of the number of diversity branches K on the average
BEP of different M-ary PSK modulation schemes. These results illustrate a re-
markable improvement in the diversity gain as the number of diversity branches K
increases.
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Figure K.2: The PDF pΞ (x) of the received signal envelope Ξ(t) at the output of
the EG combiner for a different number of diversity branches K having the same
variance.
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Abstract — In this article, the performance of M-ary phase shift keying
(PSK) modulation schemes over mobile-to-mobile (M2M) fading channels with
equal gain combining (EGC) in cooperative networks is analyzed. Narrow-
band M2M fading channels under line-of-sight (LOS) propagation conditions
are modeled as double Rice processes. A dual-hop amplify-and-forward relay
network, where LOS components can exist in the transmission links between
the source mobile station and the destination mobile station via K mobile re-
lays, is studied. Here, the average bit error probability (BEP) is utilized to
evaluate the performance of M-ary PSK modulation schemes. A simple an-
alytical approximation for the average BEP of M-ary PSK modulations over
relay-based M2M fading channels with EGC is derived. The accuracy of the
approximation is assessed by simulations. The presented results show that in a
dual-hop relay system with EGC, the presence of LOS components in the relay
links improves the systems’ performance. In addition, a significant enhance-
ment in the diversity gain can be achieved as the number of diversity branches
K increases.

I. INTRODUCTION

The recently growing popularity of cooperative diversity [25, 26, 14] in wireless
networks is due to its ability to mitigate the deleterious fading effects. Without any
extra cost resulting from the deployment of a new infrastructure and by utilizing
the existing resources of the network, a spatial diversity gain can be achieved. The
fundamental principle of cooperative relaying is that several mobile stations in the
network collaborate together to relay the signal from the source mobile station to the
destination mobile station. In the simplest mode of operation, the relay nodes just
amplify the received signal and forward it towards the destination mobile station.
They can also first decode the received signal, encode it again and then forward
it. In both cases, multiple copies of the same signal reach the destination mobile
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station, which allows us to achieve a diversity gain by exploiting the virtual antenna
array. In addition to the spatial diversity gain, cooperative relaying promises in-
creased capacity, improved connectivity, and a larger coverage range [17, 8, 7].

During the last decade, a large number of researchers devoted their efforts to
analyzing the performance of cooperative networks. For example, the performance
of dual-hop amplify-and-forward relay networks has extensively been investigated
for different types of fading channels in [10, 33, 23, 15, 28, 6, 29, 35, 5, 11]. A per-
formance analysis in terms of the average BEP as well as the outage probability of
single-relay dual-hop configuration over Rayleigh and generalized-K fading chan-
nels is presented in [10] and [33], respectively. Studies pertaining to the asymptotic
outage behavior of amplify-and-forward dual-hop multi-relay systems with Nak-
agami fading channels is available in [15], whereas the diversity order is addressed
in [35]. The common denominator in the works [23, 15, 28, 6, 29, 35, 5] is that they
consider maximal ratio combining (MRC) at the destination mobile station, where
the authors of [5] have also included in their analysis results when EGC is deployed.

The success story of cooperative relaying in cellular networks has motivated the
wireless communications’ research community to explore the possibilities to utilize
it in M2M communication systems. It is widely acknowledged now that the statis-
tical characteristics of M2M fading channels [2] are quite different from those of
conventional cellular channels, such as Rayleigh and Rice channels. Additionally,
in relay-based cooperative networks, M2M fading channels under non-line-of-sight
(NLOS) and LOS propagation conditions can be modeled as double Rayleigh [18]
and double Rice processes [30], respectively. The authors of [12] have explored
the performance of intervehicular cooperative schemes and they proposed optimum
power allocation strategies assuming cascaded Nakagami fading. The performance
of several digital modulation schemes over double Nakagami-m channels with MRC
diversity has been studied in [32], whereas the BEP analysis of M-ary PSK modu-
lated signals over double Rayleigh channels with EGC can be found in [31].

This article focuses on analyzing the performance of M-ary PSK modulation
schemes over M2M fading channels under LOS conditions with EGC. As far as
the authors are aware, the performance analysis of digital modulation schemes over
M2M channels with EGC assuming LOS propagation conditions has not been car-
ried out yet. Here, we study a multi-relay dual-hop amplify-and-forward coopera-
tive network. It is assumed that LOS components can exist in all or just in some
few transmission links between the source mobile station and the destination mobile
station via K mobile relays. Thus, in order to cater for the unbalanced conditions in
the relay links, we have modeled the received signal envelope at the output of the
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EG combiner as a sum of K independent but not necessarily identically distributed
double Rice processes. Furthermore, the criterion for the performance analysis of
M-ary PSK modulation schemes is the evaluation of the average BEP for which a
simple analytical approximation is derived. The approximate analytical results for
the average BEP are compared with those of the exact simulation results to vali-
date the correctness of the proposed approach. From the presented results, it can be
concluded that the performance of relay-based cooperative systems improves with
the presence of LOS components in the relay links. In addition, if the number K of
diversity branches K increases, the better is the system performance.

This article has the following structure. The system model for EGC over M2M
channels under LOS conditions in amplify-and-forward relay networks is presented
in Section II. In Section III, the PDF of the received signal envelope at the output
of the EG combiner is derived. Section IV deals with the derivation of the average
BEP of M-ary PSK modulation schemes over double Rice channels with EGC. Sec-
tion V studies the accuracy of the analytical approximations by simulations along
with a detailed discussion on the obtained results. Finally, the article is concluded
in Section VI.

II. EGC OVER DOUBLE RICE FADING CHANNELS

In this section, we describe the system model for EGC over narrowband M2M fad-
ing channels under isotropic scattering conditions with LOS components in a dual-
hop cooperative network. In the considered system, we have K mobile relays, which
are connected in parallel between the source mobile station and the destination mo-
bile station, as illustrated in Fig. L.1.

It is assumed that all mobile stations in the network, i.e., the source mobile sta-
tion, the destination mobile station, and the K mobile relays do not transmit and
receive a signal at the same time in the same frequency band. This can be achieved
by using the time-division multiple-access (TDMA) based amplify-and-forward re-
lay protocols proposed in [16, 4]. Thus, the signals from the K diversity branches in
different time slots can be combined at the destination mobile station using EGC.

Let us denote the signal transmitted by the source mobile station as s(t). Then,
the signal r(k) (t) received from the kth diversity branch at the destination mobile
station can be expressed as

r(k) (t) = ς (k)
ρ (t)s(t)+n(k) (t) (1)

where ς (k)
ρ (t) (k = 1,2, . . . ,K) represents the complex channel gain of the kth sub-

channel from the source mobile station to the destination mobile station via the
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Figure L.1: The propagation scenario describing K-parallel dual-hop relay M2M
fading channels.

kth mobile relay under LOS propagation conditions. In addition, n(k) (t) ∀k =
1,2, . . . ,K denotes the zero-mean additive white Gaussian noise (AWGN) process
with variance N0/2, where N0 is the noise power spectral density.

Each fading process ς (k)
ρ (t) in (1) is modeled as a weighted non-zero-mean com-

plex double Gaussian process of the form

ς (k)
ρ (t) = ς (k)

ρ1 (t)+ jς (k)
ρ2 (t) = Ak µ(2k−1)

ρ (t)µ(2k)
ρ (t) (2)

for k = 1,2, . . . ,K. In (2), each µ(i)
ρ (t) is a non-zero-mean complex Gaussian pro-

cess. For all odd superscripts i, i.e., i = 2k− 1 = 1,3, . . . ,(2K− 1), the Gaussian
process µ(i)

ρ (t) describes the sum of the scattered component µ(i) (t) and the LOS
component m(i) (t) of the ith subchannel between the source mobile station and
the kth mobile relay, i.e., µ(i)

ρ (t) = µ(i) (t) + m(i) (t). Whereas, for all even su-

perscripts i, i.e., i = 2k = 2,4, . . . ,2K, the Gaussian process µ(i)
ρ (t) denotes the

sum of the scattered component µ(i) (t) and the LOS component m(i) (t) of the ith
subchannel between the kth mobile relay and the destination mobile station. Each
scattered component µ(i) (t) is modeled by a zero-mean complex Gaussian pro-
cess with variance 2σ2

i . Furthermore, these Gaussian processes are mutually in-
dependent, where the spectral properties of each process are characterized by the



L – BEP Analysis over Double Rice Channels with EGC 307

classical Jakes Doppler power spectral density. The corresponding LOS compo-
nent m(i) (t) = ρi exp{ j(2π f (i)

ρ t + θ (i)
ρ )} assumes a fixed amplitude ρi, a constant

Doppler frequency f (i)
ρ , and a constant phase θ (i)

ρ .
In (2), Ak is called the relay gain of the kth relay. In order to achieve the opti-

mum performance in a relay-based system, the selection of the relay gain Ak is of
critical importance. For fixed-gain relays under NLOS propagation conditions, Ak

is usually selected to be [16]

Ak =
1√

E
{∣∣∣µ(2k−1)

ρ→0 (t)
∣∣∣
2
}

+N0

(3)

where E {·} is the expectation operator. Thus, E
{
|·|2

}
= 2σ2

(2k−1) represents the
mean power of the NLOS fading channel between the source mobile station and the
kth mobile relay. Replacing µ(2k−1)

ρ→0 (t) with µ(2k−1)
ρ (t) in (3) allows us to express

the relay gain Ak associated with LOS propagation scenarios as

Ak =
1√

E
{∣∣∣µ(2k−1)

ρ (t)
∣∣∣
2
}

+N0

=
1√

2σ2
(2k−1) +ρ2

(2k−1) +N0

. (4)

In a practical amplify-and-forward relay system, the total noise n(k)
T (t) in the link

from the source mobile station to the destination mobile station via the kth mobile
relay has the following form

n(k)
T (t) = Ak µ(2k)

ρ (t)n(2k−1) (t)+n(2k) (t) (5)

for all k = 1,2, . . . ,K. It is known from the literature (see, e.g., [34] and the ref-
erences therein) that the total noise n(k)

T (t) can be described under NLOS propa-
gation conditions by a zero-mean complex Gaussian process with variance N0 +
2σ2

(2k)N0/
(

2σ2
(2k−1) +N0

)
. It can also be shown that under LOS propagation con-

ditions, the noise process n(k)
T (t) is still a zero-mean complex Gaussian process, its

variance changes to N0 +
(

2σ2
(2k) +ρ2

(2k)

)
N0/

(
2σ2

(2k−1) +ρ2
(2k−1) +N0

)
.

Finally, the total signal r (t) at the destination mobile station, obtained after
combining the signals r(k) (t) received from K diversity branches, can be expressed
as

r (t) =
K

∑
k=1

r(k) (t) = Ξρ (t)s(t)+N (t) . (6)



308 Mobile-to-Mobile Cooperative Communication Systems

This result is valid under the assumption of perfect channel state information (CSI)
at the destination mobile station. In (6), Ξρ (t) represents the fading envelope at the
output of the EG combiner, which can be written as [13]

Ξρ (t) =
K

∑
k=1

χ(k)
ρ (t) (7)

where χ(k)
ρ (t) is the absolute value of ς (k)

ρ (t). Thus, each χ(k)
ρ (t) is a double Rice

process. In (6), N (t) is the total received noise is given by N (t) = ∑K
k=1 n(k)

T (t).

III. PDF OF A SUM OF DOUBLE RICE PROCESSES

Under LOS propagation conditions, the received signal envelope Ξρ (t) at the out-
put of the EG combiner is modeled as a sum of K independent but not necessarily
identically distributed double Rice processes. The computation of the PDF pΞρ (x)
of Ξρ (t) involves the evaluation of a (K−1)-dimensional convolution integral. The
solution of this convolution integral demands plenty of time and long mathemat-
ical manipulations. It is however possible to avoid the complicated mathematics
by following the less demanding approach of approximation. Depending upon the
purpose of use, it is possible to approximate the PDF pΞρ (x) either by another but
simpler expression or by a series. Here, we suggest to approximate the PDF pΞρ (x)
by the gamma distribution. It has demonstrated the potential to approximate other
distributions with reasonable accuracy, including the lognormal distribution [1] and
the generalized-K distribution [3]. It also appears as the first term in the Laguerre
series expansion [21]. Therefore, we write

pΞρ (x)≈ pΓ (x) =
xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL (8)

where Γ(·) is the gamma function [22]. The Laguerre series parameters αL and βL

can be obtained by following the steps in [21, p. 21], which results in

αL =
[
κ2

1/κ2
]−1, βL = κ2/κ1 (9a,b)

where κ1 corresponds to the first cumulant (i.e., the mean value) and κ2 represents
the second cumulant (i.e., the variance) of the stochastic process Ξρ (t). Mathemat-
ically, we can express κn (n = 1,2) as

κn =
K

∑
k=1

κ(k)
n (10)
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where κ(k)
n are the cumulants associated with the double Rice process χ(k)

ρ (t). The

mean value and the variance of χ(k)
ρ (t) [30] are presented in the following, i.e.,

κ(k)
1 = Akσ(2k−1)σ(2k)

π
2 1F1

(
−1

2
;1;−ρ2

(2k−1)/2σ2
(2k−1)

)

×1F1

(
−1

2
;1;−ρ2

(2k)/2σ2
(2k)

)
(11a)

κ(k)
2 = A2

k

(
2σ2

(2k−1) +ρ2
(2k−1)

)(
2σ2

(2k) +ρ2
(2k)

)
−

(
Akσ(2k−1)σ(2k)

π
2

)2

×
[

1F1

(
−1

2
;1;−ρ2

(2k−1)/2σ2
(2k−1)

)
1F1

(
−1

2
;1;−ρ2

(2k)/2σ2
(2k)

)]2

(11b)

where 1F1(·; ·; ·) is the hypergeometric function [22]. It is imperative to stress that
here κ(k)

n is computed using the expression for Ak given in (4).
Once we have computed κ(k)

n (n = 1,2) for all k = 1,2, . . . ,K, then the evaluation
of κn in (10) is straightforward. Given κn, the quantities αL and βL can easily be
calculated with the help of (9a,b). Finally, the substitution of αL and βL in (8) yields
the approximate solution for the PDF pΞρ (x). The approximation in (8) will be used
in the following section for deriving the average BEP of M-ary PSK modulation
schemes over double Rice processes with EGC.

IV. PERFORMANCE ANALYSIS OF M-ARY PSK MODULATION SCHEMES OVER

DOUBLE RICE FADING CHANNELS WITH EGC

We computed the total received signal envelope at the output of the EG combiner
Ξρ (t), and the total received noise N (t) in Section II. Using these results, we can
now express the instantaneous signal-to-noise ratio per bit at the output of the EG
combiner as [27, 24]

γEGC (t) =
Ξ2

ρ (t)
E{N2 (t)}Eb (12)

where Eb is the energy (in joules) per bit and E{N2 (t)} is the mean power of the
total received noise. The mean value of the total noise power can be given as

E{N2 (t)} = E





(
K

∑
k=1

n(k)
T (t)

)2




= K N0 +
K

∑
k=1

2σ2
(2k) +ρ2

(2k)

2σ2
(2k−1) +ρ2

(2k−1) +N0
N0 . (13)
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The average BEP Pb over the fading channel statistics at the output of the EG
combiner can be obtained using the formula [27]

Pb =
∞∫

0

pΞρ (x)Pb|Ξρ (x)dx (14)

where Pb|Ξρ (x) is the BEP of M-ary PSK modulation schemes conditioned on the
fading amplitudes {xk}K

k=1, and x = ∑K
k=1 xk. Here, the fading amplitudes {xk}K

k=1

follow the double Rice distribution.
The conditional BEP Pb|Ξρ (x) of M-ary PSK modulation schemes can be ap-

proximated as [9]

Pb|Ξρ (x) ≈ a
log2 M

Q
(√

2g log2 MγEGC (x)
)

≈ a
log2 M

Q

(√
2g log2 M Eb

E{N2 (t)} x2

)
(15)

where M = 2b with b as the number of bits per symbol, Q(·) is the error function
[22], and E{N2 (t)} is given in (13). The parameter a equals 1 or 2 for M-ary PSK
modulation schemes when M = 2 or M > 2, respectively, whereas for all M-ary
PSK modulation schemes g = sin2 (π/M) [32].

Substituting (8) and (15) in (14) leads to the approximate solution for the aver-
age BEP Pb, i.e.,

Pb ≈ a
log2 M

1

β (αL+1)
L Γ(αL +1)

∞∫

0

xαL e−
x

βL Q

(√
2g log2 M Eb

E{N2 (t)} x2

)
dx . (16)

V. NUMERICAL RESULTS

The aim of this section is to evaluate and to illustrate the derived theoretical approx-
imations given in (8) and (16) as well as to investigate their accuracy. The correct-
ness of the approximated analytical results is confirmed by evaluating the statistics
of the waveforms generated by utilizing the sum-of-sinusoids (SOS) method [19].
These simulation results correspond to the true (exact) results here. The waveforms
µ̃(i) (t) obtained from the designed SOS-based channel simulator are considered as
an appropriate model for the uncorrelated Gaussian noise processes µ(i) (t) making
up the received signal envelope at the output of the EG combiner. The model param-
eters of the channel simulator have been computed by using the generalized method
of exact Doppler spread (GMEDS1) [20]. Each waveform µ̃(i) (t) was generated
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with N(i)
l = 14 for i = 1,2, . . . ,2K and l = 1,2, where N(i)

l is the number of sinu-
soids chosen to simulate the inphase (l = 1) and quadrature (l = 2) components of
µ̃(i) (t). It is widely acknowledged that the distribution of the simulated waveforms∣∣∣µ̃(i) (t)

∣∣∣ closely approximates the Rayleigh distribution if N(i)
l ≥ 7 (l = 1,2) [19].

Thus, by selecting N(i)
l = 14, we ensure that the waveforms µ̃(i) (t) have the required

Gaussian distribution. The variance of the inphase and quadrature component of
µ(i) (t)

(
µ̃(i) (t)

)
is equal to σ2

i = 1∀ i = 1,2, . . . ,2K, unless stated otherwise. The
maximum Doppler frequencies caused by the motion of the source mobile station,
K mobile relays, and the destination mobile station were set to 91 Hz, 125 Hz, and
110 Hz, respectively. The total number of symbols used for a reliable generation of
the BEP curves was 107.

In this section, we have attempted to highlight the influence of an LOS compo-
nent on the systems’ performance by considering three propagation scenarios called
the full-LOS (FLOS), the partial-LOS (PLOS), and the NLOS scenario. In the
FLOS scenario, we have LOS components in all the transmission links between the
source mobile station and the destination mobile station via K mobile relays. The
scenario in which LOS components are present only in the links from the source
mobile station to K mobile relays is referred to as the PLOS scenario. When LOS
components do not exist in any of the transmission links, we have the NLOS sce-
nario. Whenever, there exists a LOS component in any of the transmission links, its
amplitude ρi is taken to be unity. The presented results in Figs. L.2–L.5 display a
good fit of the approximated analytical and the exact simulation results.

Figure L.2 illustrates the analytical results of the PDF pΞρ (x) of Ξρ (t) described
by (8). This figure contains the PDF pΞρ (x) of Ξρ (t) considering the FLOS, the
PLOS, and the NLOS propagation conditions for a different number of diversity
branches K. It is quite obvious from the figure that for any value of K, the presence
of LOS components increases both the mean value and the variance of Ξρ (t). A
close agreement between the approximated theoretical and the exact simulation re-
sults confirms the correctness of our approximation.

The average BEP Pb of M-ary PSK modulation schemes over double Rice pro-
cesses with EGC described by (16) is presented in Fig. L.3. In this figure, a compar-
ison of the average BEP Pb of quadrature PSK (QPSK), 8-PSK, as well as 16-PSK
modulation schemes is shown by taking into account a different number diversity
branches K for each modulation scheme. Here, the average BEP Pb is evaluated for
the FLOS scenario, i.e., ρi = 1∀ i = 1,2, . . . ,2K. For all modulation schemes, a
significant enhancement in the diversity gain can be observed when the number of
diversity branches increases from K = 1 to K = 6. See, e.g., at Pb = 10−3, it is pos-
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sible to attain a diversity gain of approximately 26 dB by increasing K from K = 1
to K = 6. Provision of higher data rates is the characteristic feature of higher-order
modulation schemes. These modulations are however known to be more prone
to errors. This sensitivity of higher-order modulations towards errors is visible in
Fig. L.3 as the average BEP Pb curve associated with QPSK modulation shifts to
the right when 8-PSK or 16-PSK modulation schemes are deployed.

Figure L.4 demonstrates the impact of the existence of LOS components in the
relay links on the average BEP Pb of M-ary PSK modulation schemes. Keeping the
number of diversity branches K constant, e.g., K = 3, the average BEP Pb of QPSK
and 16-PSK modulation schemes is evaluated for the FLOS, PLOS, and NLOS sce-
narios. For both QPSK and 16-PSK modulations, there is a noticeable gain in the
performance when going from the NLOS scenario to the FLOS scenario. See, e.g.,
at Pb = 10−4, a gain of approximately 1.5 dB is achieved when we have the PLOS
scenario compared to the NLOS scenario. A further increase of ≈ 1.5−2 dB in the
gain can be seen under FLOS propagation conditions are available.

In order to complete our performance analysis, we have included in Fig. L.5
the average BEP Pb curves when MRC is utilized at the destination mobile station.
Assuming FLOS propagation conditions, the average BEP Pb of QPSK, 8-PSK,
and 16-PSK modulation schemes is evaluated for K = 3. The curves presented in
Fig. L.5 show that when MRC is used instead of EGC, a diversity gain of around
1 dB can be obtained. The price to pay for this gain is however the increased com-
plexity of the receiver.

VI. CONCLUSION

This article deals with the analysis of the performance of M-ary PSK modulation
schemes over narrowband M2M fading channels with EGC in a dual-hop amplify-
and-forward relay network. It is assumed that there can exist LOS components in
the relay links between the source mobile station and the destination mobile sta-
tion via K mobile relays. Thus, the received signal envelope at the output of the
EG combiner is modeled as a sum of K independent, but not necessarily identi-
cally distributed double Rice processes. The performance of M-ary PSK modulation
schemes is studied by evaluating the average BEP. An analytical approximation for
the average BEP of M-ary PSK modulation schemes over double Rice fading chan-
nels with EGC is derived. The validity of the obtained analytical approximation
is confirmed by simulations. We have included in our discussion results demon-
strating the influence of LOS components present in the relay links as well as the
number of diversity branches K on the average BEP of different M-ary PSK mod-
ulation schemes. These results illustrate that the existence of LOS components in
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the relay links improves the systems’ performance. Furthermore, we can achieve a
significant enhancement in the diversity gain as the number of diversity branches K
increases.
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Figure L.2: The PDF pΞρ (x) of the received signal envelope Ξρ (t) at the output
of the EG combiner for a different number of diversity branches K under FLOS,
PLOS, and NLOS propagation conditions.
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[18] C. S. Patel, G. L. Stüber, and T. G. Pratt. Statistical properties of amplify and
forward relay fading channels. IEEE Trans. Veh. Technol., 55(1):1–9, January
2006.

[19] M. Pätzold. Mobile Fading Channels. Chichester: John Wiley & Sons, 2002.

[20] M. Pätzold, C. X. Wang, and B. O. Hogstad. Two new sum-of-sinusoids-based
methods for the efficient generation of multiple uncorrelated Rayleigh fading
waveforms. IEEE Trans. Wireless Commun., 8(6):3122–3131, June 2009.

[21] S. Primak, V. Kontorovich, and V. Lyandres, editors. Stochastic Methods and
their Applications to Communications: Stochastic Differential Equations Ap-
proach. Chichester: John Wiley & Sons, 2004.

[22] J. Proakis and M. Salehi. Digital Communications. New York: McGraw-Hill,
5th edition, 2008.

[23] A. Ribeiro, X. Cai, and G. B. Giannakis. Symbol error probabilities for general
cooperative links. IEEE Trans. Wireless Commun., 4(3):1264 – 1273, May
2005.



L – BEP Analysis over Double Rice Channels with EGC 317

[24] M. Schwartz, W. R. Bennett, and S. Stein. Communication Systems and Tech-
niques, volume 4. New York: McGram Hill, 1966.

[25] A. Sendonaris, E. Erkip, and B. Aazhang. User cooperation diversity — Part
I: System description. IEEE Trans. Commun., 51(11):1927–1938, November
2003.

[26] A. Sendonaris, E. Erkip, and B. Aazhang. User cooperation diversity — Part
II: Implementation aspects and performance analysis. IEEE Trans. Commun.,
51(11):1939–1948, November 2003.

[27] M. K. Simon and M. S. Alouini. Digital Communications over Fading Chan-
nels. New Jersey: John Wiley & Sons, 2nd edition, 2005.

[28] W. Su, A. K. Sadek, and K. J. R. Liu. Cooperative communication protocols
in wireless networks: Performance analysis and optimum power allocation.
Wireless Personal Communications (WPC), 44(2):181–217, January 2008.

[29] H. Suraweera, G. Karagiannidis, and P. Smith. Performance analysis of the
dual-hop asymmetric fading channel. 8(6):2783 – 2788, June 2009.

[30] B. Talha and M. Pätzold. On the statistical properties of double Rice channels.
In Proc. 10th Int. Symp. on Wireless Personal Multimedia Communications,
WPMC 2007, pages 517–522. Jaipur, India, December 2007.

[31] B. Talha, M. Pätzold, and S. Primak. Performance analysis of M-ary PSK
modulation schemes over multiple double Rayleigh fading channels with EGC
in cooperative networks. In Proc. IEEE Int. Conf. Communications, Workshop
on Vehicular Connectivity, Veh-Con 2010. Cape Town, South Africa, May
2010. DOI 10.1109/ICCW.2010.5503940.

[32] W. Wongtrairat and P. Supnithi. Performance of digital modulation in double
Nakagami-m fading channels with MRC diversity. IEICE Trans. Commun.,
E92-B(2):559–566, February 2009.

[33] L. Wu, J. Lin, K. Niu, and Z. He. Performance of dual-hop transmissions
with fixed gain relays over generalized-K fading channels. In Proc. IEEE
Int. Conf. Communications (ICC’09). Dresden , Germany, June 2009. DOI
10.1109/ICC.2009.5199331.

[34] Y. Wu and M. Pätzold. Parameter optimization for amplify-and-forward relay-
ing systems with pilot symbol assisted modulation scheme. Wireless Sensor
Networks (WSN), 1(1):15–21, April 2009. DOI 10.4236/wsn.2009.11003.



318 Mobile-to-Mobile Cooperative Communication Systems

[35] F. Xu, F. C. M. Lau, and D. W. Yue. Diversity order for amplify-and-
forward dual-hop systems with fixed-gain relay under Nakagami fading chan-
nels. 9(1):92 – 98, January 2010.



Appendix M

Paper XII

Title: Dual-Hop Amplify-and-Forward Relay Systems with EGC over
M2M Fading Channels under LOS Conditions: Statistical and
Performance Analysis

Authors: Batool Talha and Matthias Pätzold

Affiliation: University of Agder, Faculty of Engineering and Science,
P. O. Box 509, NO-4898 Grimstad, Norway

Journal: to be submitted for publication.

319



320 Mobile-to-Mobile Cooperative Communication Systems



M – Dual-Hop Multi-Relay Systems with EGC over LOS M2M Channels 321

Dual-Hop Amplify-and-Forward Relay Systems with
EGC over M2M Fading Channels under LOS

Conditions: Statistical and Performance Analysis

Abstract — This article analyzes the statistical properties of narrowband
mobile-to-mobile (M2M) fading channels with equal gain combining (EGC)
under line-of-sight (LOS) propagation conditions. Here, we study a dual-hop
amplify-and-forward relay network and its performance in such channels is
also evaluated. It is assumed that there can exist LOS components in the trans-
mission links between the source mobile station and the destination mobile sta-
tion via K mobile relays in addition to the direct source-destination link. In
order to cater for asymmetric fading conditions in the relay transmission, the
received signal envelope at the output of the equal gain (EG) combiner is thus
modeled as a sum of a classical Rice process and K double Rice processes. Fur-
thermore, the classical Rice process and double Rice processes are indepen-
dent. Besides, these double Rice processes are independent but not necessarily
identically distributed. Simple and closed-form analytical approximations are
derived for the probability density function (PDF), the cumulative distribu-
tion function (CDF), the level-crossing rate (LCR), and the average duration
of fades (ADF) of the sum process by exploiting the properties of a gamma pro-
cess1. The analytical approximations for the statistical properties of the sum
process, especially the approximated PDF, are then employed in our perfor-
mance studies. Several performance measures inclusive of the statistics of the
instantaneous signal-to-noise ration (SNR), amount of fading (AOF), average
bit error probability (BEP)2, and outage probability are explored in detail. The
correctness of the derived analytical approximations is verified as well as their
accuracy is assessed by simulations. It can be concluded from the presented re-
sults that generally, in a dual-hop relay system with EGC, the presence of LOS
components in the transmission links improves the systems’ performance.

Keywords—Amplify-and-forward relay systems, mobile-to-mobile fading chan-
nels, double Rayleigh process, double Rice process, probability density function,
level-crossing rate, average duration of fades.

1The material in this paper was presented in part at International Conference on Communica-
tions, ICC 2010, Cape Town, South Africa, May 2010.

2The material in this paper is submitted for publication in part in the proceedings of IEEE Global
Communications Conference, IEEE GLOBECOM 2010, Miami, FL, USA, Dec. 2010.
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I. INTRODUCTION

The recently growing popularity of cooperative diversity [38, 39, 20] in wireless
networks is due to its ability to mitigate the deleterious fading effects. Without any
extra cost resulting from the deployment of a new infrastructure and by utilizing
the existing resources of the network, a spatial diversity gain can be achieved. The
fundamental principle of cooperative relaying is that several mobile stations in the
network collaborate together to relay the signal from the source mobile station to the
destination mobile station. In the simplest mode of operation, the relay nodes just
amplify the received signal and forward it towards the destination mobile station.
They can also first decode the received signal, encode it again and then forward
it. In both cases, multiple copies of the same signal reach the destination mobile
station, which allows us to achieve a diversity gain by exploiting the virtual antenna
array. In addition to the spatial diversity gain, cooperative relaying promises in-
creased capacity, improved connectivity, and a larger coverage range [26, 9, 8].

Here, a dual-hop amplify-and-forward configuration has been taken into ac-
count, where there exist K mobile relays between the source mobile station and
the destination mobile station. Furthermore, the direct link from the source mobile
station to the destination mobile station is also present. Such a configuration in
turn gives rise to K + 1 diversity branches. Thus, the previously mentioned spatial
diversity gain is achieved by combining the signal received from the K + 1 diver-
sity branches at the destination mobile station. Among the most important diversity
combining techniques [17], maximal ratio combining (MRC) has been proved to
be the optimum one [17]. It is widely acknowledged in the literature that a sub-
optimal and less complex combining technique, referred to as EGC, performs very
close to MRC [17]. Studies regarding the statistical properties of EGC and MRC
in non-cooperative networks over Rayleigh, Rice, and Nakagami fading channels
are reported in [53, 3, 16]. Furthermore, performance analysis of the said schemes
in terms of the bit error and outage probability over Rayleigh, Rice, and Nakagami
fading channels can be found in [55, 56, 36]. During the last decade, a large num-
ber of researchers devoted their efforts to analyzing the performance of cooperative
networks. For example, the performance of dual-hop amplify-and-forward relay
networks has extensively been investigated for different types of fading channels in
[12, 1, 49, 47, 34, 21, 42, 7, 43, 51, 6, 14, 13]. A performance analysis in terms of the
average BEP as well as the outage probability of single-relay dual-hop configura-
tion over Rayleigh and generalized-K fading channels is presented in [12] and [49],
respectively. Studies pertaining to the asymptotic outage behavior of amplify-and-
forward dual-hop multi-relay systems with Nakagami fading channels is available
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in [21], whereas the diversity order is addressed in [51]. The common denominator
in the works [1, 34, 47, 21, 42, 7, 43, 51, 6] is that they consider maximal ratio com-
bining (MRC) at the destination mobile station, where the authors of [6] have also
included in their analysis results when EGC is deployed. Performance related issues
in multi-relay dual-hop non-regenerative relay systems with EGC over Nakagami-m
channels are investigated in [14, 13].

The success story of cooperative relaying in cellular networks has motivated the
wireless communications’ research community to explore the possibilities to utilize
it in M2M communication systems. The development of relay-based M2M commu-
nication systems requires the knowledge of the propagation channel characteristics.
It is well-known that the multipath propagation channel in any mobile and wireless
communication system can efficiently be described with the help of proper statisti-
cal models. For example, the Rayleigh distribution is considered to be a suitable dis-
tribution to model the fading channel under non line-of-sight (NLOS) propagation
conditions in classical cellular networks [54, 24, 25], a Suzuki process represents a
reasonable model for land mobile terrestrial channels [31, 44] and the generalized-
K distribution is widely accepted in radar systems [5, 40]. To model fading channels
under NLOS propagation conditions in relay-based M2M communication systems,
the double Rayleigh distribution is the appropriate choice (see, e.g., [19, 30] and the
references therein). Motivated by the applications of the double Rayleigh channel
model, a generalized channel model referred to as the N ∗Nakagami channel model
has been proposed in [18]. Furthermore, an extension from the double Rayleigh
channel model to the double Rice channel model for LOS propagation conditions
has been proposed in [45]. The authors of [15] have explored the performance of
intervehicular cooperative schemes and they proposed optimum power allocation
strategies assuming cascaded Nakagami fading. The performance of several digi-
tal modulation schemes over double Nakagami-m channels with MRC diversity has
been studied in [48], whereas the BEP analysis of M-ary PSK modulated signals
over double Rayleigh channels with EGC can be found in [46].

This article focuses on analyzing the statistical properties of EGC over M2M
fading channels under LOS propagation conditions as well as the performance of
relay-based networks in such channels. As far as the authors are aware, the statis-
tical analysis of EGC over M2M channels assuming LOS propagation conditions
has not been carried out yet. In addition, the performance analysis of multi-relay
dual-hop amplify-and-forward cooperative networks in such fading channels is also
an open problem that calls for further work. In many practical propagation scenar-
ios, asymmetric fading conditions can be observed in different relay links. Meaning
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thereby, LOS components can exist in all or just in some few transmission links be-
tween the source mobile station and the destination mobile station via K mobile re-
lays. Similarly, the LOS component can be present in the direct link from the source
mobile station to the destination mobile station. Thus, in order to accommodate the
direct link along with the unbalanced relay links, the received signal envelope at
the output of the EG combiner is modeled as a sum of a classical Rice process and
K double Rice processes. Furthermore, the classical Rice process and double Rice
processes are independent. Note that these double Rice processes are independent
but not necessarily identically distributed. Analytical approximations are derived
for the PDF, CDF, LCR, and ADF of the sum process. Analysis of these statistical
quantities give us a complete picture of the fading channel, since the PDF can well
characterize the channel, and the LCR along with the ADF provide an insight into
the fading behavior of the channel. Several performance evaluation measures such
as the statistics of the instantaneous SNR at the output of the EG combiner, AOF,
the average BEP, and the outage probability are thoroughly investigated. This work
includes a discussion on the influence of the number of diversity branches K + 1
as well as the presence of LOS components in the transmission links on the statis-
tics of M2M fading channels with EGC. The approximate analytical results for the
PDF, CDF, LCR, ADF, the average BEP, and the outage probability are compared
with those of the exact simulation results to validate the correctness of the proposed
approach. From the presented results, it can be concluded that the performance of
relay-based cooperative systems improves with the presence of LOS components in
the relay links. In addition, if the number K +1 of diversity branches increases, the
better is the system performance.

This article has the following structure. In Section II, we present the system
model for EGC over M2M fading channels under LOS propagation conditions
in amplify-and-forward relay networks. Section III deals with the derivation and
analysis of approximations for the PDF, CDF, LCR, and ADF of the received signal
envelope at the output of the EG combiner. In Section IV, analytical approximations
for the PDF as well as the moments of the SNR the output of the EG combiner, the
average BEP, and the outage probability are derived and analyzed. Section V studies
the accuracy of the analytical approximations by simulations and present a detailed
discussion on the obtained results. Finally, the article is concluded in Section VI.

II. EGC OVER M2M FADING CHANNELS WITH LOS COMPONENTS

In this section, we describe the system model for EGC over narrowband M2M fad-
ing channels under isotropic scattering conditions with LOS components in a dual-
hop cooperative network. In the considered system, we have K mobile relays, which
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are connected in parallel between the source mobile station and the destination mo-
bile station, as illustrated in Fig. M.1. It can be seen in Fig. M.1 that the direct
transmission link from the source mobile station to the destination mobile station is
also unobstructed.

It is assumed that all mobile stations in the network, i.e., the source mobile sta-
tion, the destination mobile station, and the K mobile relays do not transmit and re-
ceive a signal at the same time in the same frequency band. This can be achieved by
using the time-division multiple-access (TDMA) based amplify-and-forward relay
protocols proposed in [22, 2]. Thus, the signals from the K + 1 diversity branches
in different time slots can be combined at the destination mobile station using EGC.

Let us denote the signal transmitted by the source mobile station as s(t). Then,
the signal r(0) (t) received at the destination mobile station from the direct transmis-
sion link between the source mobile station and the destination mobile station can
be given as

r(0) (t) = µ(0)
ρ (t)s(t)+n(0) (t) (1)

where µ(0)
ρ (t) models the complex channel gain of the fading channel from the

source mobile station to the destination mobile station under LOS propagation con-
ditions. The non-zero-mean complex Gaussian process µ(0)

ρ (t) comprises the sum
of the scattered component µ(0) (t) and the LOS component m(0) (t) in the direct
transmission link from the source mobile station to the destination mobile station,
i.e., µ(0)

ρ (t) = µ(0) (t)+m(0) (t). In addition, n(0) (t) denotes the zero-mean additive
white Gaussian noise (AWGN) process with variance N0/2, where N0 is the noise
power spectral density.

Similarly, we can express the signal r(k) (t) received from the kth diversity
branch at the destination mobile station as

r(k) (t) = ς (k)
ρ (t)s(t)+n(k) (t) (2)

where ς (k)
ρ (t) (k = 1,2, . . . ,K) represents the complex channel gain of the kth sub-

channel from the source mobile station to the destination mobile station via the
kth mobile relay under LOS propagation conditions. Furthermore, n(k) (t) ∀k =
1,2, . . . ,K is the zero-mean AWGN process with variance N0/2.

Each fading process ς (k)
ρ (t) in (2) is modeled as a weighted non-zero-mean com-

plex double Gaussian process of the form

ς (k)
ρ (t) = ς (k)

ρ1 (t)+ jς (k)
ρ2 (t) = Ak µ(2k−1)

ρ (t)µ(2k)
ρ (t) (3)



326 Mobile-to-Mobile Cooperative Communication Systems

for k = 1,2, . . . ,K. In (3), each µ(i)
ρ (t) is a non-zero-mean complex Gaussian pro-

cess. For all odd superscripts i, i.e., i = 2k− 1 = 1,3, . . . ,(2K− 1), the Gaussian
process µ(i)

ρ (t) describes the sum of the scattered component µ(i) (t) and the LOS
component m(i) (t) of the ith subchannel between the source mobile station and the
kth mobile relay, i.e., µ(i)

ρ (t) = µ(i) (t)+m(i) (t). Whereas, for all even superscripts

i, i.e., i = 2k = 2,4, . . . ,2K, the Gaussian process µ(i)
ρ (t) denotes the sum of the

scattered component µ(i) (t) and the LOS component m(i) (t) of the ith subchannel
between the kth mobile relay and the destination mobile station. Each scattered
component µ(i) (t) (i = 0,1,2, . . . ,2K) is modeled by a zero-mean complex Gaus-
sian process with variance 2σ2

i . Furthermore, these Gaussian processes are mutu-
ally independent, where the spectral properties of each process are characterized by
the classical Jakes Doppler power spectral density. The corresponding LOS com-
ponent m(i) (t) = ρi exp{ j(2π f (i)

ρ t +θ (i)
ρ )} assumes a fixed amplitude ρi, a constant

Doppler frequency f (i)
ρ , and a constant phase θ (i)

ρ .
In (3), Ak is called the relay gain of the kth relay. In order to achieve the opti-

mum performance in a relay-based system, the selection of the relay gain Ak is of
critical importance. For fixed-gain relays under NLOS propagation conditions, Ak

is usually selected to be [22]

Ak =
1√

E
{∣∣∣µ(2k−1)

ρ→0 (t)
∣∣∣
2
}

+N0

(4)

where E {·} is the expectation operator. Thus, E
{
|·|2

}
= 2σ2

(2k−1) represents the
mean power of the NLOS fading channel between the source mobile station and the
kth mobile relay. Replacing µ(2k−1)

ρ→0 (t) with µ(2k−1)
ρ (t) in (4) allows us to express

the relay gain Ak associated with LOS propagation scenarios as

Ak =
1√

E
{∣∣∣µ(2k−1)

ρ (t)
∣∣∣
2
}

+N0

=
1√

2σ2
(2k−1) +ρ2

(2k−1) +N0

. (5)

In a practical amplify-and-forward relay system, the total noise n(k)
T (t) in the link

from the source mobile station to the destination mobile station via the kth mobile
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relay has the following form

n(k)
T (t) = Ak µ(2k)

ρ (t)n(2k−1) (t)+n(2k) (t) (6)

for all k = 1,2, . . . ,K. It is known from the literature (see, e.g., [50] and the ref-
erences therein) that the total noise n(k)

T (t) can be described under NLOS propa-
gation conditions by a zero-mean complex Gaussian process with variance N0 +
2σ2

(2k)N0/
(

2σ2
(2k−1) +N0

)
. It can also be shown that under LOS propagation con-

ditions, the noise process n(k)
T (t) is still a zero-mean complex Gaussian process, its

variance changes to N0 +
(

2σ2
(2k) +ρ2

(2k)

)
N0/

(
2σ2

(2k−1) +ρ2
(2k−1) +N0

)
.

Finally, the total signal r (t) at the destination mobile station, obtained after com-
bining the signals r(k) (t) received from K +1 diversity branches, can be expressed
as

r (t) = r(0) (t)+
K

∑
k=1

r(k) (t) = Ξρ (t)s(t)+N (t) . (7)

This result is valid under the assumption of perfect channel state information (CSI)
at the destination mobile station. In (7), Ξρ (t) represents the fading envelope at the
output of the EG combiner, which can be written as [17]

Ξρ (t) = ξ (t)+
K

∑
k=1

χ(k)
ρ (t) =

∣∣∣µ(0)
ρ (t)

∣∣∣+
K

∑
k=1

∣∣∣ς (k)
ρ (t)

∣∣∣ (8)

where ξ (t) and χ(k)
ρ (t) are absolute values of µ(0)

ρ (t) and ς (k)
ρ (t), respectively.

Thus, ξ (t) is the classical Rice process whereas each χ(k)
ρ (t) is a double Rice

process. In (7), N (t) is the total received noise is given by N (t) = n(0) (t) +

∑K
k=1 n(k)

T (t).

III. STATISTICAL ANALYSIS OF EGC OVER M2M FADING CHANNELS WITH

LOS COMPONENTS

In this section, we analyze the statistical properties of EGC over M2M fading chan-
nels under LOS propagation conditions. Statistical quantities of interest include the
PDF, the CDF, the LCR, and the ADF of double Rice processes with EGC Ξρ (t).
A. PDF of a Sum of M2M Fading Processes with LOS Components

Under LOS propagation conditions, the received signal envelope Ξρ (t) at the
output of the EG combiner is modeled as a sum of a classical Rice process and
of a classical Rice process and K independent but not necessarily identical double
Rice processes. The PDF pΞρ (x) of this sum process can be obtained by solving
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a (K + 1)-dimensional convolution integral. The computation of this convolution
integral is however quite tedious. It can further be shown that the evaluation of
the inverse Fourier transform of the characteristic function (CF) does not lead to
a simple and closed-form expression for the PDF pΞρ (x) of this sum process. An
alternate approach is to approximate the PDF pΞ (x) of Ξ(t) either by another but
a simpler expression or by a series. Here, we follow the approximation approach
using orthogonal series expansion. From various options of such series, like, e.g.,
the Edgeworth series and the Gram-Charlier series, we apply in our analysis the La-
guerre series expansion [33]. The Laguerre series provides a good approximation
for PDFs that are unimodal (i.e., having single maximum) with fast decaying tails
and positive defined random variables. Furthermore, the Laguerre series is often
used when the first term of the series provides a good enough statistical accuracy
[33].

The PDF pΞρ (x) of Ξρ (t) can then be expressed using the Laguerre series ex-
pansion as [33]

pΞρ (x) =
∞

∑
n=0

bn e−xxαLL(αL)
n (x) (9)

where

L(αL)
n (x) = ex x(−αL)dn

x!dxn

[
e(−x)xn+αL

]
,αL >−1 (10)

denote the Laguerre polynomials. The coefficients bn can be given as

bn =
n!

Γ(n+αL +1)

∞∫

0

L(αL)
n (x) pΞρ (x)dx (11)

where x = y/βL and Γ(·) is the gamma function [11].
Furthermore, we can obtain the parameters αL and βL by solving the system of

equations in [33, p. 21] for b1 = 0 and b2 = 0, which yields

αL =
[
κ2

1/κ2
]−1, βL = κ2/κ1 (12a,b)

where κ1 corresponds to the first cumulant (i.e., the mean value) and κ2 represents
the second cumulant (i.e., the variance) of the stochastic process Ξρ (t). Mathemat-
ically, we can express κn (n = 1,2) as

κn = κ(0)
n +

K

∑
k=1

κ(k)
n (13)
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where κ(0)
n are the cumulants associated with the classical Rice process ξ (t). The

cumulants κ(0)
n are equal to [29]

κ(0)
1 = σ0

√
π
2 1F1

(
−1

2
;1;−ρ2

0/2σ2
0

)
(14a)

κ(0)
2 = 2σ2

0
(
1+ρ2

0/2σ2
0
)− π

2
σ2

0

[
1F1

(
−1

2
;1;−ρ2

0/2σ2
0

)]2

. (14b)

In (13), κ(k)
n (k = 1,2, . . . ,K) denote the cumulants of the double Rice process

χ(k)
ρ (t). The mean value and the variance of χ(k)

ρ (t) are as follows [45]

κ(k)
1 = Akσ(2k−1)σ(2k)

π
2 1F1

(
−1

2
;1;−ρ2

(2k−1)/2σ2
(2k−1)

)

×1F1

(
−1

2
;1;−ρ2

(2k)/2σ2
(2k)

)
(15a)

κ(k)
2 = A2

k

(
2σ2

(2k−1) +ρ2
(2k−1)

)(
2σ2

(2k) +ρ2
(2k)

)
−

(
Akσ(2k−1)σ(2k)

π
2

)2

×
[

1F1

(
−1

2
;1;−ρ2

(2k−1)/2σ2
(2k−1)

)
1F1

(
−1

2
;1;−ρ2

(2k)/2σ2
(2k)

)]2

. (15b)

It is imperative to stress that here κ(k)
n is computed using the expression for Ak given

in (5). In (14a) – (15b), 1F1(·; ·; ·) is the hypergeometric function [11], which can be
expanded as

1F1

(
−1

2
;1;−

ρ2
(i)

2σ2
(i)

)
= e

−
ρ2
(i)

4σ2
(i)

[(
1+

ρ2
(i)

2σ2
(i)

)
I0

(
ρ2

(i)

4σ2
(i)

)
+

ρ2
(i)

2σ2
(i)

I1

(
ρ2

(i)

4σ2
(i)

)]

(16)
where In (·) is the nth order modified bessel function of first kind [11].

The evaluation of κn in (13) is rather straightforward once we have κ(0)
n and κ(k)

n

(n = 1,2) for ξ (t) and all χ(k)
ρ (t), respectively. Given κn, the quantities αL and βL

can easily be computed using (12a,b). Substitution of αL and βL in the Laguerre
series expansion leads to the exact solution for the PDF pΞρ (x). Note that the first
term of the Laguerre series can be identified as the gamma distribution pΓ (x) [33].
This makes it possible for us to approximate the PDF pΞρ (x) of Ξρ (t) to the gamma
distribution pΓ (x), i.e.,

pΞρ (x)≈ pΓ (x) =
xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL . (17)
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The motivation behind deriving an expression for the PDF pΞρ (x) of Ξρ (t) is
that it can be utilized with ease in the link level performance analysis of dual-hop
cooperative networks with EGC. This performance analysis is presented in Sec-
tion IV.
B. CDF of a Sum of M2M Fading Processes with LOS Components

The probability that Ξρ (t) remains below the threshold level r defines the CDF

FΞρ− (r) of Ξρ (t) [27]. After substituting (17) in FΞρ− (r) = 1−
∞∫
r

pΞρ (x)dx and

solving the integral over x using [11, Eq. (3.381-3)], we can write the CDF FΞρ− (r)
in closed form as

FΞρ− (r)≈ 1− 1
Γ(αL +1)

Γ
(

αL,
r

βL

)
(18)

where Γ(·, ·) is the upper incomplete gamma function [11].
C. LCR of a Sum of M2M Fading Processes with LOS Components

The LCR NΞρ (r) of Ξρ (t) is a measure to describe the average number of times
the stochastic process Ξρ (t) crosses a particular threshold level r from up to down
(or from down to up) in a second. The LCR NΞρ (r) can be computed using the
formula [35]

NΞρ (r) =
∞∫

0

ẋ pΞρ Ξ̇ρ
(r, ẋ)dẋ (19)

where pΞρ Ξ̇ρ
(r, ẋ) is the joint PDF of the stochastic process Ξρ (t) and its corre-

sponding time derivative Ξ̇ρ (t) at the same time t. Throughout this paper, the
overdot represents the time derivative. The task at hand is to find the joint PDF
pΞρ Ξ̇ρ

(r, ẋ). In Section ??, we have shown that the PDF pΞ (x) of Ξ(t) can ef-
ficiently be approximated by the gamma distribution pΓ (x). Based on this fact,
we assume that the joint PDF pΞΞ̇ (r, ẋ) is approximately equal to the joint PDF
pΓΓ̇ (r, ẋ) of a gamma process and its corresponding time derivative at the same time
t, i.e.,

pΞρ Ξ̇ρ
(r, ẋ)≈ pΓΓ̇ (r, ẋ) . (20)

A gamma distributed process is equivalent to a squared Nakagami-m distributed
process [23]. Thus, applying the concept of transformation of random variables [27,
p. 244], we can express the joint PDF pΓΓ̇ (x, ẋ) in terms of the joint PDF pNṄ (y, ẏ)
of a Nakagami-m distributed process and its corresponding time derivative at the
same time t as

pΓΓ̇ (x, ẋ) =
1
4x

pNṄ

(√
x,

ẋ
2
√

x

)
. (21)
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After substituting pNṄ (y, ẏ) as given in [52, Eq. (13)] in (21), the joint PDF
pΓΓ̇ (x, ẋ) can be written as

pΓΓ̇ (x, ẋ) =
1

2
√

2πxσ̇
x(m−1)

(Ω/m)m Γ(m)
e−

x
(Ω/m)− ẋ2

8σ̇2x (22)

where m, Ω, and σ̇ are the parameters associated with the Nakagami-m distribu-
tion. The result in (22) can be expressed in terms of the parameters of the gamma
distribution, i.e., αL and βL, as

pΓΓ̇ (x, ẋ) =
1

2
√

2πβx

xαL

β (αL+1)
L Γ(αL +1)

e−
x

βL
− ẋ2

8βx (23)

with β = π2
(

κ(0)
n /κ(0)

n

)(
f 2

Smax
+ f 2

Dmax

)
+π2

(
∑K

k=1 κ(k)
2 /∑K

k=1 κ(k)
1

)(
f 2

Smax
+2 f 2

Rmax

+ f 2
Dmax

)
. The quantities fSmax and fDmax represent the maximum Doppler frequencies

caused by the motion of the source mobile station and the destination mobile station,
respectively. In addition, the maximum Doppler frequencies caused by the motion
of mobile relays are assumed to be equal such that f (1)

Rmax = f (2)
Rmax = · · ·= f (K)

Rmax = fRmax .
Finally, substituting pΞρ Ξ̇ρ

(r, ẋ) in (19) and solving the integral over ẋ using [11,
Eq. (3.326-2)], we reach a closed-form solution for the LCR NΞρ (r), i.e.,

NΞρ (r) ≈
∞∫

0

ẋ pΓΓ̇ (r, ẋ)dẋ =

√
2rβ
π

rαL e−
r

βL

β (αL+1)
L Γ(αL +1)

=

√
2rβ
π

pΞρ (r). (24)

D. ADF of a Sum of M2M Fading Processes with LOS Components
The ADF TΞρ− (r) of Ξρ (t) is the expected value of the time intervals over which

the stochastic process Ξρ (t) remains below a certain threshold level r. Mathemat-
ically, the ADF TΞρ− (r) is defined as the ratio of the CDF FΞρ− (r) and the LCR
NΞρ (r) of Ξρ (t) [17], i.e.,

TΞρ− (r) =
FΞρ− (r)
NΞρ (r)

. (25)

By substituting (18) and (24) in (25), we can easily obtain an approximate solution
for the ADF TΞρ− (r).

The significance of studying the LCR NΞρ (r) and the ADF TΞρ− (r) of Ξρ (t) lies
in the fact that they provide insight into the rate of fading of the stochastic process
Ξρ (t). Knowledge about the rate of fading is beneficial in both the design as well
as optimization of coding and interleaving schemes to combat M2M fading in the
relay links in cooperative networks.
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IV. PERFORMANCE ANALYSIS IN M2M FADING CHANNELS WITH LOS
COMPONENTS AND EGC

This section is dedicated to the systems’ performance analysis in M2M fading chan-
nels with EGC under LOS propagation conditions. The performance evaluation
measures of interest include the PDF as well as the moments of the SNR, AOF, the
average BEP, and the outage probability.
A. Analysis of the SNR

1) Derivation of the Instantaneous SNR Expression: We computed the total re-
ceived signal envelope at the output of the EG combiner Ξρ (t) and the total received
noise N (t) in Section II. Using these results, we can now express the instantaneous
SNR per bit γEGC (t) at the output of the EG combiner as [41, 37]

γEGC (t) =
Ξ2

ρ (t)
E{N2 (t)}Eb (26)

where Eb is the energy (in joules) per bit and E{N2 (t)} is the mean power of the
total received noise. The mean value of the total noise power can be given as

E{N2 (t)} = E





(
n(0) (t)+

K

∑
k=1

n(k)
T (t)

)2




= (K +1)N0 +
K

∑
k=1

2σ2
(2k) +ρ2

(2k)

2σ2
(2k−1) +ρ2

(2k−1) +N0
N0 . (27)

2) PDF of the SNR: The PDF pγEGC (z) of γEGC (t) can be obtained using the
relation

pγEGC (z) =
1

(Eb/E{N2 (t)}) pΞ2
ρ

(
z

Eb/E{N2 (t)}
)

(28)

where pΞ2
ρ
(z) is the squared received signal envelope Ξ2

ρ (t) at the output of the
EG combiner, which can be obtained by a simple transformation of the random
variables [27, p. 244] as follows:

pΞ2
ρ
(z) =

1
2
√

z
pΞρ

(√
z
)

≈ 1

2β (αL+1)
L Γ(αL +1)

z
(

αL−1
2

)
e−

√
z

βL , z≥ 0 . (29)
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The substitution of (29) in (28) leads us to the closed-form approximation for the
PDF pγEGC (z) of γEGC (t), i.e.,

pγEGC (z)≈ 1

2(Eb/E{N2 (t)})
(

αL+1
2

) z
(

αL−1
2

)

β (αL+1)
L Γ(αL +1)

e
−

√
z

βL
√

Eb/E{N2(t)} . (30)

3) Moments of the SNR: Substituting (30) in m(n)
γEGC =

∞∫
−∞

zn pγEGC (z)dz and solv-

ing the integral over z using [11, Eq. (3.478-1)] allows us to express the nth moment
of the SNR γEGC (t) in a closed form as

m(n)
γEGC ≈ β 2n

L

(
Eb

E{N2 (t)}
)n Γ(αL +2n+1)

Γ(αL +1)
. (31)

4) Amount of Fading: The AOF is defined as the ratio of the variance σ2
γEGC

and

the squared mean value m(1)
γEGC of the SNR γEGC (t), i.e., [4, 13]

AOF =
σ2

γEGC(
m(1)

γEGC

)2 =
m(2)

γEGC −
(

m(1)
γEGC

)2

(
m(1)

γEGC

)2 . (32)

Computing the first two moments of γEGC (t) using (31) and substituting the results
in (33) yields the following closed-form approximation for the AOF

AOF ≈ (
α2

L +7αL +12
)

β 2
L Γ(αL +1)−1 . (33)

B. Average BEP
The average BEP Pb over the fading channel statistics at the output of the EG

combiner can be obtained using the formula [41]

Pb =
∞∫

0

pΞρ (x)Pb|Ξρ (x)dx (34)

where Pb|Ξρ (x) is the BEP of M-ary PSK modulation schemes conditioned on the
fading amplitudes {xk}K

k=0, and x = ∑K
k=0 xk. Here, the fading amplitude x0 follows

the classical Rice distribution. Furthermore, the fading amplitudes {xk}K
k=1 possess

the double Rice distribution.
The conditional BEP Pb|Ξρ (x) of M-ary PSK modulation schemes can be ap-
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proximated as [10]

Pb|Ξρ (x) ≈ a
log2 M

Q
(√

2g log2 MγEGC (x)
)

≈ a
log2 M

Q

(√
2g log2 M Eb

E{N2 (t)} x2

)
(35)

where M = 2b with b as the number of bits per symbol, Q(·) is the error function
[11]. The parameter a equals 1 or 2 for M-ary PSK modulation schemes when
M = 2 or M > 2, respectively, whereas for all M-ary PSK modulation schemes
g = sin2 (π/M) [48].

Substituting (17) and (35) in (34) leads to the approximate solution for the av-
erage BEP Pb, i.e.,

Pb ≈ a
log2 M

1

β (αL+1)
L Γ(αL +1)

∞∫

0

xαL e−
x

βL Q

(√
2g log2 M Eb

E{N2 (t)} x2

)
dx . (36)

C. Outage Probability
The outage probability Pout (γth) is defined as the probability that the SNR

γEGC (t) at the output of the EG combiner falls below a certain threshold level γth.

Substituting (30) in Pout (γth) = Pr{γEGC ≤ γth}= 1−
∞∫

γth

pγEGC (z)dz

Pout (γth)≈ 1− 1
Γ(αL +1)

Γ

(
αL +1,

√γth

βL
√

Eb/E{N2 (t)}

)
. (37)

V. NUMERICAL RESULTS

The aim of this section is to evaluate and to illustrate the derived theoretical approx-
imations given in (17), (24), (25), (36), and (37) as well as to investigate their accu-
racy. The correctness of the approximated analytical results is confirmed by eval-
uating the statistics of the waveforms generated by utilizing the sum-of-sinusoids
(SOS) method [29]. These simulation results correspond to the true (exact) re-
sults here. The waveforms µ̃(i) (t) obtained from the designed SOS-based chan-
nel simulator are considered as an appropriate model for the uncorrelated Gaus-
sian noise processes µ(i) (t) making up the received signal envelope at the output
of the EG combiner. The model parameters of the channel simulator have been
computed by using the generalized method of exact Doppler spread (GMEDS1)
[32]. Each waveform µ̃(i) (t) was generated with N(i)

l = 14 for i = 0,1,2, . . . ,2K
and l = 1,2, where N(i)

l is the number of sinusoids chosen to simulate the inphase
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(l = 1) and quadrature (l = 2) components of µ̃(i) (t). It is widely acknowledged
that the distribution of the simulated waveforms

∣∣∣µ̃(i) (t)
∣∣∣ closely approximates the

Rayleigh distribution if N(i)
l ≥ 7 (l = 1,2) [29]. Thus, by selecting N(i)

l = 14, we
ensure that the waveforms µ̃(i) (t) have the required Gaussian distribution. The
variance of the inphase and quadrature component of µ(i) (t)

(
µ̃(i) (t)

)
is equal to

σ2
i = 1∀ i = 0,1,2, . . . ,2K, unless stated otherwise. The maximum Doppler fre-

quencies caused by the motion of the source mobile station, K mobile relays, and
the destination mobile station, denoted by fSmax , fRmax , and fDmax , respectively, were
set to 91 Hz, 125 Hz, and 110 Hz. The total number of symbols used for a reliable
generation of BEP curves was 107.

In this section, we have attempted to highlight the influence of a LOS component
on the statistics of the received signal envelope at the output of the EG combiner
and the systems’ overall performance. This is done by considering three propa-
gation scenarios called the full-LOS, the partial-LOS, and the NLOS scenario, de-
noted by LOSK,K , LOSK,0 (LOS0,K), and LOS0,0, respectively. Here, K corresponds
to the number of mobile relays in the network. In the full-LOS scenario, we have
LOS components in the direct link as well as all the transmission links between the
source mobile station and the destination mobile station via K mobile relays. The
scenario in which LOS components are present only in some few links from the
source mobile station to the destination mobile station via K mobile relays is re-
ferred to as the partial-LOS scenario. When LOS components do not exist in any of
the transmission links, we have the NLOS scenario. Whenever, there exists a LOS
component in any of the transmission links, its amplitude ρi is taken to be unity. It is
necessary to keep in mind that there is a direct link between the source mobile sta-
tion and the destination mobile station, in addition to the links via K mobile relays.
Therefore, the total number of diversity branches available is K +1. The presented
results in Figs. M.2–M.8 display a good fit of the approximated analytical and the
exact simulation results.

Figure M.2 demonstrates the theoretical approximation for the PDF pΞρ (x) of
Ξρ (t) described in (17). This figure contains the PDF pΞρ (x) of Ξρ (t) under full-
LOS, partial-LOS, and NLOS propagation conditions considering a different num-
ber of mobile relays K. It is quite obvious from the figure that for any value of K,
the presence of LOS components increases both the mean value and the variance of
Ξρ (t). Furthermore, for LOSK,K when K = 1, as σ2

0 → 0 the PDF pΞρ (x) of Ξρ (t)
maps to the double Rice distribution, whereas it reduces to the double Rayleigh
distribution for LOS0,0. Another important result is that the PDF pΞρ (x) of Ξρ (t)
tends to a Gaussian distribution if K increases. This observation is in accordance
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with the central limit theorem (CLT) [27]. A close agreement between the approx-
imated theoretical and the exact simulation results confirms the correctness of our
approximation.

The LCR NΞρ (r) of Ξρ (t) described by (24) is evaluated along with the exact
simulation results in Fig. M.3. This figure presents the LCR NΞρ (r) of Ξρ (t) corre-
sponding to LOSK,K , LOSK,0 (LOS0,K), and LOS0,0 scenarios considering a different
number of mobile relays K in the system. It can be observed that in general, for any
value of K, at low signal levels r, LOS components facilitate in decreasing NΞρ (r).
However, at high signal levels r, the presence of LOS components contributes to-
wards the increase in NΞρ (r). These results also illustrate that for all the three
considered propagation scenarios, at any signal level r, (24) closely approximates
the exact simulation results when K > 1. This is in contrast with when K = 1, where
(24) holds only for high values of r. We can further deduce from these results that
by increasing K, NΞρ (r) can be reduced for lower values of r, whereas it increases
for higher values of r. It is also worth noticing that at higher values of r, for LOSK,K

when K = 1, as σ2
0 → 0, (24) provides us with a very close approximation to the

exact LCR of a double Rice process given in [45], whereas it approximates well to
the exact LCR of a double Rayleigh process for LOS0,0 [28].

In Fig. M.4, the analytical approximate results of the ADF TΞρ− (r) of Ξρ (t) de-
scribed by (25) along with the exact simulation results are displayed. These results
clearly indicate that for all propagation scenarios, i.e., LOSK,K , LOSK,0 (LOS0,K),
and LOS0,0 scenarios, increasing K results in a decrease of TΞρ− (r) at all signal lev-
els r. It can also be observed in Fig. M.4 that the presence of the LOS components
in all the transmission links lowers TΞρ− (r) for all signal levels r and any number
K.

The average BEP Pb of M-ary PSK modulation schemes over M2M fading chan-
nels with LOS components and EGC described by (36) is presented in Fig. M.5. In
this figure, a comparison of the average BEP Pb of quadrature PSK (QPSK), 8-
PSK, as well as 16-PSK modulation schemes is shown by taking into account K +1
diversity branches for each modulation scheme. The average BEP Pb curves asso-
ciated with the aforementioned modulation schemes in double Rice channels are
also included in Fig. M.5. Here, the average BEP Pb is evaluated for LOSK,K , i.e.,
ρi = 1∀ i = 0,1,2, . . . ,2K. For all modulation schemes, when K = 1, a significant
enhancement in the diversity gain can be observed with the availability of just one
extra transmission link. See, e.g., when the direct link from the source mobile sta-
tion to the destination mobile station is not blocked by obstacles and there is one
relay present in the system, then at Pb = 10−3, it is possible to attain a diversity gain
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of approximately 21 dB. Increasing the number, K, of mobile relays in the system,
in turn increases the number of diversity branches and hence improves performance.
Provision of higher data rates is the characteristic feature of higher-order modula-
tion schemes. These modulations are however known to be more prone to errors.
This sensitivity of higher-order modulations towards errors is visible in Fig. M.5
as the average BEP Pb curve associated with QPSK modulation shifts to the right
when 8-PSK or 16-PSK modulation schemes are deployed.

An EG combiner installed at the destination mobile station makes a receiver di-
versity system. In addition to the diversity gain, such systems offer array gain as
well [10]. The array gain in fact results from coherent combining of multiple re-
ceived signals. In the context of EGC, the array gain allows the receiver diversity
system in a fading channel to achieve better performance than a system without di-
versity in an AWGN channel with the same average SNR [10]. Figure M.6 includes
the theoretical results of the average BEP Pb of QPSK under full-LOS propagation
conditions (i.e., the LOSK,K scenario) with increasing number of diversity branches.
In the presented results, K ≥ 10 implies that we have ≥ 11 diversity branches. Note
that in Fig. M.6, for K ≥ 10, the dual-hop amplify-and-forward system with M2M
fading channels has a lower error probability than a system in an AWGN channel
with the same SNR. This improved performance is due to the array gain of the EG
combiner.

Figure M.7 illustrates the impact of the existence of LOS components in the
relay links on the average BEP Pb of M-ary PSK modulation schemes. Keeping
the number of diversity branches constant, e.g., for K = 3, the average BEP Pb

of QPSK and 16-PSK modulation schemes is evaluated for the LOSK,K , LOSK,0

(LOS0,K), and LOS0,0 scenarios. For both QPSK and 16-PSK modulations, there is
a noticeable gain in the performance when going from LOS0,0 to LOSK,K . See, e.g.,
at Pb = 10−4, a gain of approximately 1.5 dB is achieved when we have LOSK,0

(LOS0,K) compared to LOS0,0. A further increase of ≈ 1 dB in the gain can be seen
if LOSK,K conditions are available.

Finally, the outage probability Pout (γth) described by (37) is evaluated along
with the exact simulation results in Fig. M.8. Under full-LOS propagation con-
ditions with QPSK modulation scheme employed in our analysis, Pout (γth) for a
different number of diversity branches is obtained. The presented results show a
decrease in Pout (γth), which is due to EGC deployed at the destination mobile sta-
tion and the resulting performance advantage is the diversity gain.
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VI. CONCLUSION

This article provides a profound study pertaining to the statistical properties of EGC
over M2M fading channels under LOS propagation conditions in relay-based net-
works. In addition, vital information about the performance of relay-based coopera-
tive systems in such channels is made available. The system under investigation is a
dual-hop amplify-and-forward relay communication system, where K mobile relays
are arranged in parallel between the source mobile station and the destination mo-
bile station. It is further assumed that the direct link from the source mobile station
to the destination mobile station is not blocked by any obstacles. Such a configu-
ration gives rise to K + 1 diversity branches. The signals received from the K + 1
diversity branches are then combined at the destination mobile station to achieve the
spatial diversity gain. In order to accommodate the direct link along with the un-
balanced relay links, we have modeled the received signal envelope at the output of
the EG combiner as a sum of a classical Rice process and K double Rice processes.
Furthermore, the classical Rice process and double Rice processes are independent.
Besides, the double Rice processes are independent but not necessarily identically
distributed.

In order to achieve the optimum performance in relay-based systems, the se-
lection of the relay gain is of critical importance. Therefore, we have derived and
verified the optimal relay gain associated with LOS propagation scenarios. Utilizing
the derived relay gain in the statistical analysis simple and closed-form analytical
approximations for the channel statistics such as the PDF, CDF, LCR, and ADF are
derived. Here, the Laguerre series expansion has been employed to approximate the
PDF of the sum of classical Rice and K double Rice processes. The advantage of
using the Laguerre series is that this makes it possible to approximate the PDF of
the sum process by a gamma distribution with reasonable accuracy. The CDF, LCR,
and ADF of the sum process are also approximated by exploiting the properties of
a gamma distributed process. Furthermore, the presented results demonstrate that
the approximated theoretical results fit closely to the exact simulation results. This
thus provides us with a reason to believe that the approximation approach followed
in this study is valid. In addition to studying the impact of the number of diversity
branches, we have included in our discussion the influence of the existence of the
LOS components in the transmission links on the statistical properties of EGC over
M2M channels.

The utilization of the presented statistical analysis is then demonstrated in per-
formance evaluation of dual-hop multi-relay cooperative systems. In this work,
the performance assessment measures of interest are the PDF as well as the mo-
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ments of the instantaneous SNR, AOF, average BEP, and outage probability. The
required SNR can be expressed as the ratio of the squared received signal envelope
at the output of EG combiner and the total received noise. Furthermore, the to-
tal received noise is modeled as a sum of the noise component inherently existing
in the transmission link between the kth mobile relay and the destination mobile
(i.e., AWGN) and the noise component that is amplified by the kth mobile relay
and then is forwarded. The PDF of the instantaneous SNR can, thus, be obtained
from the previously derived PDF of the sum process by a simply transformation of
random variables. Given the PDF of the instantaneous SNR, the computation of
the moments of SNR, AOF, and outage probability is rather straightforward. It can
be concluded from the presented results that generally, in a dual-hop relay system
with EGC, the presence of LOS components in the transmission links improves the
systems’ performance.
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Figure M.1: The propagation scenario describing K-parallel dual-hop relay M2M
fading channels.
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Figure M.2: The PDF pΞρ (x) of the received signal envelope at the output of the EG
combiner Ξρ (t) for K +1 diversity branches under different propagation conditions.
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Figure M.3: The LCR NΞρ (r) of the received signal envelope at the output of the EG
combiner Ξρ (t) for K +1 diversity branches under different propagation conditions.
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