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Abstract
Demand for high data rates is increasing rapidly for the future wireless
generations, due to the requirement of ubiquitous coverage for wireless broadband services. More base stations are needed to deliver these services, in order
to cope with the increased capacity demand and inherent unreliable nature of
wireless medium. However, this would directly correspond to high infrastructure cost and energy consumption in cellular networks. Nowadays, high power
consumption in the network is becoming a matter of concern for the operators,
both from environmental and economic point of view.
Cooperative communications, which is regarded as a virtual multi-inputmulti-output (MIMO) channel, can be very efficient in combating fading multipath channels and improve coverage with low complexity and cost. With its
distributed structure, cooperative communications can also contribute to the
energy efficiency of wireless systems and green radio communications of the
future. Using network coding at the top of cooperative communication, utilizes the network resources more efficiently.
Here we look at the case of large scale use of low cost relays as a way
of making the links reliable, that directly corresponds to reduction in transmission power at the nodes. A lot of research work has focused on highlighting the gains achieved by using network coding in cooperative transmissions.
However, there are certain areas that are not fully explored yet. For instance,
the kind of detection scheme used at the receiver and its impact on the link
performance has not been addressed. The thesis looks at the performance
comparison of different detection schemes and also proposes how to group
users at the relay to ensure mutual benefit for the cooperating users. Using
constellation selection at the nodes, the augmented space formed at the receiver is exploited for making the links more reliable. The network and the
channel coding schemes are represented as a single product code, that allows
us to exploit the redundancy present in these schemes efficiently and powerful
coding schemes can also be designed to improve the link performance.
Heterogeneous network deployments and adaptive power management has
been used in order to reduce the overall energy consumption in a cellular network. However, the distributed structure of nodes deployed in the network,
is not exploited in this regard. Here we have highlighted the significance of
cooperative relaying schemes in reducing the overall energy consumption in
a cellular network. The role of different transmission and adaptive resource
allocation strategies in downlink scenarios have been investigated in this regard. It has been observed that the adaptive relaying schemes can significantly
reduce the total energy consumption as compared to the conventional relaying
schemes. Moreover, network coding in these adaptive relaying schemes, helps
in minimizing the energy consumption further. The balance between the number of base stations and the relays that minimizes the energy consumption, for
each relaying scheme is also investigated.
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Chapter 1

Introduction
Due to the reduction in cost of computation and communication in the last two decades,
the use of wireless communication has reached an unprecedented level. More than four
billion people are dependent on cellular communication for their day to day activities.
Smart cellular devices and laptops have become quite popular, as they support variety of
wireless broadband services and high speed internet access. There are strong indications
that the wireless broadband usage will continue to increase in the future. For instance, it is
predicted that out of 3.4 billion broadband subscriptions, 80% of these users will be using
mobile broadband by 2014 [1, 2], as illustrated in Fig. 1.1. Therefore, in order to provide
the mobile broadband services ubiquitously to the users, the amount of data traffic in the
wireless networks is rising exponentially. In order to provide this huge amount of data in
acceptable time, the data rates have to be increased at the same speed. Therefore, the target
data rate for each new wireless generation is several magnitudes higher [3] as compared to
the previous one as shown in Fig. 1.2.
Along with high data rate demand, people also expect increased mobility and high
quality of service for these new multimedia applications. In order to meet these stringent
requirements, current cellular system design is focused to improve the quality of service,
coverage and system capacity. One of the main hinderance in achieving the high data rates
with required quality of service, is the unreliable nature of wireless medium, caused by
inherent channel fading. In addition, the transmission losses increase significantly with the
distance, as high frequency bands are being used for future wireless generations. Therefore, denser deployment of base stations along with advanced multi antenna techniques is
favored by 3G and 4G (LTE) standards in order to make the links reliable and to fulfill
extreme spectral efficiency requirements.
However, the undesired consequence of these approaches is the increase in power consumption of the cellular network [7]. This increase is mainly due to the denser deployment
of the base stations, required to improve the high data rate coverage for the users. For instance, it is illustrated in Fig. 1.3, that the energy consumption for China mobile has been
doubled in the last five years [4], due to the corresponding increase in the number of base
stations. It seems that, due to the various environmental and economical factors, it will be
1
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difficult to sustain the current rate of power consumption per unit of data [8] for the future
wireless generations. For instance, global climate change has been acknowledged as an
important issue in the recent years and there is growing need to reduce carbon emissions
by efficient energy consumption. Some political initiatives are taken by the society to slow
down the global warming. For instance, European commission has set the ambitious target
to reduce the carbon foot print by 20% until 2020. Chinese government has also promised
to reduce the energy per unit GDP by 20% until 2020 [9]. Regarding electricity consumption in information and communication technology (ICT) infrastructure, it has been

3

Figure 1.3: Energy Consumption Doubling in Last Five Years for China Mobile [4].

Figure 1.4: Key Design Constraints [5, 6].

found that 3% of the worldwide energy is consumed by this sector, that causes 2% of the
global carbon emission which is comparable to the amount of emission from airplanes [8].
Moreover, cellular networks within the ICT sector alone are responsible for consuming 60
billion kilowatt hours of energy, accounting for about 0.5% of the global electricity consumption. This would increase further in order to meet the exploding demands of higher
data rates for the future wireless generations.
Since profit maximization along with the user satisfaction is the main objective for
the telecom operators, the energy cost seems to be prime concern for the operators, as
compared to the environmental factors. With the increasing energy price around the world,
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the electricity bills are becoming a limiting factor for the operators, as they contribute
directly to the operation costs (OPEX). For instance, energy cost can go up to 50% of the
OPEX for the operators having many off grid sites [10]. Therefore, besides infrastructure
and spectrum costs, energy cost will also become an important design constraint for the
operators in the future generations (IMT-Advanced and beyond) of cellular systems.
The relationship between these design constraints [5, 6] is quite obvious from Fig. 1.4.
Conventional cellular systems with spectral efficiency dominated design using high power
macro base station deployments, is represented by A. One solution to reduce the burden
on spectrum is to improve the spectrum reuse by deploying large number of small base
stations. However, this increases the infrastructure cost, and we reach at point B. Since
energy consumption in cellular networks is becoming an emerging challenge, the energy
efficiency dominated design will lead us to point C, which can be called as the architecture
for green communications. However, better frequency reuse and utilization of secondary
spectrum may provide an abundant spectrum in future, then the total cost for the operator
would depend on minimization of energy and infrastructure cost and the architecture is
shown by point D. Hence, the challenge for future cellular systems is not only to put as
many bits as possible in a given spectrum, but also to transmit these bits in a power and
cost efficient way.
Acknowledging the importance of power efficiency in cellular networks, various international projects have been initiated recently in order to realize green communications in
cellular networks. For instance, a European research project known as Optimizing Power
Efficiency in Mobile Radio Networks (OPERA-NET) has started in 2008. Similarly, another integrated effort of operators, regulators and academia named as EARTH [11] has
started in 2010 and has ambitious goals to reduce the energy consumption of mobile networks by 50% as compared to present ones. Moreover, GreenTouch project is another
example, having the target to reduce the energy consumption per bit by a factor of 1000 up
till 2015 [9]. In academic world, the power consumption has been considered an important issue in case of mobile ad hoc networks traditionally and different routing algorithms
have been proposed in [12–17] for maximization of network life time. In case of cellular
networks, the reduction in power consumption at the user device has received much attention conventionally, in order to improve the battery life time. Various approaches have
been adopted in this regard, including power control at the user device [18, 19], optimal
transmission and resource management [20–22], and reduction in idle mode power [23].
However, the power consumption at the cellular device is only a fraction of the total power
consumption in a cellular network. For instance, the energy consumption of mobile network per user per day for the Japanese operator, NTT DOCOMO in 2006, was 120 times
greater than the energy consumption of typical user device per day [7]. This highlights
the importance of designing radio access networks that utilize the energy in an efficient
manner.
With the emerging trend of designing energy efficient radio access networks, the potential for many other directions have been analyzed in the recent research works. For
instance, it is indicated in [10] that efficiency of power amplifiers is much degraded at
medium and low traffic loads and hence need improvements. Joint optimization of power
amplifiers and antenna networks is also considered necessary in this regard [7]. However,
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designing ultra-efficient amplifiers and reducing the feeder losses alone, may not be enough
for realizing green communication [9]. The improvements at each stage in the communication chain is needed to enhance the energy efficiency [7]. The current cellular systems
are designed in order to meet the peak traffic demands. However, the cellular networks
experience rapid fluctuations in traffic demand, and most of the energy is wasted during
the low load situations. Therefore, there is a growing need to adapt the power management
at the base station according to the traffic load variation. In this regard, the role of energy
aware protocols have been highlighted in [24, 25] giving the possibility to the transmitter,
to shut off under utilized parts of the network during low traffic loads.
Heterogenous deployment is another approach that has been considered as a way of
reducing energy consumption at the nodes [26–29]. For instance, combined micro and
macro base stations deployment has been used to reduce the area power consumption under a given target spectral efficiency [27]. The obtained results showed that heterogenous
deployment improves the energy efficiency of cellular systems with a gain that depends
on the power consumption model. A more detailed power consumption model with more
parameters was proposed in [28]. The investigations in [27] are extended using the concept
of quantile based area throughput and traffic load variations in [30] and [29], respectively.
The linear power consumption model [29] used in different contributions divides the total power consumption roughly into two parts. That is, the first part depends upon the
transmission power and the second part is independent of transmission power at the nodes.
Different methods described above have the capability to reduce either one or both parts of
the total energy consumption in a cellular network. However, all these studies are limited
to direct point-to-point transmission and did not consider the contribution that can come
from cooperative communications in reducing the energy consumption of cellular systems.
In recent years, the concept of cooperative communication in cellular network has
become quite popular. This new transmission paradigm forms an efficient virtual multiantenna system, that helps in taking advantage of the broadcast nature of the wireless
medium. The multiple versions of the same transmitted information reached at the receiver due to the cooperation, can make the links more robust towards wireless channel
impairments. Cooperation between the nodes also breaks a single hop communication into
multi-hop communication, and exploits the nonlinear relationship between the distance
and the propagation loss, for reducing the overall signal attenuation. These gains in signal
reliability can be translated into reduction in transmission power at the nodes. Due to the
cooperation between the nodes, a signal can travel via different paths between the transmitter and the receiver. This phenomena provides an opportunity to reduce the transmission
power independent part of the total energy consumption in the cellular network. These
interesting features of cooperative communication motivates us to investigate its role in
providing reliable and power efficient transmissions.
This chapter starts with a brief overview of related work on cooperative communication. Different areas that can be explored in order to improve the link performance and the
power efficiency in cellular networks have been highlighted in section 1.1. Based on these
unaddressed issues, the problem formulation is described in section 1.2. After describing
the general problem, the specific questions addressed by the thesis are summarized in section 1.3. Most of the material in this monograph is based on the publications. Hence, a
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brief summary of different contributions is provided in section 1.4.

1.1 Related Work
The foundation of cooperative communication lies in the concept of relaying, introduced
by [31]. Later on, information theoretic properties of relay channels have been studied
in [32]. In these pioneering contributions, maximum achievable communication rate has
been derived for a basic three terminal model, containing a source, a relay and a destination. The idea of user cooperation has been introduced by [33, 34] for uplink transmission
that improves the capacity and lowers the outage probability for a given data rate. A cooperative protocol is designed where two cooperating partners listen to the broadcasted
packet and retransmit the data for each other. This technique also helps in improving the
diversity gain, as both transmitting nodes have uncorrelated channels with the destination.
Later, [35] extended the concept of cooperation, by designing energy efficient multiple access protocols based on decode-and-forward (DF) and amplify-and-forward (AF) relaying
modes. Significant gains in terms of outage probability as compared to direct link transmission has been illustrated in this work. In addition to fixed relaying modes, an outage
probability analysis in [36] has been carried out for adaptive and incremental redundancy
modes. Distributed channel codes are used at relaying nodes for improving the bit or block
error rate in [37–39]. A number of interesting relaying strategies including repetition coding [40–42], space time cooperation [43], and space time coded cooperation [44] have been
proposed and significant gain in terms of error performance, outage probability and power
efficiency has been illustrated.
Many authors have considered the use of network coding [45], a routing technique initially proposed for wired networks, in order to combine the received packets at the relay
and improve the link efficiency. For instance [46, 47] proposed a new framework, termed
as adaptive network coded cooperation (ANCC) for reducing the outage in a multi terminal network by using low density parity check codes (LDPC) at intermediate nodes.
Similarly [48] has investigated the diversity gain using exclusive-OR (XOR) based network coding for multiple access relay channel (MARC) and showed that network coding
improves the bandwidth of MARC from 1/2 to 2/3, without affecting its diversity gain.
However, this investigation considers only the outage probability as a performance measure. Here, a system is considered in outage when signal to noise ratio (SNR) for two
out of three direct links is below some threshold. Another investigation in [49], considers
adaptive transmission of a network coded packet based on its correct reception at relay
and analyzes the outage probability for individual users. The outage probability analysis performed in these works highlights the importance of network coding in cooperative
communication in terms of link efficiency, and clearly shows how often a transmission is
possible. However, system/individual outage does not reflect the gain or loss in terms of
SNR for a given bit or block error rate. The determination of gain in terms of SNR also
indicates the improvement in transmission energy.
In the literature, different methods are considered to combine the directly received
signals and relayed signals at the receiver in case of cooperative transmission scenarios. For
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instance, a two user uplink transmission scenario with a single relay combining the packets
of both users is considered in [48]. Based on outage definition in [48], it implies that a
user is either detected directly or using other two correctly detected links. However, the
detection scheme used in [48] is not clearly mentioned. Similarly, some authors like [50]
perform the detection by considering all the received signals jointly which increases the
detection complexity at the receiver. Moreover, [51] has considered a detection scheme
based on successive cancelation of users while analyzing the capacity of network coded
MARC. In short, different detection methods are used implicitly in previous work and no
effort has been made to compare the performance of these methods. [51] has also looked
into the issue of user grouping at the relay where network coding at the relay couples the
performance of the combined users with each other. They have analyzed the user grouping
at the relay in the context of improving the system capacity. However, analysis is not done
in detail and impact of user grouping on link reliability of users is not considered. Some
other works [52–55] determine throughput improvement for various relaying structures
using network coding.
In addition to achieving diversity and throughput gain, network coded packets can also
be used to correct transmission errors. As network coding combines packets of different
users, it creates a redundancy common to all these cooperating users. This redundancy
will not be fully utilized if separate network-channel decoding is employed at the receiver
where channel decoding is performed for each transmission followed by network decoding [46, 56, 57]. To fully utilize the redundancy of network coding, joint channel-network
decoding should be employed at the receiver where all users involved in the cooperation
process can benefit. Distributed channel coding has been used to exploit the redundancy
provided by the relay link in a two hop relay channel as described in [37–39, 44]. The idea
was to use the principle of turbo coding where one constituent code is employed at the
source and one constituent code is employed at the relay node which gives the possibility
to employ turbo decoding at the receiver. Joint network-channel coding based on turbo
codes has been considered in [58] where the same convolutional code was employed at the
source and the relay node with interleaved user data. Iterative network and channel decoding has been used at the receiver. In [57], nested codes have been proposed and applied to
cooperation diversity with two nodes transmitting to a common destination. These codes
assume that individual nodes employ low rate codes that are a subset of a higher-rate code
such that the XORed codewords at the relay node can be seen as produced by a higherrate code. Iterative decoding of the direct transmission and the relayed transmission was
employed at the receiver. However, the principle of nested codes requires that nodes employ different codes. In [59], a joint channel-network coding scheme has been proposed
for MARC where the two transmitting nodes perform channel coding with a low-density
parity-check (LDPC) code and their combinations with the network code were described
by one Tanner graph on which the decoder performs iterative decoding to jointly decode
the network and the channel code. Very recently [60] has proposed a practical method to
combine non-binary channel coding with network coding for two source two relay topology in wireless network. The obtained results in all previous work have shown that joint
channel-network coding can exploit the diversity gain and the redundancy provided by the
relay node at the receiver in cooperative communication. However, most of these previ-
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ous contributions, apply convolutional codes and LDPC codes with a decoding algorithms
based on iterative decoding.
Different contributions described above are quite useful in improving the link performance and consequently have the capability to reduce the transmission energy. There are
some other works as well that illustrate the reduction in other power costs as well in cooperative communications. For instance, cooperative communication using threshold-based
relay node selection protocols has been considered to reduce the base station transmitted
power and feedback overhead without sacrificing outage performance [61–63]. Different
distributed selection schemes requiring less amount of feedback energy were proposed for
selecting an appropriate dual hop link in multi relay scenarios [63]. Their results showed
that more power saving is obtained when increasing the number of relay nodes. However, these results did not include the power consumption in the network due to cooling,
idle nodes, etc. The overall power consumption of a cooperative communication with a
two hop relaying link has been investigated in [64]. However, fixed resource allocation is
assumed at the nodes, which has the tendency to waste a significant amount of energy.
Traditionally, adaptive resource allocation schemes in cooperative communication were
designed based on system performance metrics such as end-to-end throughput [65], cooperative diversity [66], bit error rate [67], and capacity [68]. The optimization of such
metrics does not take into account the power consumption of the network. An energyefficient resource allocation scheme in cooperative orthogonal frequency division multiple
access (OFDMA) systems has been proposed in [69]. Their results showed that cooperative
relaying requires significantly less transmitted power than noncooperative1 relaying but
adjusting the source and relay transmission durations has a marginal effect on the performance. However, these conclusions were drawn when considering the transmitted power
only. Hence the role of adaptive resource allocation in cooperative communications has
not been explored in order to reduce the over all energy consumption in cellular networks.

1.2 Problem Formulation
The broadcast nature of the wireless medium provides the motivation to employ cooperative communication [34] via relay nodes in cellular networks. Relaying can provide
both macro and micro diversity [70] and can help in decreasing power consumption [71]
with multi-hop communications. Besides diversity gain, relay require nodes do not need
backhaul connections, hence relay deployment is easier, and cheaper than base station
deployment [72, 73]. During the last decade, significant research has been devoted to relays. Protocol architectures for cellular relaying networks are considered, and relaying is
an important feature in IEEE 802.16 and LTE standards. Different studies have shown
the advantages of cooperative relaying in cellular networks from an economical perspective [74, 75]. Various relaying techniques have successfully been commercialized over the
years.
Based on enormous advantages of cooperative relaying, the thesis looks at the case
of large scale use of low cost relays as a way of making the links reliable and reducing
1 Two-hop

relaying is named as noncooperative relaying in [69].
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the power consumption in a cellular network, with focus on signal processing and radio
resource allocations. Cooperation between the nodes via relays can be helpful at different
levels. On the link level, relaying helps in combating the unreliable nature of wireless
medium by forwarding redundant information towards the receiver. The redundancy provided by the relay at the receiver can make the links reliable or less transmission power
may be required for a given performance. However, as pointed out in the above section,
there are certain factors2 affecting the signal reliability on the links in cooperative relaying
scenarios that have not been addressed. Therefore, it is needed to analyze how these factors
can be helpful in improving the link reliability for the cooperative transmissions.
Besides looking at the advantages of cooperative relaying at the link level, it would
be interesting to explore the benefits of cooperative communication at the system level as
well. For instance, it is not only the transmission power but the total energy consumption
of all the transmitting nodes that matters at the system level. Here, the total energy or
power consumption include all the components that are dependent or independent of transmission power and are required to keep the transmitting nodes on and functioning properly.
By deploying relays in the network, we need to spend some extra energy compared to the
conventional cellular system without relays. On the other hand, relays help us in adapting
the transmission schemes according to the channel variations and hence provide an opportunity to reduce energy consumption at the base station. Does this reduction in energy
consumption due to the relays can compensate the extra energy required to keep them functioning, is an important question to be investigated. In other words, is it advantageous to
use cooperative relaying for improving the net energy or power consumption at the system
level.
Hence, the performance analysis of cooperative relaying schemes both at the link and
the system level can be helpful in order to have a clear picture about the expected gains in
terms of link reliability and power efficiency. Therefore, to sum up, the thesis address the
two key questions:
• How the reliability of the transmissions can be improved in cooperative relaying
scenarios.
• Whether the cooperative relaying schemes have the potential to reduce the net power
consumption in the cellular networks.

1.3 Scope of the Thesis
We have considered the performance of different cooperative relaying schemes, both on
link and the system level. On the link level, the objective is to study and improve the
error performance of the links. Since it is only the transmission power at the nodes that
is important here, both uplink or downlink transmission scenario can be considered as an
example for the analysis. For instance, in an uplink cooperative relaying scenario known as
2 These include the affect of different detection schemes, user grouping at relay, exploitation of augmented
signal space at the receiver, and looking channel and network codes as a single code. More explanation is provided
in section 1.3.
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multiple access relay channel, users have the possibility to cooperate via fixed relays with
the help of network coding. This cooperation between the users provide the receiver with
some redundancy via different links. How to use these links will impact the performance
of the cooperating users. For that, the monograph looks at the error probability of different
detection strategies for different positions of the cooperating users within the cell. As
the relay has the possibility to choose the cooperating users, it is important to investigate
which nodes should cooperate and on what basis they should be paired such that the error
probability is improved for both cooperating users.
Cooperation via a fixed relay, not only provides diversity, but also increases the signal
space dimension seen at the base station receiver. This augmented signal space [76, 77]
can be used to design better multi-level modulation schemes that can take advantage of the
diversity gain as well as the augmented signal space. The question addressed here is, how
to find the appropriate signal constellations for the cooperating users and the relay node in
the presence of network coding.
Instead of considering network coding only for combining the users, it can be seen as
extra redundance added to the user signals. This provides the motivation to use the concept
of joint channel-network coding for the cooperative relaying scenarios, when the transmitting nodes are employing linear block codes for channel coding. It will be shown in this
monograph, that combination of channel coding of the transmitting nodes and the network
coding scheme of the relay node can be seen as a product code with matrix codewords.
The rows of this product code are the codewords of the cooperating users and the columns
are the codewords of the linear network coding employed at the relay node(s). This new
representation gives the possibility to use any linear block code as a network code at the
relay node(s). It also gives us the possibility to use product decoding algorithms which represent real joint channel-network decoding algorithms where the combination of network
and channel coding schemes are seen as a single channel code. With this new representation of channel-network coding and the variety of decoding algorithms that exist in the
literature, one can consider using more powerful network coding schemes at the relay node
and adapt its rate according to the number of cooperating users and the quality of the different links. Such a flexibility will provide more robust cooperative relaying schemes with
a better throughput.
Besides making the links reliable and saving the transmission energy, it is also necessary to analyze the performance of cooperative relaying schemes with regard to net energy
saving at the system level. The total energy consumption in a downlink scenario can be
calculated using well established power consumption models in the literature. The comparison between the conventional cellular system without relays and the cooperative relaying
schemes is the basis of the analysis. The cooperative relaying schemes open a possibility to
adapt the resource allocation at the nodes according to the channel variation that can help
in reducing the energy consumption at the nodes. Hence, it is also interesting to investigate, at what conditions the cooperative relaying schemes can provide maximum benefit in
terms of reducing the energy consumption. For instance, the energy consumption within
the service area is the energy consumed by the base stations and that consumed by the
relays. What is the balance between number of base stations and number of relays that
minimizes the total energy consumption for a given quality of service for the users is also
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an important question to be addressed. In other words, the tradeoff between the number
of base stations and relays and its implication on the total energy consumption of different
cooperative relaying schemes will be investigated.

1.4 Contributions
This section describes the summary of the research contributions discussed in each chapter of the thesis. In general, the thesis looks at the performance of cooperative relaying
schemes in order to improve the error performance and the energy efficiency of the cellular
systems. Cooperative transmissions using network coding at the relay, is also considered.
Most of the results have been reported (submitted or accepted) in different international
conferences and journals.

Chapter 2: Cooperative Communication in Wireless Networks
This chapter highlights the significance of the concept of cooperative communication in
cellular networks. In the introductory part, a description about the impairments in fading
wireless channels is included. This helps in understanding the need of cooperative transmissions between the nodes in wireless network. Different protocols used for cooperative
relaying is also discussed. The principle of network coding and its advantages for wireless
applications and cooperative communication is described.

Chapter 3: Link Performance in Cooperative Relaying
In this chapter, the performance of different detection schemes for a given bit error probability for the users is compared under different link conditions. Analytical expressions
for the average bit error probability of the cooperating users are derived. Focusing on the
uplink of cellular systems, we look at the performance of MARC and how to group users
in the cooperation process. For a given error probability, the low complexity detection
schemes and optimum user grouping can help in saving transmission power. The main
results of this analysis have been reported in
[T.1] Tafzeel ur Rehman Ahsin and Slimane Ben Slimane, “Detection Strategies in Cooperative Relaying with Network Coding,” in IEEE PIMRC 2010, Istanbul, Turkey
September 2010.
[T.2] Jie Xu, Tafzeel ur Rehman Ahsin, Ling Qiu, and Slimane Ben Slimane, “Scheduling, Pairing and Ordering in the Network Coded Uplink Multiuser MIMO Relay
Channels,” in IEEE VTC 2010-Spring, Taipei, Taiwan May 2010.
[T.3] Jawad Manssour, Tafzeel ur Rehman Ahsin, Slimane Ben Slimane and Afif Osseiran,“Detection Strategies for Cooperative Network Coding: Analysis and Performance,”submitted to Elsevier Physical Communication Journal 2011.
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The author of this dissertation has developed all the original ideas described in the first
publication above. The coauthor Slimane Ben Slimane has provided valuable feedback on
the work. In the second paper the author of this dissertation has helped in verifying the
obtained results and writing the draft of the paper. The main idea is developed by the first
author Jie Xu and the other two coauthors have helped in refining the ideas. The second
paper contains related material but results are not included in this chapter. In the third
paper above, the main ideas are developed by the first author Jawad Manssour. The author
of this dissertation has developed the analytical framework that is used to obtained the
results. The other two coauthors have provided valuable feedback, both on the work and
the content of the publication.

Chapter 4: Constellation Selection in Cooperative Relaying
Here we propose constellation selection as a way of improving the link performance of
cooperative relaying in cellular systems. The idea is, with multi-level modulation, to use
a different constellation set for each link involved in cooperative communications. The
obtained results show that, with a proper selection of the constellation sets, the link performance of cooperative relaying in both additive white Gaussian noise (AWGN) channels
and fading multi-path channels can be improved. The main results of this analysis have
been reported in
[T.4] Tafzeel ur Rehman Ahsin and Slimane Ben Slimane, “Constellation Selection in
Network Coded Distributive Antenna Systems,” in IEEE GLOBCOM 2009, Hawaii,
USA Dec 2009.
The author of this dissertation has developed all the original ideas discussed in the publication above. The coauthor has provided valuable feedback on the work and the content of
the paper.

Chapter 5: Joint Channel-Network Coding for Cooperative Relaying
This chapter describes a new alternative to improve the link performance in cooperative
relaying scenarios. Here the combination of channel coding and network coding in cooperative relaying has been represented as a product code. As several decoding algorithms for
product codes exist in the literature, joint channel-network decoding can now be achieved
for cooperative relaying and recovers the performance loss due to separate channel-network
decoding. The proposed representation also allows the use of more powerful network coding schemes. It also gives the possibility to involve more than two users in the cooperation
process via each relay simultaneously. Results have been reported in
[T.5] Tafzeel ur Rehman Ahsin and Slimane Ben Slimane, “Network Coding based on
Product Codes in Cooperative Relaying,” in IEEE WCNC 2010, Sydney, Australia,
April 2010.
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[T.6] Tafzeel ur Rehman Ahsin and Slimane Ben Slimane, “A joint Channel-Network Coding based on Product Codes for the Multiple Access Relay Channel,” submitted to
ISRN Communications and Networking Journal 2011.
The author of this dissertation has developed all the original ideas described in the aforementioned publications. The ideas are further refined during the discussions with the coauthor.

Chapter 6: Energy Efficiency using Cooperative Relaying
After looking at different methods that improve the link performance or reduce the transmission power for a given link performance, we have studied the total energy consumption
of different cooperative relaying schemes. Here, we investigate different transmission and
resource allocation strategies for cellular relaying systems and their impact on the total energy consumption of the system. The effects of relay planning (position) and the number
of relay nodes within the cell are also investigated. The obtained results show that cooperative relaying schemes with adaptive resource allocation can significantly reduce the total
energy consumption as compared to conventional point-to-point direct transmission. The
results for the analysis have been reported in
[T.7] Tafzeel ur Rehman Ahsin and Slimane Ben Slimane, “Area Energy Consumption in
Cooperative Decode and Forward (DF) Relaying Scenarios,” in European Wireless,
EW 2011, Vienna, Austria, April 2011.
[T.8] Tafzeel ur Rehman Ahsin and Slimane Ben Slimane, “Energy Efficiency Using Cooperative Relaying,” in IEEE PIMRIC 2011, Toronto, Canada, September 2011.
[T.9] Tafzeel ur Rehman Ahsin and Slimane Ben Slimane, “Energy Efficiency in Cooperative Relaying Systems,” submitted to IEEE Transactions on Vehicular Technology,
2011.
The author of this dissertation has developed all the original ideas described in the aforementioned publications. The coauthor has provided valuable feedback on the work and the
content of these papers.

Chapter 7: Deployment Strategies in Cooperative Relaying
In this chapter we have looked at, how the results obtained in Chapter 6, vary by changing
the parameters of the power consumption model and the propagation model. The effect of
including line-of-sight (LOS) conditions on the links and the impact of shadow fading on
the energy consumption of cooperative relaying schemes, is studied in this regard. Moreover, a sensitivity analysis is carried out to determine the effect of changing various parameters of power consumption model, on the obtained results. This analysis also provides
us a clue about the possible range of these parameters, in order to keep the cooperative
relaying schemes energy efficient as compared to the conventional transmission schemes.
Moreover, a tradeoff between the number of relays and the number of base stations in a
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given service area for different transmission schemes have been studied, that minimizes
the energy consumption in cellular network along with providing the required quality of
service to the users. It has been found that the adaptive relaying schemes using network
coding, consumes minimum energy and also reduces the number of nodes required to cover
the service area. The results for the above analysis are submitted as
[T.10] Tafzeel ur Rehman Ahsin and Slimane Ben Slimane, “Energy Efficient Resource
Allocation and Deployment Strategies for Wireless Networks,” submitted to IEEE
New Technologies, Mobility and Security, NTMS 2012, Istanbul, Turkey, May 2012.
The author of this dissertation has developed all the original ideas discussed in the aforementioned publication. The coauthor has helped in refining these ideas and provided feedback for improving the content of the publication.

Chapter 8: Conclusions
This chapter summarizes various results and contributions described above. Here, different
areas for the future studies are also identified.

Chapter 2

Cooperative Communication in Wireless
Networks
Last two decades have witnessed the unprecedented growth of wireless communications
and the same trend is expected to continue in the future. With the introduction of advanced
multimedia applications, such as mobile TV, video teleconferencing and real time gaming,
the amount of data traffic for the future generations of the cellular systems, are expected
to be several orders of magnitude higher, than that of current ones. On the other hand, it
is a quite challenging task to support these bandwidth hungry multimedia applications in
the presence of wireless channel impairments and the scarce resources, such as spectrum
and power. For instance, as the signal passes through the wireless channel, it experiences
the reflection, diffraction, and scattering. Moreover, multiple delayed versions of the same
signal reaches at the receiver, and add together in a constructive or destructive manner,
causing fluctuations in the amplitude, phase and frequency of the originally transmitted
signal. These impairments can be compensated by increasing the transmission power,
bandwidth or using a powerful error control coding scheme. However, these compensating
techniques either require more power and spectrum resources or reduce the transmission
rate in case of using the error control coding schemes. This makes the transmission at high
data rates with the required signal reliability, a challenging task for the wireless systems.
In order to deal with these limitations, the use of multiple-input-multiple-output systems abbreviated as MIMO systems, have been considered in [78–80]. The improvements in signal reliability comes from the enhanced diversity gains provided by MIMO
systems, as compared to the single antenna systems. In addition, these multiple antenna
systems help in achieving higher spectral efficiency by using sophisticated space-time coding schemes [81–83]. However, the performance of MIMO systems very much rely on the
rich scattering in the propagation environments and the adequate spacing between the collocated antennas. Therefore, placing multiple antennas on small wireless devices may
result in higher costs, hardware complexity and require large device size. This makes the
use of MIMO systems in many transmission scenarios, less attractive. Another way to deal
with the channel impairments and build an efficient and distributed MIMO system, is to
15
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use the concept of cooperative communications [34]. It implies from the notion "cooperation", that if two nodes want to communicate with each other and the link between them is
weak, they can take the help of the third node or relay to realize the transmission between
each other. The cooperation provided by the relay is helpful in reducing the path-loss
between the nodes and also provides redundant information to the receiver for taking the
decision. Therefore, this new transmission paradigm has the capability to make the links
more reliable. The usefulness of cooperative relaying in improving the system capacity
and providing cost effective coverage extension has been demonstrated in [73].
The introduction so far, briefly explains the significance of cooperative communication
for the future generations of cellular communications. The rest of the chapter provides
an overview of the related work on cooperative communication and discuss various techniques to realize this new transmission paradigm. However, the usefulness of cooperative
communication remains vague, without the basic understanding of different channel impairments. Moreover, since different propagation scenarios are considered in the rest of the
thesis, it is imperative to devote a section, in order to recap some fundamental propagation
characteristics of the wireless channel, before discussing different cooperative techniques.
Therefore the chapter starts with a brief description of wireless channel fading in section
2.1. Then the characteristics of cellular relaying systems and different protocols used for
the transmissions in such systems are discussed in section 2.2. The importance of network
coding in cellular relaying systems is highlighted in section 2.3. Finally, a brief summary
of the chapter is included in section 2.4.

2.1 Fading in Wireless Channels
The physical medium through which the information signal travels, from transmitter to the
receiver is called communication channel. For instance, telephone line in wired system
and environment between the transmitter and the receiver in wireless system is termed
as communication channel. Unlike the wired channels, the wireless or radio channels are
highly unpredictable in nature, both in time and frequency domain. The uncertain behavior
of radio channel limits the performance of wireless systems. Different factors such as the
obstructions in the transmission path, distance between the transmitter and the receiver,
relative motion of both nodes and surrounding environment influence the characteristics of
the radio channel.
The transmitted signal passes through the radio channel using electromagnetic wave
propagation and is effected by the characteristics of the radio channel. These electromagnetic waves reach the receiver due to different propagation mechanisms, such as reflection,
diffraction and scattering. The electromagnetic waves are reflected from a surface if its
dimensions are very large as compared to the wavelength of the waves. For instance,
the reflections occur from large buildings and the earth surface. If the propagating wave
is obstructed by a surface having sharp irregularities or edges, the phenomena known as
diffraction occurs, which allow the waves to propagate behind the obstruction. The signal
travels around the curved surface of earth or reaches the shadowed (obstructed) region due
to diffraction. If there are large number of obstructing objects and their dimensions are
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Table 2.1: Values of path-loss for different types of wireless environments .
Free Space
Urban Area Cellular Radio
Shadowed Urban Area Cellular Radio
In-building Line of Sight
Obstructed In-building

2
2.7 − 3.5
3−5
1.6 − 1.8
4−6

small, as compared to the wavelength of the waves, the waves scatter in all directions. The
scattering occurs mainly due to the roughness of the surfaces. Some of the examples of
objects that scatters the waves include the street signs and the lamp posts.
These propagation mechanisms are responsible for the variations in the received signal
strength and this variation due to the channel impairments is termed as fading. The radio
channel responsible for creating the fading, is known as fading channel. The fading channel
is responsible for, both the variation in the long term average value and the short term
fluctuations in the signal strength. Therefore, the distortions in the received signal can be
roughly classified into two categories, that is the large scale fading and the small scale
fading. Both are explained separately as follows:

2.1.1 Large Scale Fading
Large scale fading represents the variation in the mean of received signal power over a large
distance compared to the wavelength of the signal. It occurs when receiver is shadowed by
large terrain obstacles such as hills or buildings. The variation in received signal strength
is a function of the distance from the transmitter and the shadowing due to the different
obstructions. So far, different propagation models have been used for the radio channels,
in order to estimate the value of received signal strength. Some of the examples include, the
Okumura-Hata model, COST 231-Hata model, the Ikegami model, the Walfisch-Bertoni
model and the COST 231/Walfisch-Ikagami model [70, p. 85]. These propagation models
indicate, that the average received signal power decreases as a logarithmic function of the
distance, for the radio channels [84, p. 138]. Hence the expression for the average path
loss [70, p. 84] at a distance r meters from the transmitter can be written as follows:
L=

rη
Pt
=
Pr
ξ

(2.1)

where η is known as the path loss exponent and its value for different environments [85]
have been illustrated in Table. 2.1. Moreover ξ is the constant depending on the propagation conditions. For instance, in a single slope models, like Okumura-Hata [86] [70, p. 85],
the ξ depends upon the carrier frequency and on the height of transmitter and the receiver.
The average path loss L can be expressed in decibels (dB) as follows
L = 10η log10 (r) + K0

dB

(2.2)

Where K0 = −10 log10 (ξ) is known as clutter factor [70, p. 84]. The above expression takes into account the dependence of the path loss only on the distance between the
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transmitter and the receiver node. However, the received signal strength could be different
depending upon the surrounding environment, even if the distance between the both nodes
is same for two different locations. Measurements show that for any distance r meters
from the transmitter, the path loss is random and has log-normal distribution, with the distance dependent path loss as its mean [84, p. 139]. Log-normal distribution means that the
logarithm of the variable, for instance the signal power or path loss, follows normal distribution. Hence the expression in (2.2) can be rewritten after adding the effect of log-normal
shadow fading as follows:
L′

=

10η log10 (r) + K0 + Xσs

=

10η log10 (r) + K0 + 10 log10 (g) dB

dB
(2.3)

where Xσs is zero mean gaussian random variable with a standard deviation σs dB. It has
following probability density function,
f (x) =

1
√

σs 2π

e

−

x2
2
2σs

,

(2.4)

and g denotes the corresponding log-normal random variable representing the shadow fading dependent path-loss. Therefore, the path loss for large scale fading, L′ in dB, can be
viewed as a Gaussian random variable with a mean value equal to 10η log10 (r) + K0 and
a standard deviation σs dB. In linear scale, L′ represents a log-normal distributed random
η
variable with a mean rξ and a standard deviation σs . Hence, the parameters required to
describe the large scale fading at specific distance from the transmitter includes, the clutter
factor K0 , the path-loss exponent η and the standard deviation σs for Xσs .

2.1.2 Small Scale Fading
Small scale fading involves the variation in received signal power over small distances,
comparable or less than the wavelength of the signal. This occurs due to scatters present in
the channel. These scatters are created due to reflection, and scattering of radio waves from
various objects and surfaces situated between the transmitter and the receiver. Therefore,
the transmitted signal can take several paths to reach the receiver. Sometimes it reaches
directly without any obstruction, while in most cases it is refracted by different atmospheric
layers or reflected by ground and objects such as hills, buildings, vehicles, present between
the transmitter and the receiver. The signals reaching through different paths experience
different delays. The superposition of these signals at the receiver can be constructive or
destructive depending upon the delays introduced by each path. This causes variation in
received signal strength, frequency and phase at the receiver and thus give rise to small
scale multi-path fading.
From the theory of signals and systems, a bandpass radio communication signal s(t)
can be represented [70, p. 126] as follows
s(t) = b(t) cos(2πfc t + φ(t))

(2.5)
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where fc is the carrier frequency, b(t) and φ(t) are the time varying amplitude and the
phase function of the signal respectively. Typically, wireless transmission is done in a
narrow band around the carrier frequency. However, the processing of the signal such
as coding/decoding, modulation/demodulation, etc is done in baseband. For instance, at
the transmitter side the signal is first processed at the modulator and then converted to a
bandpass signal for transmission, at the carrier frequency. Similarly, at the receiver, the
signal is first converted to baseband and then demodulation is performed to recover the
original information. Therefore, from communication system design point of view, it is
useful to consider the equivalent baseband representation [87, p. 22] of the signal s(t).
Hence, s(t) can be represented in terms of its equivalent baseband signal sl (t) using (2.5)
as follows:
s(t)

= p(t) cos(2πfc t) − q(t) sin(2πfc t)
= ℜ{[p(t) + jq(t)] ej2πfc t }
= ℜ{sl (t)ej2πfc t }

(2.6)

where sl (t) = p(t) + jq(t) is the equivalent baseband signal (or complex envelope [70, p.
126]) of s(t), while p(t) and q(t) denote the quadrature components of s(t) and ℜ{.}
represents the real part of {.}.
Transmitted through the radio channel, the transmitted signal will experience both amplitude and delay distortion. Due to the presence of scatters in the medium, the radio signal
will reach the receiver via different paths, each with a different attenuation and delay. Assuming that the channel is linear, the received bandpass signal can be written [87, p. 20] as
follows:
y(t) =

X
i

=

ℜ

αi (t)s[t − τi (t)] + n(t)
"
X
i

αi (t)e

−j2πfc τi (t)

#

sl (t − τi (t)) e

j2πfc t

!

+ n(t)

(2.7)

where αi (t) and τi (t) are the multiplicative factor representing the attenuation and the
propagation delay respectively, at time t from the transmitter to the receiver on path i. The
attenuation for each path depends upon the antenna pattern of the transmitter and the receiver, the nature of the obstacles and the reflectors in the medium and their distances from
the transmitter and the receiver [87, p. 20]. Due to the relative motion of the transmitter and
the receiver and the rapid changes in the propagation environment, both the propagation
delay and the multiplicative factor are time variant.
Moreover n(t) represents zero mean additive white Gaussian noise (AWGN) at the
receiver, with the power spectral density N0 /2 watts per hertz. Main sources of AWGN
includes thermal motion of electrons in antenna, atmospheric noise, cosmic noise and manmade noise etc. Using (2.7), an equivalent received baseband signal [70, p. 253] can be
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written as follows:
yl (t) =

X
i

αi (t)e−j2πfc τi (t) sl (t − τi (t)) + z(t)

(2.8)

where z(t) is the equivalent baseband representation of n(t). The received signal yl (t) can
be re-written [87, p. 21] as
yl (t) =

Z

+∞

−∞

h́(τ, t)sl (t − τ )dτ + z(t)

(2.9)

where h́(τ, t) is the equivalent low pass of the channel impulse response and can be expressed as
X
αi (t)e−j2πfc τi (t) δ(τ − τi (t)).
(2.10)
h́(τ ; t) =
i

The fading channel in (2.10) can therefore be seen as a filter with time varying parameters. The corresponding frequency response or the transfer function of the channel, can be
obtained by taking the Fourier transform of the channel impulse response in (2.10) with
respect to variable τ , [87, p. 22] as follows:
H(f ; t) =

Z

+∞

h́(τ, t)e−j2πf τ dτ =

−∞

X

αi (t)e−j2πfc τi (t) e−j2πf τi (t) .

(2.11)

i

The time variant nature of the channel transfer function, not only effects the amplitude of
various frequency components of the transmitted signal, but also spreads the signal in the
frequency domain. For instance, if a sinusoid signal of frequency f0 is transmitted through
the multi-path fading channel, the received signal would be an amplitude modulated signal
around the center frequency f0 [70, p. 133] [87, p. 17]. Hence, radio channels spread the
transmitted signal both in time and frequency. Therefore, multi-path fading channels are
also known as doubly-spread channels [70, p. 137].
As the channels change in time and frequency domain in an unpredictable manner, they
can be modeled as stochastic processes. Such models are introduced by [88], in order to
study the behavior of these channels in complex scenarios, and to investigate the correlation
properties in both time and frequency domains. A notion of wide-sense stationary with
uncorrelated scattering (WSSUS) is used and hence all the signals arriving at the receive
antenna with different delays are considered uncorrelated in these models [89, p. 958].

a) Frequency Variation of the Channel
Due to the presence of various reflectors between the transmitter and the receiver in the
wireless channel, multiple replicas of the same transmission reaches at the receiver at different time instants. Basically the propagation delay is different for each replica. For
instance, it takes less time for the transmitted signal to reach at the receiver via a shorter
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direct path as compared to a longer indirect path. Therefore, a certain propagation delay
is associated with each version of the received signal. Since different versions of the same
signal reach the receiver at different time instants, this phenomenon is known as the time
spreading of the received signal. For a single transmitted impulse, the difference Tm between the propagation time of the longest and the shortest path, considering only those
paths having energy above some threshold, represents the maximum delay spread [87, p.
32]. If the delay spread is larger than the symbol duration Ts , each symbol will experience
interference from one or more successive output symbols. Therefore, the time spreading
of the received signal can cause inter symbol interference (ISI).
An analogous characterization of this phenomena in the frequency domain is represented by the coherence bandwidth. The coherence bandwidth Bm is a statistical measure
of the range of frequencies over which channel treats all the spectral components similarly.
Therefore, the signal components falling outside the coherence bandwidth will be treated
differently by the channel. The coherence bandwidth can be approximated as the reciprocal of the maximum delay spread, that is Bm ≈ T1m [87, p. 33]. Moreover, a symbol
duration much larger than the delay spread of the channel is equivalent to a signal bandwidth much smaller than the coherence bandwidth of the channel and vice versa [70, p.
146]. In other words, time spreading of a signal at the receiver provides us the information
about frequency selectivity of the fading channel. For instance, a fading channel is said
to be frequency non selective or flat fading, if signal bandwidth Ws is much smaller than
the coherence bandwidth of the channel. In this case all the frequencies are affected by the
channel in a similar manner. However, if the signal bandwidth is greater than the coherence
bandwidth, different spectral components will be affected by the channel differently and
the channel is said to be a frequency selective channel.
In the case of flat fading channels, the channel transfer function in (2.11) can be considered approximately constant over the signal bandwidth, that is H(f ; t) = H(0; t) for
|f | ≤ Ws /2. At the same time, the symbol duration Ts is much larger than the maximum delay spread Tm in this case. Therefore, all the replicas of the transmitted symbol
arrives at the receiver, within the symbol duration and sl (t) has no delayed versions in
(2.8). Hence, the equivalent baseband of the received signal in case of flat fading channels
can be approximated [70, p. 147] as follows:
!
X
−j2πfc τi (t)
yl (t) ≈
αi (t)e
sl (t) + z(t) = H(0; t)sl (t) + z(t).
(2.12)
i

Here H(0; t) = A(t) + jB(t) = C(t)e−jθ(t) represents the sum of multiplicative distortions on different paths. In the medium having lots of scatters, the central limit theorem
can be used to obtain the statistical properties of H(0; t). In this case, it can be modeled as
zero mean complex Gaussian random process, where as A(t) and B(t) are the uncorrelated
Gaussian process with zero mean and variance σ 2 . In the absence of any dominant path,
the fading amplitude C(t) has the Rayleigh distribution [70, p. 150] and the corresponding
probability density function is as follows:
fC (c) =

c − c22
e 2σ ,
σ2

for c ≥ 0.

(2.13)
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When the received signal is composed of multiple fading signal components along with
a dominant line of sight or direct component, then H(0; t) = d0 + A(t) + jB(t) cannot be
modeled as zero mean complex valued Gaussian random process [70, p. 150]. In this case
the fading amplitude C(t) has the Rician probability distribution and the corresponding
probability density function is given as follows:


(c2 +d2 )
0
c
cd0
fC (c) = 2 e− 2σ2 I0
, for c ≥ 0, d0 ≥ 0
(2.14)
σ
σ2
Therefore the channel is said to be Rician fading channel. Here d0 is a constant representing the amplitude of line of sight component and I0 (.) is the modified Bessel function of
the first kind and zero order [70, p. 151]. The ratio of power in the line of sight component to the power in the multi-path fading components is known as rice factor, denoted by
d2
K = 2σ02 . It is quite clear that very large value of K corresponds to an ideal line of sight
channel while K = 0 represents the Rayleigh fading channel [70, p. 151]. Although flat
fading channel does not allow ISI, it provides an upper limit on the achievable data rate
since the bandwidth of the signal should always be less than the coherence bandwidth that
is Ws < Bm , in order avoid frequency selectivity.
For high data transmission rates, its often difficult to ensure the relationship Ws <
Bm and hence the channel becomes frequency selective. The equivalent baseband of the
received signal yl (t) in this case can be written as follows:

yl (t) ≈

L−1
X
i=0

required part

z }| { L−1
X
ci (t)sl (t − iTs ) +z(t) (2.15)
ci (t)sl (t − iTs ) + z(t) = c0 (t)sl (t) +
i=1

|

{z

inter-symbol interference

}

where ci (t)’s are the uncorrelated complex Gaussian processes and represent the fourier
series coefficients of H(f ; t) truncated to the signal bandwidth. Moreover, L = ⌊ TTms ⌋ + 1
is the number of resolvable paths having ci (t) 6= 0 [70, p. 268]. It is obvious from (2.15)
that the received signal contains both the required part and the ISI. The frequency selective
channel induces the ISI, as the delay spread is much larger than the symbol duration. Different methods can be used to mitigate the ISI at the receiver, however before discussing
those methods, let us look at the time variant nature of the multi-path fading channel.

b) Time Variation of the Channel
Multi-path channel becomes time variant due to the relative motion of the transmitter and
the receiver. The relative motion, causes the frequency of the received signal to be shifted
relative to that of the transmitted signal. This shift in frequency is known as Doppler shift
and is proportional to the velocity of the receiver/transmitter and the frequency of the transmitted signal [70, p. 155]. Each path has its own Doppler shift, which is responsible for the
phase change in the signal, received through that path. Therefore, the signals having different phases add together in a constructive or destructive manner at the receiver. This causes
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rapid changes in the strength of the received signal over the time. How fast the strength of
the received signal will vary, depends upon the relative velocity of the transmitter and the
receiver. In other words, the channel coefficient changes does not remain time invariant.
This phenomena is characterized by a parameter known as coherence time T0 , which is the
measure of the expected time duration over which the channel response remains essentially
invariant [89, p. 967]. An analogous characterization of this behavior in frequency domain
is known as the Doppler spread Bd ≈ T10 . It represents the largest difference between the
Doppler shifts [87, p. 30] of various components, of the received signal.
Time variation of the channel results into slow or fast fading on the channel. For
instance, if the coherence time of the channel is less than the signal transmission time, the
channel is known as fast fading channel. However, if coherence time is larger than the
transmission time, the fading is termed as slow fading [70, p. 156] [87, p. 31]. In cellular
communication systems, the channel is usually constant over several symbol intervals.
Considering the slowly varying fading channel, which is constant over the nth symbol
interval, the baseband received signal in (2.15) can be modified as follows:
yl (t) ≈

L−1
X
i=0

ci sl (t − iTs ) + z(t),

nTs ≤ t < (n + 1)Ts

(2.16)

where all the ci (t) remains constant over at least one symbol interval. Hence, the output of
the correlation receiver for the nth symbol in a slowly varying fading channel [70, p. 267]
can be written as:
yn ≈

L−1
X

ci sn−i + zn = c0 sn +

i=0

L−1
X

ci sn−i + zn

(2.17)

i=1

Since the transmission time or delay requirement for different applications (voice or data)
is different, hence the characterization of a channel as a fast fading and slow fading, also
depends upon the intended application [87, p. 31]. The fast fading channel can limit the
performance of communication system. For instance, it can cause synchronization related
issues at the receiver hence more robust modulation scheme that doesn’t require phase
tracking is needed for its mitigation. Another method to cope with fast fading is to increase
the symbol rate, such that it becomes greater than the fading rate [89, p. 980]. In high data
rate applications, most often the channels can be considered as a slowly varying in time.
Now let us look at various techniques used to combat the ISI in slowly varying, frequency
selective fading channel.

c) Mitigating the Inter-symbol Interference
Different types of channel equalizers or filters can be used at the receiver to counter the
ISI in the received signal. However, the improvement in performance due to the channel
equalizers, is obtained at the expense of increased complexity at the receiver. Instead of
using these complex channel equalizers at the receiver, ISI can be mitigated effectively using orthogonal frequency division multiplexing (OFDM) as well. This scheme transforms
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a high data rate stream into a set of parallel low data rate streams. Thus it provides help
against time spreading phenomena in multi-path fading channels. In OFDM, the input data
stream is first modulated in baseband using any modulation scheme. The modulated data
stream, with symbol duration Ts is then converted to N different data streams. Each stream
is modulated by a specific subcarrier waveform and the addition of all the streams results
into baseband OFDM transmitted symbol/block.
By proper selection of number of carriers N , the duration of OFDM block T = N Ts
can be made larger than Tm in order to reduce the effect of inter symbol interference. However, this approach requires a very large number of sub-carriers increasing the complexity
of OFDM transceiver and also does not eliminate the interference completely [70, p. 299].
The received OFDM signal still experiences an ISI from previous OFDM block and the
inter carrier interference from N − 1 neighboring carriers in the same OFDM block. An
effective method to eliminate these interferences is to extend the OFDM block length at
the transmitter side using a time guard interval Tg > Tm . This extension in block length
of OFDM signal allows us to absorb all the interferences and also preserve the structure
of OFDM transmitted signal [70, p. 303]. In order to elaborate further, let us consider
that sl (t) in (2.8) represents an equivalent baseband OFDM transmitted signal in nth block
interval [70, p. 303], which is expressed as follows:

sl (t)

=

N
−1
X

sm gm (t),

m=0

=

nT − Tg ≤ t < (n + 1)T

N
−1
X
m
1
p
sm e2π T t .
T + Tg m=0

(2.18)

Here sm is baseband modulated symbol for mth subcarrier and nth block interval. Moreover gm (t) represents the orthogonal subcarrier waveform for mth subcarrier. The orthogonality property in OFDM system is preserved only if delays on all the reflected paths do
not exceed the time guard interval and the OFDM receiver synchronizes to the first arriving path. The addition of the time guard interval in the OFDM system provides a time
delay margin for the subcarrier waveforms for which the orthogonality property is always
preserved. Hence, by using a time guard interval greater than the maximum delay spread
(Tg ≥ Tm ), inter symbol and inter carrier interference will be absorbed and the receiver
can safely ignore this added guard interval at the receiver side [70, p. 304]. Considering
that the fading is slowly varying in time and the fading coefficients remain constant during
one OFDM block, the useful part of the received signal during the nth block interval can
be written [70, p. 304] as follows:

yl (t) =

N
−1
X

m=0

Hm sm gm (t) + z(t),

nT ≤ t < (n + 1)T

(2.19)

where Hm = H(m/T ; nT ) represents the channel transfer function for the mth subcarrier
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and the nth block interval [70, p. 299] with
X
m
αi e−j2πfc τi e−j2π T τi .
H(m/T ; nT ) =

(2.20)

i

Here the multiplicative factor αi and the delay for each path τi are considered constant
for the nth OFDM block. After passing through the correlation receiver [70, p. 304], the
output sample of subcarrier m becomes
ym

=

Z

(n+1)T

nT

=

s

∗
yl (t)gm
(t)dt

T
H(m/T ; nT )sm + zm
T + Tg

= h m sm + z m ;

m = 0, 1, · · · , N − 1

(2.21)

where the first term represents the modulated symbol for subcarrier m, scaled by the channel coefficient hm , while the second term is zero mean additive white Gaussian noise. It is
obvious from (2.21) that the output symbol is completely free from inter-symbol interference and inter-carrier interference. Hence, with the introduction of the time guard interval
in OFDM, it is possible to transform a frequency selective fading channel into N parallel
frequency nonselective (flat) fading channels.
In the presence of strong muli-path components, some carriers could be in deep fading
due to destructive combination of the paths and other paths can have better gain due to
the constructive combination. In other words, OFDM has solved the problem of ISI and
frequency selectivity, however other techniques are still needed to combat the multi-path
fading [70, p. 305]. Once the channels can be modeled as flat fading channels, diversity
techniques [70, p. 306] can be employed to reduce the effects of fading on the link performance, by transmitting the same information on more than one channel. The gain achieved
in terms of SNR is known as diversity gain. Maximum diversity gain can be obtained when
all the channels are uncorrelated and the number of these channels defines the diversity order. Diversity techniques can be employed along different dimensions, i.e. time, frequency
and space. By employing time and frequency diversity techniques, bandwidth efficiency of
the system is reduced as multiple resources are used for the same information data. On the
other hand, spatial diversity can be achieved by using multiple antennas [78, 79, 90, 91] at
transmitter and/or receiver and allowing the signal to propagate along independent paths.
Hence an adequate spacing is required between the antennas in order to achieve the benefits
of spatial diversity.
Cooperative communication between the nodes in a cellular network, is another method
to achieve spatial diversity and mitigate different channel impairments described above.
The rest of the chapter provides a brief overview of the research work related to cooperative communication and also illustrates the classification of different cooperative relaying
techniques. The throughput in the cellular network can be improved by combining multiple packets together and relaying them towards the destination. In order to combine these
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packets together, the concept of network coding [45] has been introduced in cooperative
relay networks [92]. Hence the role of network coding in cooperative relaying and its
significance in improving the throughput of the cellular system is also highlighted.

2.2 Cellular/Relay Systems
In order to deliver various multimedia applications and provide satisfactory quality of service to the users, the future wireless generations require extremely high data rates and more
reliable links. The concept of spatial diversity achieved with the help of multiple antennas,
has been considered as an efficient method in this regard [78, 79, 90, 91]. The multiple
antennas at transmitter and/or receiver allows the transmission signal to propagate through
independent paths. Hence multiple copies of the same signal is reached at the receiver.
These replicas are combined to extract the original transmitted signal and helps in combating the channel fading. Unlike time or frequency diversity, bandwidth efficiency is not
affected in this case, however power is shared between all the transmit antennas. Capacity
of the system can be enhanced using the spatial multiplexing gain. Depending upon the
application, there is tradeoff between the achieved diversity and the multiplexing. Besides
numerous advantages of using MIMO systems at the base station, these systems face some
limitations, while considering their deployment on small cellular devices. We know that,
for achieving spatial diversity, adequate spacing between the antennas is needed to ensure
independence between different channels. More spacing between antennas is required in
case of using low frequencies and poor scattering environment. However, the constraints
on size, cost and hardware complexity limits the maximum number of antennas, that can
be mounted on the cellular devices.
To overcome this drawback, the idea of forming a virtual MIMO system has gained a
lot of interest in recent times. This virtual multiple antenna system is formed by different
nodes in the cellular network that have high quality links between them. These cooperating nodes can exchange the information and cooperate with each other in transmitting
the information towards the destination. Thus the advantage of MIMO systems can be
achieved in a distributed manner and the phenomena is known as cooperative communication [34]. The basic foundations of cooperative communication lies in the pioneering work
on the capacity of relay channels [31], for three terminal network considering a source,
relay and the destination. Considering AWGN channel between the nodes, the capacity of
relay networks is then investigated in [32]. The concept of relaying is proposed for cellular
networks in [93], in order to balance traffic load among highly loaded cells and lightly
loaded cells.
Due to the significance of the concept of relaying as compared to the conventional
direct or one way transmission, it has received a lot of attention in different research works,
[33,34,36,43,94–97] related to fading channels as well. For instance, the work in [94–96],
analyze the capacity of cellular network using relays in the Rayleigh fading channels. The
diversity gain provided by different relaying protocols, in terms of outage probability have
been studied in [36]. The generalization of relay network, considering multiple sources
have been proposed in [33, 34] and known as user cooperation. The use of distributed
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Figure 2.1: Cooperative Communications

space-time codes for the relaying systems have been illustrated in [34, 43]. In literature
different wireless standards have used the concept of in-band and out-of-band relaying for
improving the performance and capacity of links [98]. Recently, the relaying technologies
have been included in LTE-Advanced and WiMAX standards as well [50]. From the related
work, it has been established that the cooperative relaying in cellular networks, helps in
improving the coverage and the throughput. However, most recently different research
works such as [64, 99, 100], have analyzed the significance of this concept, in terms of
power or energy efficiency of the cellular system as well.
Cooperative communication takes the advantage of two features of wireless channel;
first is its broadcast nature and second is its ability to achieve diversity gain due to the
independent transmission paths. Due to the broadcast nature of wireless medium, a transmitted signal is listened by multiple nodes in the cellular network. After listening, these
nodes have the possibility to retransmit the signal towards the destination. This mechanism allows different nodes in the cellular network to share their antennas to build a virtual
MIMO system without limitations on size and cost. Figure 2.1 illustrates how cooperative
communication between nodes can generate diversity in an interesting way. The figure
shows two nodes communicating with the same destination. Each node has single antenna
and hence cannot generate spatial diversity individually. However, due to broadcast nature of the wireless channel it may be possible for one node to hear the other and forward
some version of heard information along with/without its own data. Due to the statistically
independence of both fading paths, spatial diversity can be generated.
These cooperating nodes can be user devices or fixed relays deployed in a cellular
network. In the former case, user devices cooperate by transmitting each other’s data in
addition to their own data, known as user cooperation [33, 34]. In the latter case, relay
cooperates with user and forwards its data towards the destination, termed as cooperative
relaying [48,49,58]. Both modes of cooperation have the potential to provide gain in terms
of coverage and cooperative diversity. However, cooperative relaying has more practical
significance because dedicated relays are static and have relatively stable channel conditions with the destination. Moreover, relays can handle complex operations easily without
constraints like limited battery life as in case of user equipment. On the other hand, some
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complicating issues like reduction in rate of cooperating user and fairness between the
cooperating users need to be addressed while employing user cooperation mode. Therefore, it is encouraged to use relays as cooperating nodes as compared to user terminals as
indicated in [101].
Depending upon the number of hops between the source and the destination, the cooperative relaying techniques can be classified as two hop relaying and the multi-hop relaying. It is quite obvious from the nomenclature that the two hop relaying refers to a
scenario, where only one relay retransmits the received signal towards the destination.
However, multi-hop relaying refers to the case when there are more than two hops between
the source and the destination. Due to the nonlinear relationship between the distance and
the propagation loss [70], the signal attenuation can be reduced significantly using multihop transmission as compared to the direct link or single hop transmission. Hence, the
coverage of the cellular systems can be enhanced quite significantly using multi-hop relay
networks [102–106]. On the other hand, the performance of the multi-hop systems can be
severely effected, due to the lack of LOS between source and destination, shadowing and
Rayleigh fading. Considering a two hop relaying system, there are different ways in which
the relay can process the received signal, before its retransmission towards the destination.
Now, let us look at these methods, that the relays can employ and are described in the
literature.

2.2.1 Relaying Protocols
A relaying transmission protocol describes, how a relay can process the received information from the source. Different relaying protocols discussed in the literature [36, 40, 101]
are classified as follows:

a) Decode and Forward (DF) Relaying
This relaying protocol is also known as regenerative transmission protocol, since here the
relay acts as intelligent repeater and decodes the received signal sent by the source in first
time slot or first transmission phase. This decoding removes the effect of noise present at
the receiver. The relay retransmits the signal towards the destination, after re-encoding the
signal in second transmission phase. The destination combines the both versions of the
same signal and tries to extract the information sent by the source. However, if the channel
conditions on the source relay link is not good, it is not possible for the relay to decode the
received information without errors. Therefore the performance of DF protocol is limited
by this error propagation phenomena.
In order to deal with this issue, it has been considered that the relays should help the
source only if, they can decode its transmitted signal perfectly [107]. The number of errors can be checked at the relay, using cyclic redundancy check (CRC), and the resulting
protocol is named as adaptive DF [108]. In other words, the signal is forwarded to destination by only those relays where the received SNR at the relay is higher than a certain
threshold. Since there are many relays in a cellular network, its always better to select a
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relay that provides best performance. Hence an opportunistic DF relaying protocol is introduced in [66], where best relay is selected that maximizes the end to end channel gain.
In some other works such as [109–111], the assumption of perfect detection at relay is
relaxed and the resulting protocol is named as fixed DF. Here the relay always retransmits
the information towards the destination, after performing decoding.

b) Amplify and Forward (AF) Relaying
Using this non-regenerative transmission protocol proposed by [36], the relay behaves like
the traditional analog repeaters. For instance, during first time slot source transmits data
towards destination. Relay also listens to the transmission due to broadcast nature of wireless medium. Afterwards, the relay amplifies the noisy version of transmitted source signal
without performing any kind of decoding. The received signal is multiplied by an amplifying gain [101], and re-transmitted to the destination. Since the relay does not perform any
kind of decoding, this transmission protocol has reduced hardware complexity. The main
disadvantage of this method is that the noise present in the received signal at the relay also
gets amplified. However, the relay cooperation provides two independent versions of the
same signal to the destination, that can be combined to achieve a maximum diversity order
of two in this case [36].

b) Hybrid AF and DF Relaying
There are many variants of AF and DF relaying considered in the literature. For instance,
a hybrid scheme of adaptive DF and AF protocols has been proposed for OFDM systems,
where a better protocol is used on each subcarrier depending upon the channel state information on the links [112]. Similarly another hybrid scheme combining the fixed DF
and AF protocols have been introduced in [113]. Here the relay performs the soft decision
decoding and forwards the information about signal reliability towards the destination. Instead of remaining silent during second phase of adaptive DF transmission, the relay can
amplify the received signal using AF protocol and can forward the data towards the destination. This protocol is known as hybrid decode-amplify-forward (HDAF) as described
in [108] and improves the performance of adaptive DF protocol using AF protocol, when
the relay cannot decode the received signal. The AF protocol used here can be further subdivided into two categories depending upon the availability of channel state information
(CSI) or not. If the CSI is available, it is known as CSI-assisted AF, otherwise it is called
as semi-blind AF [108]. The performance of former in terms of symbol error probability
is better than the latter, however has increased complexity [108].

c) Selection Relaying
Selection relaying helps in improving the performance of AF or DF relaying by adaptively
choosing between the direct transmission path and the relay path in the second transmission phase. Unlike adaptive DF where both source and relay remain silent in second transmission phase, here either source or the relay transmits in the second transmission phase
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depending upon the channel gain on the source-relay link. Therefore, if the source-relay
channel gain is larger than a certain threshold, the relay retransmits the information in the
second time slot or phase, using AF or DF protocol. On the other hand, the source retransmits the information, if the source-relay channel gain is below a certain threshold. This
method offers diversity order of two in case of three node cooperative transmission [101].
However, the channel state information must be known at the receiver, in order to use this
protocol. Moreover, relay needs to acknowledge the source by sending a bit message, that
it is transmitting or not in the second transmission phase. In addition, it is not clear if
its advantageous to use relay transmission or user transmission even if source-relay link
has channel gain above a certain threshold. This is because the channel gain on sourcedestination link and relay-destination link is not known before the retransmission towards
the destination.
[42] proposes a scheme based on coded cooperation that can be considered as variation
of selection decode-and-forward. In this scheme, two sources send their data towards the
destination, in such a way that they provide help to each other. Here the data for each source
is divided into two parts. First part is transmitted by the source itself, while the second part
is transmitted by its partner. In the first transmission phase both sources transmit the first
part towards the destination and also listens to each other’s transmission. If a partner is
able to decode the first part correctly, then it generates the second part of its partner’s data
and transmit it towards the destination. Otherwise it retransmits, its own second part in the
second transmission phase. Cyclic redundancy check can be used to calculate the number
of errors at each relay or source in this case. Here the partners do not have to acknowledge
each other about the content of their transmissions in the second phase. Moreover, this
scheme prevents the transmission of erroneous data in the second phase and hence reduces
the degradation in the performance due to the error propagation phenomena in DF schemes.

d) Incremental Relaying
This scheme is suitable for high data rate transmission as it tries to avoid the variations of
repetition coding, performed in above mentioned schemes. This protocol helps in making
the transmissions more efficient and has some resemblance with automatic repeat request
(ARQ) as well [101]. Here destination decodes the direct transmitted signal during the first
transmission phase and acknowledges relay if there is any error in the received message,
for instance using cyclic redundancy check. If there is no error, the destination sends a one
bit message to source and relay, telling the source to transmit second message. Otherwise
relay forwards the received data towards destination in second transmission phase. Then
destination combines direct and relayed signal for decoding.

2.2.2 Uplink and Downlink Cooperative Transmissions
Relaying can be helpful in both uplink and downlink transmissions. For instance, considering a set of fixed relays in a cellular network, users can communicate with the base station
with the help of relays. Since multiple users share a common relay, the cooperative relaying in the uplink of cellular systems is also known as multiple access relay channel [49].
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Figure 2.2: Uplink cooperative transmission with two users, one relay and one base station.

These relays are intended to help nearby mobile users to forward their messages toward
the base station.
Figure 2.2 illustrates the uplink scenario in case of two mobile users sharing one relay
station to communicate with the base station. Here, it is assumed that the three transmitting
nodes (two users and relay in uplink case) are using orthogonal channels (can be achieved
by time, frequency or code division). Considering that the relays operate in half duplex
mode, i.e. the relay cannot transmit and receive at the same time, the cooperative transmission is achieved in two phases [36] for each user. In the first phase, each mobile user
transmits its own information data on orthogonal channels. The relay receives and decodes
the data of the mobile users. In the second phase, the relay station forwards the user data
on orthogonal channels as well. The base station receives both the original data (from the
direct links) and the relayed signals, and combine them to decode the user information.
This gives a diversity gain of order 2 for each user as the direct and relayed signals reach
the base station via independently fading channels. When time division is employed as
orthogonal access method, the transmission phases require a total of four time slots, two
time slots for the first phase and two time slots for the second phase.
Similarly, the downlink transmission is also performed in two phases for each user as
illustrated in Fig. 2.3. In the first phase, the base station transmits the data to the mobile
users on the orthogonal channels. Due to the broadcast nature of wireless medium, these
transmissions are also received by the relay and decoding is performed. In the second
transmission phase, the relay transmits the corresponding data to each mobile user on the
orthogonal channel. Then both users combine the respective base station transmission and
the relay transmission, in order to extract the transmitted information. Assuming independent fading channels for the base station and the relay transmission, maximum diversity
order of 2 can be achieved for each user. Since orthogonal channels are used by all the
transmissions, both transmission phases require a total of four time slots, similar to the
uplink transmission.
Cooperative relaying makes it possible for users far away from the base station to
reach the base station and to achieve its required quality of service. However, due to
the orthogonal operation of the cooperation process or the half duplex operation of the
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Figure 2.3: Downlink cooperative transmission with two users, one relay and one base
station.

relays, the spectral efficiency of cellular relaying is reduced by half as compared to direct
link transmissions. One way to improve the situation is to use full duplex relays, that
transmit or receive at the same time or frequency. However, due to the problems in self
interference cancelation, such relays are difficult to design [114]. The reduction in spectral
efficiency using orthogonal transmissions can be dealt in a special case where we have
two way or bidirectional relaying [114]. That is, both the users want to send the data
to each other using a relay. Here the both users can transmit the data simultaneously to
the relay in first time slot. Then any relaying protocol such as AF or DF relaying can
be used and the relay forwards the received signals to both users in the second time slot.
Since both users know their own transmissions, they can cancel out the interference and
extract the data sent by their partner. This strategy was proposed by [114] to compensate
the loss of spectral efficiency due to half duplex operation of the relay and received much
attention in different works [55, 115, 116]. However, in most of the cases there is only one
way relaying in the cellular networks, that is there is either an uplink transmission or a
downlink transmission. Moreover, as the number of fixed relays are usually less than the
number of users within the cell, entertaining one user per relay makes cooperative relaying
a queue limited system [48]. Under these circumstances, it may be useful to impart the
relays with the capability of combining multiple transmissions together and sending them
as a single transmission, in order to improve the throughput of the system.

2.3 Cellular/Relay Systems with Network Coding
Network coding has been introduced by [45], in order to improve the throughput in wired
networks by performing some processing on received packets at the intermediate nodes.
This technique combines the received packets at intermediate nodes, so that these combined packets are transmitted to all the recipients instead of forwarding each packet individually. Butterfly network [117] shown in Fig. 2.4 is the most common example to illustrate the significance of network coding. Here the sources T1 and T2 need to transmit their
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Figure 2.4: Network coding in Butterfly network

respective massages to both destinations R1 and R2 . Without network coding the middle
link limits the throughput as only one stream can pass through at a time, i.e. either from T1
or T2 . However using network coding both streams can be combined using bit-wise XOR
coding as illustrated in this example. Hence data for both sources passes through the single
link simultaneously improving the overall throughput of the system. Most of the initial
work on network coding assumes fixed transmitters and receivers with static traffic flows
etc. However, researchers have soon realized that the broadcast nature of wireless channel
makes network coding quite favorable candidate for combining the signals at nodes.
The situation described in Fig. 2.2 can be improved using network coding at the relay.
This has been illustrated in Fig. 2.5, by considering two user uplink scenario. It is quite
obvious that network coding helps in reducing number of transmissions in this scenario.
For instance, in the first transmission user 1 sends its data towards the base station. During
the second transmission user 2 sends its data towards the base station. These two transmissions are listened by the relay and relay combines the two transmissions depending upon
the network coding protocol used at the relay. A simple combining method based on bit
wise exclusive OR (XOR) of both signals is considered as an example in Fig. 2.5. The
combined data is then sent towards the base station in the third transmission. The base
station combines the three received signals, i.e. two direct signals and one network coded
signal, in order to detect the two user signals. Since the network coded signal contains information for both users, signal for each user reaches the base station via two independent
paths.
Consequently, using three transmissions, diversity order up to two can be achieved
as illustrated in [48]. Therefore network coding operation reduces the number of transmissions by one transmission as compared to the conventional cellular relaying scenario
depicted in Fig. 2.2. Therefore, throughput in cellular relaying or MARC can be improved
by using network coding. On the other hand, if we fix the allowed number of transmissions
from relays to one in case of conventional cellular relaying, it is not possible to achieve full
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Figure 2.5: Cellular/Relay system with network coding in uplink transmission scenario.

diversity gain for the both users. This is because they have to share a single relay transmission [58].
Analogous to the uplink transmission scenario, network coding can be used at the relay
in the downlink transmission as well. The cooperative scenario for downlink transmission
in case of two users, single relay and a base station is illustrated in Fig. 2.6. Here in the first
transmission, the base station transmits the data towards user 1, which is listened by the
relay and the user 2 as well. In transmission 2, the base station sends the data towards user
two and it is again received by the relay and the user 1. The relay performs the decoding of
both transmissions and combine them depending upon the network coding protocol. In the
third transmission slot the relay send the network coded signal to both users. Since each
user receives three signals, a diversity order of 2 can be achieved by combining these there
signals at the receiver. Although, here Fig. 2.6 illustrates the case of downlink transmission
for two different users, the same scheme can be used for a single user by combining its two
or multiple packets at the relay.
Figure 2.5 illustrates the case of two mobile users and one fixed relay as an example.
However, in a more general cellular network, with a large number of users and multiple
relays per cell, the multiple access relay channel for instance, can be made more reliable.
Here, the access scheme is the same as described earlier. For instance, each user still
transmits its own information data in the first phase on orthogonal channels achieved by
time-division. However, in the second phase, a single best relay is selected from the multiple relay candidates within the cell to forward the network coded data of the cooperating
users to the base station. The best relay is the one that maximizes the worst instantaneous
channel conditions of the links from users to the relay and from the relay to the base station. This opportunistic relay selection [66] improves the link reliability of the cooperating
users within MARC and reduces error propagation at the relay node.
Different network coding protocols have been described and studied in the literature.
These network coding protocols can be classified as digital network coding and analog
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Figure 2.6: Cellular/Relay system with network coding in downlink transmission scenario.

network coding (or physical network coding).

2.3.1 Digital Network Coding
Digital network coding at the relay is performed at the packet level. Packets received from
the cooperating users are first decoded and combined using bitwise XOR operation or using any other combining method. This implies that the used relays need to have decoding
capability, so that they can decode the signal sent by users and combine these signals using
network coding operation. Therefore, decode-and-forward relays are required to perform
digital network coding at the relay node. The main advantage of this method is the use
of orthogonal access methods. This does not allow user transmissions to interfere with
each other. It also gives the possibility of interaction, between channel coding used by
the cooperating users and network coding. This interaction opens the door for designing
efficient network coding schemes and efficient decoding algorithms at the base station receiver. However, as mentioned earlier, digital network coding requires three transmissions
as compared to two transmissions for the non-cooperating case.

2.3.2 Analog Network Coding
Analog network coding or physical-layer network coding at relay is done on signal level.
This scheme allows mobile users to transmit at the same time in the first phase, and some
smart physical layer techniques transform the superposition of the electromagnetic waves
into an equivalent network coding operation that mixes the user signals in the air. It implies
that instead of performing bitwise XOR operation as in case of digital network coding, this
protocol allows to interfere two analog transmissions sent by users simultaneously. Here,
network coding is created on the electromagnetic waves in the air rather than in baseband
(at the bit level). Depending upon the relaying protocol (AF or DF) used at the relay station,
the combined signal is sent to base station in second transmission slot. Therefore, with the
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time-division multiple access, this network coding protocol requires only two transmission
slots as compared to three time slots in the case of digital network coding.
When a DF relay is used, the simultaneously received signals are mapped into a new
signal recognizable by base station, through a mapping that combines the two mapping of
the different symbols of the users as described in [115, 118]. This mapping represents the
joint symbols of the two combined signals and does not mean that each user is decoded
separately. This method has the advantage of preventing noise amplification at the relay
node but it has the obvious drawback of error propagation and the ambiguity between symbols especially for high-level modulation. It also requires perfect synchronization between
the user signal which is quite difficult to achieve especially in fading multi-path channels.
When an AF relay is used, then it simply amplifies the simultaneously received signals
and forwards the data towards base station. This method is attractive due to its simplicity and does not require synchronization between the cooperating user signals. However,
the inherent drawback of this scheme appears in possible noise amplification due to the
amplification of the received at the AF relays.
In general, there is a tradeoff between required number of transmissions and generated
interference while using different network coding protocols at relay.

2.4 Summary
In this chapter we have described the importance of cooperative communications in cellular
networks. A brief review of characteristics of the wireless channel is also included, that can
be helpful in understanding the propagation models used in the rest of monograph. The
knowledge of these channel impairments also highlights the significance of cooperative
communication in dealing with these impairments. Different relaying protocols, discussed
in the literature are also summarized. How the cooperative communications can be realized
in both uplink and downlink scenarios has been described. The importance of network
coding in uplink multiple access relay channels and the downlink scenarios is highlighted.
It became obvious, that the network coding is helpful in improving the spectral efficiency,
in cellular relaying systems. It has been observed that a lot of research work has been
done in investigating the diversity gains, obtained due to the relay assistance in the cellular
systems. Since network coding helps in utilizing the network resources efficiently, it would
be interesting to see, how the link performance is effected by using network coding in the
cooperative relaying scenarios. Any improvements in link performance can be translated
into corresponding reduction in transmission power at the nodes.
In addition to the reduction in transmission energy, the cooperation between the nodes
can also be exploited to improve the over all energy consumption in the cellular network.
Therefore the rest of the monograph deals with the issue of power efficiency, considering
the improvements at both the link level and the system level. The first part of the thesis
only deals with the improvement in link performance and here an uplink transmission
scenario with network coding at the relay is considered as an example. The results are
also valid for the downlink transmission as well. Special emphasis is given on analyzing
different factors that can make links more reliable. In this regard, the role of network
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coding scheme at the relay, choice of detection scheme at the receiver and augmented
signal formed at the receiver have great importance. In the second part of the thesis, various
approaches are considered using downlink transmission scenario to improve the over all
energy consumption in a cellular relaying system.

Part I

Link Reliability in Cooperative
Communications

39

Chapter 3

Link Performance in Cooperative
Relaying

Cooperative communication between the nodes, takes advantage of broadcast nature of
wireless channel and multiple copies of same signal can be sent to the destination. These
copies could either be the attenuated replicas of the original transmitted signal or a function
of it. It depends upon the processing of the signal at the intermediate relaying nodes. The
multiple copies received at the destination, can be combined together in different ways
for performing the detection of the transmitted signal. Therefore, cooperation between
the nodes helps in achieving the diversity gain and performance of the links can be improved. Instead of just forwarding the received information, the relays have the possibility
to combine different signals together by network coding operation and send them as a single transmission. This can help in improving the throughput of the system. Again, the
receiver can combine the original transmitted signals and the relayed signal together in order to perform the detection. Different detection methods can be used at the receiver in this
case. How these methods affect the signal reliability on the links is an important question
to be addressed. Hence this chapter is mainly targeted to evaluate the error performance
of users in network coded cooperative relaying scenarios. Different factors influencing the
evaluation are discussed in detail. Both analytical and simulation approach is used for this
purpose.
Outline of the chapter is as follows: Section 3.1 describes the system model used
throughout the chapter. Section 3.2 illustrates different detection schemes used at the receiver. The performance and complexity of these schemes are discussed in section 3.3 and
section 3.4 respectively. It is discussed in section 3.5, how the non ideal channel on the
user-relay links affects the error performance of the users. Section 3.6 describes how user
grouping at the relay affects the signal reliability on the links. Finally section 3.7 provides
the summary of results.
41
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Figure 3.1: Two user uplink transmission scenario for network coded cooperative relaying

3.1 System Model
Figure 3.1 illustrates the system model used in our analysis. Here we consider an uplink
transmission scenario with time division multiple access, where three different nodes (two
users and a relay) are transmitting their data towards the base station. The general structure
for transmitters at each node is illustrated in Fig. 3.1. Different operations such as modulation, demodulation and network coding have been illustrated by MOD, DEMOD and NC
blocks respectively.
Dashed lines between different nodes refer to the wireless transmission of the data. The
effects of channel fading (small scale) and noise are excluded from the figure for clarity,
however they are part of the analysis. It is well known, that the orthogonal frequency
division multiplexing divides a broadband signal into low rate narrow band signals. This
technique uses time guard band to enable each subcarrier to experience flat fading instead
of frequency selective fading. Therefore, our model assumes flat Rayleigh fading channel
between different nodes, in the absence of strong line of sight (LOS) component.
The common receiver in this uplink scenario is shown as a black box in Fig. 3.1. It’s
structure depends upon the scheme used for detecting the transmitted signals. Therefore,
details are described in the later sections while discussing each detection scheme.
Transmission is performed in three equal time slots. Each node transmits the modulated
symbol si in its respective time slot. For instance, in the first two time slots each user
transmits its own symbol towards the base station. In Fig. 3.1, (m1 , m2 ) denotes the set of
un-coded (no channel coding) transmitted user symbols in the bit domain. These symbols
are then modulated using any linear modulation scheme to generate the modulated symbol
pair (s1 , s2 ). Relay also listens to the transmissions, performed by the users. It decodes
the received signals from users and combine these signals using bitwise XOR operation.
The resulting network coded symbol is represented by m3 . After performing modulation,
the relay transmits the network coded symbol s3 towards the base station in the third time
slot.
In order to simplify the model further, it is assumed that users are close to relay station.
Hence the link between each user and relay station is assumed to be error free. This is

3.2. PERFORMANCE OF DIFFERENT DETECTION SCHEMES

43

rather an optimistic assumption. However, it can be considered that the relay can decide
by itself about the correctness of decoded data and refrain from transmitting the data to
the base station in case of errors [66, 107]. Similar assumption is considered in [58, 59] as
well.
Now assuming Rayleigh fading channel for each link, the received signal sample for
link i at the base station can be written as follows:
y i = h i si + z i ,

i = 1, 2, 3

(3.1)

where yi is the received signal sample and si is the transmitted symbol on link i with
E{|si |2 } = Ei . E{.} denotes the expected or average value of {.} and Ei is the average
energy per transmitted symbol at link i. The coefficient hi denotes the complex multiplicative channel gain as defined in (2.21). The channel gain hi is assumed to be constant during
each symbol interval. The sample zi is the zero mean complex Gaussian noise experienced
by link i during the symbol interval, at the base station. All the zi are uncorrelated with
each other and have double sided power spectral density denoted by N0 /2.
The three received signal samples at the receiver, are used to detect the two symbols
transmitted by the users. Here it is assumed that the perfect channel state information (CSI)
is available at the receiver. The set of detected symbols at the destination are illustrated as
(m̂1 , m̂2 ) in Fig. 3.1.
As network coding combines multiple symbols and receiver makes the decision on the
basis of all the received symbols, hence signal reliability on the links is coupled together
with each other. Therefore, error performance of each user depends upon the signal-tonoise (SNR) on all the three links. Since different combinations of SNR is possible on the
links, an analytical frame work will be quite helpful in predicting the error performance
of the cooperating nodes. Moreover, as more than one link is involved in the detection, it
provides us an opportunity to combine these links in different ways. This observation leads
us to look at different detection schemes, that can be used at the receiver.

3.2 Performance of Different Detection Schemes
This section looks at the performance of different detection methods for the two user uplink
scenario, described in the system model. These methods include joint detection, selectionand-soft combining and selection-and-hard combining. Some of these methods are used
in literature [48, 119] implicitly, and their performance has not been compared. Here the
closed form expressions for the bit error probability of the users, for each detection scheme
are derived. These expressions are also used to compare the performance of these schemes.

3.2.1 Joint Detection
Joint detection based on the maximum likelihood (ML) criterion, is an optimal method [70,
p. 397] used for detection. It takes into account all the three received signals simultaneously, in order to make decision about the messages sent by both users as shown in Fig. 3.2.
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Figure 3.2: Block diagram for receiver structure in case of joint detection scheme

For instance, assuming perfect CSI at the base station, the receiver computes the metric using the received samples in (3.1), as follows
2

2

2

C(m̂1 , m̂2 ) = |y1 − h1 ŝ1 | + |y2 − h2 ŝ2 | + |y3 − h3 ŝ3 | .

(3.2)

where ŝi represent all possible estimates of the symbol si . The receiver chooses the set
of symbols {ŝ1 , ŝ2 , ŝ3 } that have minimum metric. Then the selected pair of the symbols
{ŝ1 , ŝ2 }, is declared as an estimate of the transmitted symbols of user 1 & 2. An error
event occurs at the receiver, if the selected symbol pair ŝ = {ŝ1 , ŝ2 } is different from the
transmitted symbol pair s = {s1 , s2 }.
For a given fading channel observation h = {h1 , h2 , h3 } and assuming uncorrelated
links, the conditional pairwise error probability for this error event is computed in Appendix. A. The derived expression can be written as follows:
s

P3
i=1 Γi δi 
P2 (s → ŝ |h ) = Q 
(3.3)
2
where δi and Γi are defined as

2

2

δi =

|hi | Ei
|si − ŝi |
, and Γi =
.
Ei
N0

The random variable Γi represents the instantaneous received SNR on link i. In case of
Rayleigh fading channel, the probability density function (pdf) and cumulative distribution
function (cdf) of Γi can be written [70, p. 255] as
fi (γ) =

1 − γγ
e i,
γi

Fi (γ) = 1 − e

− γγ

i

γ ≥ 0,
.

(3.4)
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respectively 1 , where
γi = E{Γi } =

2σ 2 Ei
N0

is the average received SNR on link i and σ 2 is the variance of real and imaginary part of
the complex channel coefficient hi .
The pdf of Γi in (3.4) is needed to determine the pdf of the argument of the Q-function
in (3.3). The expression in (3.3) can then be averaged over the obtained pdf to compute the
pairwise error probability, as illustrated in Appendix. A.
Considering that the wrong detection at the receiver results into errors in all the three
symbols (s1 , s2 , s3 ), then the expression obtained for the pairwise error probability can be
written as follows:
q
γ1
1 − γ1 +4/δ
1


P2 (s → ŝ) = 
γ2 δ2
γ3 δ3
2 γ1 δ1 − 1 γ1 δ1 − 1
q
q
γ2
γ3
1 − γ3 +4/δ
1 − γ2 +4/δ
2
3

+ 

.
(3.5)
+ 
2 γγ12 δδ12 − 1 γγ32 δδ32 − 1
2 γγ31 δδ31 − 1 γγ23 δδ23 − 1
It is also possible that only two of the three symbols are wrongly detected. For instance,
considering that the relay symbol is correctly detected then the pairwise error probability
in (3.5) reduces to




q
q
γ1
γ2
1
−
γ1 δ1 1 − γ1 +4/δ
−
γ
δ
2
2
γ2 +4/δ2
1
P2 (s → ŝ) =
.
(3.6)
2 (γ1 δ1 − γ2 δ2 )

Similarly, if the symbols of user k and relay are wrongly detected, the expression for the
pairwise error probability can be written as follows:




q
q
γk
γ3
1
−
−
γ
δ
γk δk 1 − γk +4/δ
3
3
γ3 +4/δ3
k
.
(3.7)
P2 (s → ŝ) =
2 (γk δk − γ3 δ3 )
The pairwise error probability expressions from (3.5) to (3.7), represent different cases that
are possible in case of XOR based network coding at the relay.
By using the union bound technique [70, p. 202], the expression for the conditional
error probability for a particular symbol pair s = {s1 , s2 } can be written as follows:
X
P (E |s ) ≤
P2 (s → ŝ)
(3.8)
s6=ŝ

1 f (γ) and F (γ) are represented by f (γ) and F (γ) respectively, in order to avoid too many symbols
i
i
Γi
Γi
in subscript.
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where P (E |s ) denotes the probability that the received vector {y1 , y2 , y3 } does not lie
in the decision region for s = {s1 , s2 }. Moreover, depending upon the number of errors
in the detected set of symbols ŝ = {ŝ1 , ŝ2 }, the P2 (s → ŝ) can be calculated using any
expression from (3.5) to (3.7).
If the conditional error probability is required only for a particular user symbol (for
instance, in case of user 1 or s1 here), the expression in (3.8) can be modified as follows:
X
P2 (s → ŝ).
(3.9)
P (1) (E |s ) ≤
(s1 6=ŝ1 ),(ŝ2 )

The expression for the average symbol error probability of user 1 can be obtained by averaging (3.9) over all possible symbol pairs as follows:
X
Ps(1) =
P (s1 )P (s2 )P (1) (E |s )
(3.10)
s1 ,s2

≤

X

X

s1 ,s2 (s1 6=ŝ1 ),(ŝ2 )

P (s1 )P (s2 )P2 (s → ŝ)

(3.11)

where P (s1 ) and P (s2 ) denotes the probability of transmitting the two independent symbols s1 and s2 respectively. For equally likely transmitted symbols these probabilities can
be expressed as
P (s1 ) = P (s2 ) =

1
1
= m
M
2

(3.12)

where M represents the level of the modulation scheme used at the nodes and m is the
number of bits per symbol.
Therefore, representing the symbol pair by s = {sj , sk }, the expression for the average
bit error probability can be obtained for a particular user k as follows:
(k)

Pb

≤

M2

X
1
log2 (M ) s ,s
j

k

X

(sk 6=ŝk ),(ŝj )

P2 (s → ŝ).

(3.13)

Now let us consider an illustrative example in order to highlight the significance of this
expression.

Example
Considering binary phase shift keying (BPSK) at the nodes, different sets of transmitted
symbols are illustrated in Table. 3.1. Based on the distance metric in (3.2), the receiver
selects one of these four possible sets i.e. S00 , S01 , S10 and S11 .
Different error events can also be illustrated using Table. 3.1. For instance, let us
consider that the transmitted symbol set S00 is transmitted. Then an error event will occur,
if the receiver selects any of the three sets i.e. S01 , S10 and S11 . It is also interesting to
observe, that in each case, two out of three received symbols will be in error.

3.2. PERFORMANCE OF DIFFERENT DETECTION SCHEMES

47

Table 3.1: Possible sets of transmitted symbols in case of XOR based network coding,
using BPSK
Symbol Set
S00
S01
S10
S11

User 1
0
0
1
1

User 2
0
1
0
1

Relay
0
1
1
0

For computing the average bit error probability of user k in (3.13), the value of P2 (s →
ŝ) has to be computed for each possible error event. For that, the values of δi are needed.
In case of BPSK modulation, δi can be calculated using its definition in (3.3) as follows:
2

|Ei − (−Ei )|
= 4.
Ei

δi =

(3.14)

Similar expressions can be calculated for any other modulation scheme. Using these values
of δi , the expression for the average bit error probability of user k can be written as,
(k)

Pb

≤ φk3 + φ12

(3.15)

where
φmn

√ γn
√ γm

 γm (1− 1+γm )−γn (1− 1+γn ) , γm 6= γn
 2(γm −γn )  q
=
γm
1
1 − 1 1 +
2
2
2(1+γm )
1+γm , γm = γn

It is observed from (3.15) that the performance of each user is affected by all the three
links in the network coded cooperative relaying scenario.
In order to illustrate the diversity gain obtained from joint detection, Chernoff bounds
can be used to compute the expression for pairwise error probability. Therefore, the Qfunction in (3.3) can be approximated [76, 120] as,
Q(x) ≤

1 (− x2 )
e 2 .
2

(3.16)

Using above approximation, the expression in (3.3) can be written as:

 P3
1 −
P2 (s → ŝ |h ) ≤ e
2

i=1
4

Γi δi

.

(3.17)

Now integrating (3.17) over the respective pdf’s of Γi , the expression for the pairwise error
probability can be obtained as
!
3
1
1Y
.
(3.18)
P2 (s → ŝ) ≤
2 i=1 1 + γi4δi
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Figure 3.3: Tightness of analytical bounds in case of joint detection scheme. Average bit
error probability of the users as a function of γ1 in Rayleigh fading channels. Case 1: γ1 =
γ2 = γ3 , Case 2: γ3 = 20 dB, γ2 = γ1 .

This expression can be used in (3.13), to obtain the upper bound on average bit error
probability for user k in case of BPSK as follows:
(k)

Pb

≤

1
1
+
2 (1 + γk ) (1 + γ3 ) 2 (1 + γ1 ) (1 + γ2 )

(3.19)

It is obvious from above expression, that at high SNR on the links a diversity gain of order
2 can be achieved which is consistent with the results in [48]. It is also observed, that if
one of the links fails (i.e. γi 7→ 0) the order of this diversity gain reduces to one.

Now let us analyze the tightness of our analytical expressions by comparing it with the
simulation results. A normalized Rayleigh fading channel, having E{|hi |2 } = 2σ 2 = 1 is
assumed on each link in the results. Figure 3.3 illustrates the average bit error probability of
the users over Rayleigh fading channels. Two different combinations of SNRs at the nodes,
are considered as an example. For simplicity, the same average received SNR is assumed
for both users in each case. This corresponds to the same average bit error probability for
the users. It is obvious from Fig. 3.3 that the analytical upper bound calculated by using
(3.15), fits with the simulation results quite well and a diversity gain of order two can be
achieved. The tightness of the derived expressions is verified for the other combinations of
SNR’s on the links as well. Therefore, these expressions can be safely used to assess the
performance of the joint detection scheme, eliminating the need for performing computer
simulations.
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Figure 3.4: Block diagram illustrating the receiver structure for SSC scheme. Here user 1
is assumed as the strongest user

3.2.2 Selection and Soft Combining
This detection method, known as selection and soft combining (SSC) has been described
in [119]. The corresponding receiver structure for this scheme is illustrated in Fig. 3.4.
Here the receiver classifies the users based on their instantaneous channel conditions. For
instance, user having better SNR is termed as strong user, while the other is considered as
weak user. Then the detection is performed in two steps. In the first step, the strong user is
detected using the direct link. In the second step, the weak user is detected using its direct
link and the relay signal, based on the knowledge of the detected strong symbol.
For instance, the receiver detects the strong symbol ss using the following metric
C1 (m̂s ) = |ys − hs ŝs |2

(3.20)

where
ys =

(

y1 ,
y2 ,

if Γ1 > Γ2
if Γ2 ≥ Γ1 .

Here ŝs represents all the different possibilities for detected strong symbol. Therefore,
based on the decision made by the receiver, the detected strong symbol is represented by
s̃s . With the knowledge of s̃s , detected in (3.20), the weak symbol sw is detected based on
minimizing the following metric
2

2

C2 (m̂w ) = |yw − hw ŝw | + |y3 − h3 ŝ3 |
2

2

= |yw − hw ŝw | + |y3 − h3 (s̃s ⊕ ŝw )|
where
yw =

(

y1 ,
y2 ,

if Γ1 ≤ Γ2
if Γ2 < Γ1 .

(3.21)
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It is obvious from the expressions of the two metrics, C1 (m̂s ) and C2 (m̂w ), that the strong
user takes advantage of the good link quality while the weak user takes advantage of diversity obtained from relay and direct link.
Since user k can be strong or weak user, denoting the error probability of the strong
user by Pstrong and representing the error probability of the weak user by Pweak , the pairwise
error probability of user k can be written as follows:
(k)

P2

(s → ŝ) = αk Pstrong + (1 − αk )Pweak ,

k = 1, 2

(3.22)

where
α1 = Pr (Γ1 > Γ2 )

(3.23)

α2 = 1 − α1 = Pr (Γ2 ≥ Γ1 ) .

(3.24)

Based on the detection method, the strong user is detected using its direct link only. Therefore the conditional error event probability for the strong user can be written as follows:
!
r
Γmax δs
(3.25)
Pstrong {E |Γmax } = Q
2
where
Γmax = max {Γ1 , Γ2 } , and δs =

|ss − ŝs |2
.
Es

In case of Rayleigh fading channels with uncorrelated channel coefficients, the pdf for
Γmax , can be written as follows [121, p. 175]
fmax (γ) = f1 (γ)F2 (γ) + f2 (γ)F1 (γ),

(3.26)

where f1 (γ), f2 (γ), F1 (γ) and F2 (γ) are as defined in (3.4). The error event probability
of the strong user can therefore be obtained by averaging the expression in (3.25) over the
pdf in (3.26) and is written as
s
!
r
r
1
γ1
γ2
γ1 γ2 δs2
1−
.
−
+
P strong =
2
4/δs + γ1
4/δs + γ2
4γ1 δs + 4γ2 δs + γ1 γ2 δs2
(3.27)
Using s̃s , the estimated symbol of the strong user, the conditional error event probability
for the weak user can be written as (as computed in Appendix. A)



2

2

Γ3
 Γmin δw + E3 |s3 − s̃s ⊕ ŝw | − |s3 − s̃s ⊕ sw |

r 
P weak {E |Γmin , Γ3 } = Q 

2
Γ3
2 Γmin δw + E
|s̃s ⊕ sw − s̃s ⊕ ŝw |
3





(3.28)
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where
2

Γmin = min {Γ1 , Γ2 } , and δw =

|sw − ŝw |
.
Ew

In above expression s3 = ss ⊕ sw , and ŝw represents all possible estimates of the symbol
sw . It is obvious from the expression in (3.28) that the error in the first stage (i.e. error
in s̃s ) will deteriorate the error probability of the weak user. For instance, it is possible
2
2
that due to error propagation, we obtain |s3 − s̃s ⊕ ŝw | < |s3 − s̃s ⊕ sw | in (3.28),
that results into an argument of Q-function having negative value. The negative value of
argument of Q-function consequently, makes the Pweak larger than 0.5.
Assuming uncorrelated Rayleigh fading channels, the pdf [121, p. 175] for Γmin can
be written as follows
fmin(γ) = f1 (γ)[1 − F2 (γ)] + f2 (γ)[1 − F1 (γ)],

(3.29)

where f1 (γ), f2 (γ), F1 (γ) and F2 (γ) are as defined in (3.4).
Averaging (3.28) over the probability density function in (3.29), the error event probability for the weak user can be written as follows


≤ 1,
EP




(3.30)
P weak = γe δw 1−p γe −γ3 δ˜3 1−p ˜γ3
4/δw +γe
4/δ3 +γ3



,
No
EP
2(γe δw −γ3 δ˜3 )
where

|s3 − s̃s ⊕ ŝw |2
γ1 γ2
δ˜3 =
, and γe =
E3
γ1 + γ2
and EP stands for error propagation.
Since Pweak depends upon the error propagation from strong symbol, hence the pairwise
error probability of user k given in (3.22) can be modified using (3.30) as follows:
(k)

P2

(s → ŝ) ≤ αk P strong + (1 − αk ) [(1 − P strong )






q
q
γe
γ3
˜
γ
δ
1
−
1
−
δ
−
γ
e
w
3
3
˜
4/δw +γe
4/δ3 +γ3 


 + P strong  .

×



˜
2 γe δw − γ3 δ3

(3.31)

It means that Pweak in (3.22) is replaced by two terms, i.e. first indicating no error propagation and second taking care of error propagation from strong symbol.
In case of error propagation term, the approximation P weak ≈ 1 is used. This approximation is quite appropriate, especially when the average SNR on the links is low. For
instance, consider a case when user k is weak and there exist an error propagation from
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strong user. Then the value of P weak is expected to be quite high and therefore it can be
approximated as P weak ≈ 1 in error propagation term. Therefore, this approximation does
not effect the accuracy of (3.31) at low average SNR values. However, at high SNR values
P strong will have very small value and thus it cancels out the effect of P weak ≈ 1 in the
error propagation term . This makes the expression of pairwise error probability in (3.31)
accurate at high average SNR values.
Similar to the joint detection scheme, the expression for the pairwise error probability can be used to compute the average bit error probability of user k. However, in this
case each user is detected separately. Therefore the expression for the average bit error
probability of user k can be computed as follows,
(k)

Pb

≤

X X (k)
1
P2 (s → ŝ).
M log2 (M ) s
k

(3.32)

sk 6=ŝk

Now let us compute the average bit error probability of the users, considering an illustrative
scenario as follows.

Example
Here BPSK is considered as a modulation scheme at the nodes. In order to compute the
average bit error probability, the values of pairwise error probability for different values
of sk in (3.32) has to be calculated first. For that, the values of all the δi in (3.31) are
required. In case of BPSK, these values are δs = 4, δw = 4 and δ˜3 = 4. Therefore, using
these values the upper bound on the average bit error probability for user k can be written
as follows:


γk
γk
(k)
[(1 − ψ)
ψ+ 1−
Pb ≤
γ1 + γ2
γ1 + γ2

 



q
q
γe
γ3
1
−
−
γ
γe 1 − 1+γ
3
1+γ3 
e


(3.33)
×
 + ψ
2 (γe − γ3 )
where
1
ψ=
2



r
r
r
γ1
γ2
γ1 γ2
1−
.
−
+
1 + γ1
1 + γ2
γ1 + γ2 + γ1 γ2

(3.34)

Now let us compare the average bit error probability of the users obtained by the above
expression with that of the simulation results. Similar to the joint detection scheme, two
different combinations of SNRs on the links are considered. However, results are verified for the other combinations as well. The comparison is illustrated in Fig. 3.5. It can
be observed that the analytical upper bounds fit quite nicely with the simulation results.
Moreover, a diversity gain of order 2 can also be achieved in this case.
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Figure 3.5: Tightness of analytical bounds in case of selection and soft combining scheme.
Average bit error probability of the users as a function of γ1 in Rayleigh fading channels.
Case 1: γ1 = γ2 = γ3 , Case 2: γ3 = 20 dB, γ2 = γ1 .

3.2.3 Selection and Hard Combining
The third detection scheme considered here is named as selection and hard combining
(SHC). The block diagram for the receiver structure is illustrated in Fig. 3.6. In this scheme,
the two stronger links are used to detect the transmitted symbols of the users. In the first
step, two links having the strongest SNR are detected directly. Then these hard values are
used to detect the symbols of both users.
For instance, the symbol for the first strongest link ss is detected based on the minimization of the following metric,
Cs (m̂s ) = |ys − hs ŝs |2

(3.35)

where

y ,


 1
ys = y2 ,



y3 ,

if Γ1 ≥ Γ2 ≥ Γ3 or Γ1 ≥ Γ3 ≥ Γ2
if Γ2 ≥ Γ1 ≥ Γ3 or Γ2 ≥ Γ3 ≥ Γ1
if Γ3 ≥ Γ1 ≥ Γ2 or Γ3 ≥ Γ2 ≥ Γ1

It is clear that the obtained symbol ŝs is an estimate of any of the symbols s1 , s2 , or
s3 ≡ s1 ⊕ s2 depending on the status of the links. Now the symbol for the second strongest
link sm is detected at the receiver using the following metric:
2

Cm (m̂m ) = |ym − hm ŝm |

(3.36)
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Figure 3.6: Block diagram illustrating the receiver structure for SHC scheme. Here user 1
is assumed to have the strongest link

where

ym


y ,


 1
= y2 ,



y3 ,

if Γ2 ≤ Γ1 ≤ Γ3 or Γ3 ≤ Γ1 ≤ Γ2
if Γ1 ≤ Γ2 ≤ Γ3 or Γ3 ≤ Γ2 ≤ Γ1
if Γ1 ≤ Γ3 ≤ Γ2 or Γ2 ≤ Γ3 ≤ Γ1

and again the detected symbol ŝm is an estimate of any of the symbols s1 , s2 or s3 .
Using the two obtained symbols {ŝs , ŝm }, the user symbols {s1 , s2 }, can be obtained
either directly if relay link is the weakest link or via network decoding if the relay link is
the strongest or the second strongest. This implies that if both users have stronger links
than the relay link, the user symbols will be detected only on the basis of direct links.
Otherwise the weakest user symbol is decoded based on symbols detected for the stronger
user and the relayed signal. Hence XOR based network decoding is performed using the
signals of the strong user and the relay for obtaining the symbols of the weakest user. In
this case a separate network decoding (ND) block is required at the receiver as shown in
Fig. 3.6. This detection scheme has lower complexity than the other two detection schemes
as it always ignores the weakest link during the detection.
Based on the above methodology, each link possesses one of the three possible SNR
states. The three states can be defined as strongest, middle, and weakest, based on their
instantaneous SNRs. Let us proceed now with the derivation of the error probability for
the users in this case. Here we assume Pstrong , as the error probability when user k has
strongest link, Pmid as the error probability when user k has second strongest or middle
link and Pweak as the error probability when user k has weakest link. The pairwise error
probability of user k can be written as follows:
(k)

P2

(s → ŝ) = αk Pstrong + βk Pmid + (1 − αk − βk ) Pweak ,

(3.37)

where αk is the probability that user k is the strongest and βk is the probability that user k
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is the second strongest. For user 1 we have
α1 = Pr {Γ1 > Γ2 > Γ3 } + Pr {Γ1 > Γ3 > Γ2 }
=

γ12 γ2 (γ1 + γ3 ) + γ12 γ3 (γ1 + γ2 )
(γ1 γ2 + γ2 γ3 + γ3 γ1 ) (γ1 + γ2 ) (γ1 + γ3 )

(3.38)
and
β1 = Pr {Γ2 > Γ1 > Γ3 } + Pr {Γ3 > Γ1 > Γ2 }
=

γ22 γ1 (γ1 + γ3 ) + γ32 γ1 (γ1 + γ2 )
.
(γ1 γ2 + γ2 γ3 + γ3 γ1 ) (γ1 + γ2 ) (γ1 + γ3 )
(3.39)

A simple replacement of subscripts from 1 to 2 and vice versa in (3.38) and (3.39) will give
α2 and β2 for user 2. Moreover, Pstrong can be obtained as follows
!
r
Z +∞
Γs δs
Pstrong =
Q
fstrong (γ)dγ,
(3.40)
2
0
where
2

2

Γs =

|ss − ŝs |
|hs | Es
, and δs =
.
N0
Es

Considering uncorrelated Rayleigh fading channels, the pdf for Γs [121, p.175] can be
written as follows
fstrong (γ) = f1 (γ)F2 (γ)F3 (γ) + f2 (γ)F1 (γ)F3 (γ)
+ f3 (γ)F1 (γ)F2 (γ),

γ≥0

(3.41)

where f1 (γ), f2 (γ), f3 (γ), F1 (γ), F2 (γ) and F3 (γ) are as defined in (3.4).
Similarly Pmid can be obtained as follows
!
r
Z +∞
Γm δm
fmid (γ)dγ,
Pmid =
Q
2
0

(3.42)

where
2

Γm =

2

|hm | Em
|sm − ŝm |
, and δm =
.
N0
Em

Considering uncorrelated Rayleigh fading channels, the pdf for Γm [121, p. 175] can be
written as follows
fmid(γ) = f1 (γ)[F2 (γ) (1 − F3 (γ)) + F3 (γ) (1 − F2 (γ))]
+ f2 (γ)[F1 (γ) (1 − F3 (γ)) + F3 (γ) (1 − F1 (γ))]
+ f3 (γ)[F1 (γ) (1 − F2 (γ)) + F2 (γ) (1 − F1 (γ))],

γ ≥ 0.

(3.43)
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Using the expressions (3.41) and (3.43), in (3.40) and (3.42) respectively, and simplifying
we get
Pstrong =

1
2

1−

3 r
X

k=1

γk
+
γk + 4/δs2

r

γ12
+
γ12 + 4/δs2

r

γ13
γ13 + 4/δs2


r
γ23
γ123
,
−
+
γ23 + 4/δs2
γ123 + 4/δs2

r
r
1
γ12
γ13
Pmid =
1−
−
2
2
2
γ12 + 4/δm
γ13 + 4/δm

r
r
γ23
γ123
,
−
+2
2
2
γ23 + 4/δm
γ123 + 4/δm
r

(3.44)

(3.45)

where
γik =

γi γk
,
γi + γk

γijk =

γi γj γk
.
γi γj + γi γk + γj γk

When the link is the weakest, an error will occur if and only if an error has occurred in the
strongest or second strongest symbol. Hence, the error probability of the weakest link can
be written as follows:
1
Pstrong × Pmid
(M − 1)


1
= Pstrong + Pmid − 1 +
Pstrong × Pmid
(M − 1)

Pweak = 1 − (1 − Pstrong ) (1 − Pmid ) −

(3.46)

where the third term in the first line represents the case when both the strongest and the
second strongest links are wrong but results into a correct decision after network decoding.
With the expression of Pweak , the pairwise error probability can be rewritten as
(k)

P2

(s → ŝ) = αk Pstrong + βk Pmid + (1 − αk − βk ) (Pstrong + Pmid



1
Pstrong × Pmid
− 1+
(M − 1)
= (1 − βk ) Pstrong + (1 − αk ) Pmid


1
− (1 − αk − βk ) 1 +
Pstrong × Pmid .
(M − 1)

(3.47)

Since the both users are detected separately in this case as well, hence the expression for
the average bit error probability of user k is same as given in (3.32).
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Figure 3.7: Tightness of analytical bounds in case of selection and hard combining scheme.
Average bit error probability of the users as a function of γ1 in Rayleigh fading channels.
Case 1: γ1 = γ2 = γ3 , Case 2: γ3 = 20 dB, γ2 = γ1 .

Example
Considering BPSK, the values of all the required δi can be computed easily. Therefore,
an upper bound on average bit error probability in (3.32) can be obtained by averaging the
pairwise error probability in (3.47) for all sk , as follows:
(k)

Pb

≤ (1 − βk ) ψ1 + (1 − αk ) ψ2 − 2 (1 − αk − βk ) ψ1 ψ2

(3.48)

where
ψ1 =

1
2
−

1−
r

r
r
r
3 r
X
γk
γ12
γ13
γ23
+
+
+
γk + 1
γ12 + 1
γ13 + 1
γ23 + 1
k=1

γ123
γ123 + 1



(3.49)

and
1
ψ2 =
2



r
r
r
r
γ12
γ13
γ23
γ123
1−
. (3.50)
−
−
+2
γ12 + 1
γ13 + 1
γ23 + 1
γ123 + 1

Now let us compare the average bit error probability of the users obtained by the above
expression with that of the simulation results. The two combinations of SNRs on the links
used in case of other detection schemes are also considered here. Figure 3.7 illustrates
that the analytical expression in (3.48) fits quite well with the results of the simulation
approach. Similarly a diversity gain of order 2 is achievable in this case as well.
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3.3 Performance Comparison
Fig. 3.8 compares the performance of different detection schemes for different SNR conditions on the links. The analytical expressions derived for each detection scheme in (3.15),
(3.33) and (3.48) respectively, are used to perform the comparison. Here BPSK is assumed
at the nodes and the average bit error probability (BEP) of the users is plotted. The trend
of the curves is similar for all detection schemes at different values of γ3 , with joint detection (JD) slightly outperforming (maximum 2 dB), the two low complexity schemes. This
is due to the fact that joint detection exploits the redundancy provided by the relay in a
better way and uses it for both users. However, the other two schemes i.e. SSC and SHC
utilizes the redundancy only for the weak user. Moreover, there is the phenomena of error
propagation from strong to weak user in latter case, as wrong detection of strong user can
influence the detection of the weak user.
It can be observed that at high SNR values, especially those greater than relay SNR, the
curves for the JD and SSC starts to come closer to each other and eventually coincides with
each other. The reason is quite obvious, when the users have better SNR than relay link,
the significance of relay signal for joint detection gradually reduces. Similarly for SSC, the
error propagation phenomena from strong to weak user also starts to vanish at these SNR
values. This makes the curves coincide with each other eventually. On the other hand,
SHC does not use the information provided by the weakest link, hence slight degradation
in its performance can be observed as compared to the other two schemes when the SNRs
of the both users are better than the relay SNR.
The performance of different detection schemes have been compared for the BPSK
modulation above. Let us compare the performance of these detection methods using
higher level modulation schemes. For instance, assuming that 8 PSK is used at the nodes,
the curves for average symbol error probability using simulation approach are illustrated
in Fig. 3.9, under the same SNR conditions as that of BPSK. It is interesting to note that
by using 8 PSK the performance difference between the low complexity schemes and the
joint detection is almost the same as in case of BPSK. Given that the performance reduction
for low complexity detection schemes remains in acceptable limits, these schemes become
more useful for higher modulation levels. This is because the reduction in detection complexity becomes more prominent in case of higher level modulation schemes as illustrated
in next section.

3.4 Detection Complexity
It is quite obvious from the performance comparison that the joint detection scheme is
an optimal method for detection. However, the number of comparisons required at the
receiver, grows exponentially with the increase in modulation level or the number of combined users/symbols in this case. This increases the detection complexity and consequently
results in more power consumption at the receiver. Therefore, the detection schemes providing reduced complexity have great significance, especially for the mobile devices as
they have limited battery life.
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Figure 3.8: Performance comparison of JD, SSC and SHC schemes using BPSK. Average
bit error probability of users is plotted as a function of γ1 where γ1 = γ2 , using γ3 = 10
dB and γ3 = 20 dB
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symbol error probability of users is plotted as a function of γ1 where γ1 = γ2 , using
γ3 = 20 dB
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Table 3.2: Comparing the detection complexity comparison for various schemes
Detection Schemes

Required Operations

8 PSK

16 QAM

64 QAM

JD

3 × 22k

192

768

12288

SSC

3 × 2k

24

48

192

SHC

2 × 2k

16

32

128

The complexity of different detection schemes can be compared in different ways. The
most obvious method is to calculate the number of comparisons required at the receiver in
each case. For instance, it can be easily verified that the number of comparisons required
for joint detection increases by M 2 as compared to 2M in the case of SSC and SHC,
where M = 2k is the modulation level and k is the number of bits per symbol. Therefore,
it can be concluded that, for higher level modulation schemes, the detection complexity is
reduced from exponential to linear by using low complexity detection schemes.
Similarly, we can choose the "required number of operations" as our comparison criteria. Here, one operation represents calculation of one Euclidean distance. The number
of operations required at the receiver for different detection schemes in a two user uplink
scenario, employing higher level modulation schemes is illustrated in Table. 3.2. It can be
observed that joint detection requires 3 × 22k operations while in case of SSC the number
reduces to 3 × 2k . The number of operations can be further reduced to 2 × 2k by using
SHC. Hence, given the small difference in performance between the different detection
schemes, we can use any of the selection schemes instead of employing joint detection.

3.5 Effect of Non-ideal User to Relay Link
The performance of detection schemes have been compared assuming error free user to
relay links, so far. Let us analyze the case, when users are close to the relay and the
average SNR on the user-relay links is γ4 . It means that relay will receive the packets from
the users, containing errors. Therefore the network coded packet transmitted by the relay
is not error free in this case. In order to improve the situation, let us assume that the users
have the choice to select the best relay out of all the relays deployed in the network. The
best relay is the one that maximizes the minimum of the channel gains on the two user-relay
links. For simplicity, it is considered that the users select best relay out of only two relays.
The selection of best relay provides a selection diversity gain on the user-relay links, that
helps in reducing the degradation in error performance on these links. Now the objective is
to investigate the performance of different detection schemes considering different values
of γ4 . It is also analyzed, how much far the error performance is as compared to the ideal
case considered earlier.
Fig. 3.10 illustrates the performance of joint detection scheme at γ4 = {20, 30} dB,
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Figure 3.10: Average bit error probability for JD using BPSK, considering non-ideal userrelay links. The SNR on the non-ideal user-relay links is considered equal to γ4 = {20, 30}
dB.

and compares it with the case, when the user-relay links are ideal. The average SNR on all
the direct links between different nodes and the base station is assumed equal, i.e. γ1 =
γ2 = γ3 . Simulation approach is used for performing analysis and BPSK is considered as
the modulation scheme used at the nodes. It can be observed from Fig. 3.10, that when the
SNR on direct links is worse than the SNR on the user-relay links, the error performance
of the users is similar to that of ideal case. It means that, here the direct link transmission
between the nodes and the base station is the main limiting factor for the error performance
of the users. On the other hand, if the SNR on the direct links becomes better than the SNR
on the user-relay links, then the latter becomes the bottle neck for the error performance of
the users and severe degradation in performance can be observed.
For instance, when γ1 > 20 dB, the performance of non ideal case with γ4 = 20 dB
experience degradation in error performance. The same is true when γ1 > 30 dB and
γ4 = 30 dB. However, it is obvious that if the SNR on user-relay links is high, the curves
for ideal and non ideal case are pretty close for low and moderate values of SNR on the
direct links. This observation justifies our assumption that, if users are close to the relay,
the relay-user links can be assumed error free. On the other hand, the error free region
depends upon the value of γ4 , as the higher value of γ4 corresponds to larger error free
region.
Now let us analyze the performance of SSC and SHC schemes considering different
values of γ4 on user-relay links as shown in Fig. 3.11 and Fig. 3.12 respectively. A performance trend similar to the joint detection scheme can be observed here, for both of the low
complexity detection schemes. Hence it can be concluded that, depending upon the value
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Figure 3.11: Average bit error probability for SSC using BPSK, considering non-ideal userrelay links. The SNR on the non-ideal user-relay links is considered equal to γ4 = {20, 30}
dB.
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Figure 3.12: Average bit error probability for SHC using BPSK, considering non-ideal
user-relay links. The SNR on non-ideal user-relay links is considered equal to γ4 =
{20, 30} dB.
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Figure 3.13: Comparison of average bit error probability for all the detection schemes. The
SNR on non-ideal user-relay links is considered equal to γ4 = 20 dB.

of γ4 , the user-relay links can be assumed error free for a certain range of SNR on direct
links between the nodes and the base stations.
Moreover, the analytical expressions for the detection schemes derived earlier can be
used for the non ideal relay-user links case as well, in the region where curves for both
cases (ideal and non ideal) are pretty close to each other. The performance comparison
of different detection schemes for γ4 = 20 dB is illustrated in Fig. 3.13. It can be observed that there is a difference of maximum 2 dB in this case between the performance
of low complexity detection schemes and the joint detection scheme. This difference vanishes away, when the error propagation on user-relay links becomes dominant factor in
controlling the performance of these schemes.

3.6 User Grouping
The analytical expressions also help in providing some guidelines for grouping different
users at the relay. Let us assume that the user-relay links are ideal. The impact of different
grouping options 2 on the error performance of the users, for a range of γ3 is studied. In
order to have fair comparison between different grouping options, the total SNR i.e. γ1 +γ2
for the users has been kept constant. Then, the individual and average error performance
of the users for different pairing possibilities is analyzed.
Lets us consider an example, where γ1 + γ2 = 20 dB and the relay SNR γ3 is varied
from 0 dB to 40 dB. BPSK is considered at the nodes and joint detection is assumed at the
2 i.e.

different combinations of γ1 and γ2
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Figure 3.14: Selecting a suitable user pair at the relay on the basis of average bit error
probability (BEP) of the users

(1)

(2)

receiver. The average error performance (Pb + Pb )/2 of both users is observed for this
case. The expression in (3.15) is used to plot the curves in Fig. 3.14.
It is obvious from the Fig. 3.14 that if the relay link is weak, i.e. γ3 < γsum then
its better to group users having nearly similar SNRs on their links. This is because, the
average error performance is best when users have same SNR i.e. at γ1 = 10 dB and
γ2 = 10 dB. Similarly, for the large values of the relay SNR, especially when γ3 ≥ γsum , it
is preferable to group users having complementary SNR conditions on their links. Similar
trend has been observed for the other two detection schemes, with slight difference in
absolute values.
In order to have more insight into this behavior, let us look at the individual performance of the users in both regions i.e. γsum < γ3 and γsum ≥ γ3 separately. The individual performance for the users in both cases is illustrated in Fig. 3.15 and Fig. 3.16. These
figures are plotted using analytical expressions in (3.15), (3.33) and (3.48). The legends
used i.e. JD(Ui ), SSC(Ui ) and SHC(Ui ) represents the error performance of user i for
different detection schemes. As γsum is kept constant at each point, hence the performance
curves are symmetrical around the point γ1 = γ2 in both figures. It is also obvious from
Fig. 3.15 and Fig. 3.16, that the user having better direct link SNR will have better error
performance.
It is worthwhile to mention here that the error performance of any user is influenced by
two factors, i.e. its own direct SNR with the base station and its estimate calculated by its
partner by network decoding operation with the relay. The factor which dominates deter-
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Figure 3.15: Average bit error probability of individual users at γsum = 10 dB and γ3 =
20 dB. All the three detection schemes are considered.
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Figure 3.16: Average bit error probability of individual users at γsum = 20 dB and γ3 =
10 dB. All the three detection schemes are considered.
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mines the performance of the user. For instance, if the direct link SNR is increasing and its
effect is dominant, then average bit error probability for the user will reduce. However, if
its partner’s SNR is decreasing and the effect of network decoding operation is dominant,
the error probability of the user will increase even if its own direct SNR is increasing.
For better illustration, consider a specific example where γsum = 10 dB and γ3 = 20
dB. The error performance of both users in case of different detection schemes, is illustrated in Fig. 3.15. It is interesting to observe that, there is a degradation in the error
performance of user 1 with the increase in γ1 . Similar is true for user 2. The average bit
error probability of both users, attains its maximum value at γ1 = γ2 . As γ3 > γsum ,
the network decoding operation does not result in a good estimate always. In particular,
when both users have the same SNR i.e. at γ1 = γ2 = 5 dB, this would result in the worst
network decoding operation as neither of the users have a rather high SNR. At the same
time, the direct transmission of none of the users have good enough quality. Therefore, the
error performance of the users is worse at this point.
Now let us look at the case, when users are paired with complementary SNRs i.e.
γ1 = 0 dB and γ2 = 10 dB or vice versa. Let us consider the performance of user 1 as an
example. At γ1 = 0, user 1 does not have good direct link transmission. However, better
value of γ2 will lead to a better quality of the network decoding operation. As γ1 increases,
the direct link transmission for user 1 starts to get better. However, the corresponding decrease in γ2 effects the network decoding operation and results into an overall degradation
in performance of the user 1. The above is true regardless of the type of detection scheme
used.
Then another case is considered, where γsum ≥ γ3 and specifically when γsum = 20
dB and γ3 = 10 dB. The average bit error performance for the individual users is shown
in Fig. 3.16. For this case, the error performance curves behave similar to the conventional
way, i.e. as the SNR of a certain user increases, its bit error probability decreases and vice
versa. By virtue of having a high γsum , the two users will have better direct transmission
performance and an acceptable network decoding operation. As a result, the losses from
deteriorating network decoding operation are accounted for, by a better direct transmission
in this case. Therefore, grouping the users having nearly similar SNRs in this case provides
best average error performance.
It is also interesting to observe in both Fig. 3.15 and Fig. 3.16, that the error performance of a particular user at high SNR, is similar in case of SSC and SHC. This is because,
the strong user (user having high SNR) is detected using direct link only, in both cases.

3.7 Summary
In this chapter, the effect of different detection schemes and user pairing on the error performance of users, in the network coded cooperative relaying scenario is studied. Analytical
expressions for the average bit error probability of the users are derived, in case of different
detection schemes. Using these expressions, it has been shown that by taking advantage of
the channel conditions on the links it is possible to achieve good link performance with simple detection schemes. These simple detection schemes help in reducing the complexity at
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the receiver and offer reduction in processing power. These features are quite attractive for
the devices having limited battery lifetime. However, these benefits come at the expense of
slight degradation in the error performance of the users, as compared to the optimal joint
detection scheme. Hence, there is a tradeoff between the reduction in receiver complexity
and performance loss here. In other words, its advantageous to use the low complexity
detection schemes, if the power or complexity reduction overcomes the degradation in the
error performance. The performance comparison of different detection schemes is also
performed for non ideal user-relay links. The maximum value of performance difference
between the joint detection and the low complexity schemes remains the same, as in case
of ideal user-relay links.
It is also observed that the selection of users to be paired together, is independent of
the detection scheme used. However, the user pairing strategy is significantly influenced
by the SNR on the different links. It has been shown that for users in good conditions,
pairing users with as similar channels as possible results in best average performance while
simultaneously providing good performance for both users. On the other hand, if users
with poor channel conditions towards the destination exist (which is a typical case when
using the relays), then these users have to be paired with users having complementary (i.e.
good) channel conditions towards the destination. This will ensure a good quality of the
network decoding operation, hence increasing the likelihood of correct reception for both
users. Here we have looked at the individual as well as the average error performance of
the users, for exploring different options for user grouping. Any change in the selection
criteria will alter the user grouping options.
The impact of different detection schemes and user grouping on link reliability of the
users have been studied here. However, it can be observed that the relayed signal provides
an extra dimension in the signal space at the receiver. Therefore, it is interesting to explore
the multidimensional signal space formed at the receiver in order to improve the error
performance of the users. The interaction between this augmented signal space and the
detection scheme is also interesting to investigate.

Chapter 4

Constellation Selection in Cooperative
Relaying

This chapter deals with the link performance improvement of the users in cooperative
transmission scenarios. The multiple access relay channel in cellular systems is considered as an illustrative scenario and the relay node combines different transmissions using
network coding. The possibility of selecting the appropriate constellation for each link of
the MARC is investigated, by considering the use of linear multi-level modulation schemes
at the nodes. A proper selection of the link constellations set, together with the redundancy
introduced by network coding at the relay link, can provide considerable performance gain
at the base station receiver. This performance gain is possible due to the augmented signal
space formed by the links of the cooperative relaying scheme. This augmented signal space
allows a better spread of the signal points of the high-level modulation scheme which can
improve the link performance of the cooperating users. The gain in link performance can
be achieved in both additive white Gaussian noise (AWGN) channels and fading multi-path
channels. Two different detection schemes are considered in this context: Joint detection
where all the three links are considered simultaneously and selection-and-soft-combining
where direct link is considered for the strong user and the other two links are combined
at the receiver for the weak user. Constellation selection criteria for the both schemes is
described and analysis is performed for different linear multi-level modulation schemes.
The outline of the chapter is as follows. The chapter begins with the description of
the system model used for the analysis in section 4.1. In this section, the significance of
the constellation selection at the nodes is also highlighted. In section 4.2, the constellation
selection at the nodes is performed by considering joint detection at the receiver. The criteria for selecting the constellations and the numerical results are described in this section.
After that, constellation selection at the nodes is performed for the SSC scheme in section
4.3. Finally the results obtained from the analysis are summarized in section 4.4.
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Figure 4.1: A two user uplink transmission in a network coded cooperative relaying scenario.

4.1 System Model
Let us consider an uplink transmission scenario in a cellular relaying system as shown in
Fig. 4.1. Here two mobile users are communicating with a base station and cooperating via
a fixed relay. A time division multiple access transmission is considered, where transmission is performed in three different time slots. The two mobile users transmit their packets
in the first two time slots. The relay node decodes the received user packets, combines
them using network coding (XOR-based) and forwards the combined packet to the base
station in the third time slot. The user-relay link is assumed error free. Both AWGN and
flat fading Rayleigh channel is assumed between the nodes and the base station.
The base station receiver now has three received packets. These received packets are
used to decode the transmitted packets of the two mobile users. It is clear that there is a
certain redundancy between the three received packets. This redundancy is due to the use
of network coding at the relay node.
Redundancy between separate branches can be very useful in improving the link performance especially when linear multi-level modulation is employed by the different branches.
In fact, it has been shown in [76] that it is possible to take advantage of this redundancy
and increase the minimum squared Euclidean distance (MSED) between the signal points
of the used multi-level modulation scheme. This increase in the MSED is possible with a
proper selection of the signal constellation used on each branch and viewing the received
signals of the different branches as an augmented signal space. This augmented signal
space increases the signal space dimension of the used modulation scheme and provides
more room for the modulation signal points to spread.
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Figure 4.2: Comparing the minimum squared Euclidean distance for two branch transmit
diversity using 4-PAM, (a) Both branches are using same constellation (b) Branch 2 is
using the selected constellation

As an illustrative example we consider the case of four-level pulse amplitude modulation (4PAM) and a two-branch communication link with a correlation equals to one between the branches (i.e. the same symbol is transmitted over the two branches) as shown in
Fig. 4.2. Here, the augmented signal space is formed by the two branches and the modulation signal dimensions. Hence, the augmented signal space has dimension two in this case.
It is observed from Fig. 4.2.a, that the signal constellations of the modulation schemes are
unchanged in the augmented signal space when the signal constellations are the same in
both branches. However, with a proper selection of the used signal constellations on each
branch as shown in Fig. 4.2.b, it is possible to increase the minimum squared Euclidean
distance of the modulation scheme by 4 dB as compared to the case of same signal constellations. This performance improvement is obtained without increasing the complexity
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of the receiver [76].
Our objective in this chapter is to apply the idea of constellation selection to the multiple access relay channel with network coding. Since the base station receives signals from
three different branches and there is some correlation 1 between the branches, we believe
that constellation selection can improve the link performance of both cooperating users.
However, since the correlation between the three branches is a bit weak one might guess
that the performance improvement will not be as good as illustrated in Fig. 4.2. To this
end, the two detection schemes described in chapter 3, i.e. joint detection and SSC are
considered here.

4.2 Joint Detection
Let us consider that different linear multi-level modulation schemes, such as multi-level
phase shift keying (MPSK) or multi-level quadrature amplitude modulation (MQAM), is
employed at different transmitting nodes in Fig. 4.1. Moreover, it is assumed that the
base station receiver employs joint detection. Both AWGN channels and Rayleigh fading
channels are considered for the analysis.

4.2.1 AWGN Channels
For an AWGN channel, the expression for the pairwise error probability can be obtained
from (3.2) and can be written as follows:

s
P2
2
2
k=1 |sk − ŝk | + |s3 − ŝ3 |

(4.1)
P2 (s → ŝ) = Q 
2N0

where s1 is the transmitted symbol of user 1, s2 is the transmitted symbol of user 2, and
s3 = M(m1 ⊕ m2 ) is the network coded symbol transmitted by the relay node. M(.) is
the modulation mapping operation. Moreover, m1 and m2 are the unmodulated symbols
of user 1 and user 2 respectively. The effect of fading coefficients in (3.2) is neglected, as
AWGN channel is assumed.
The pairwise error probability calculated in (4.1), can be used in (3.13) to obtain an
upper bound on the average symbol error probability of user k as follows:
Ps(k) ≤

1 X
M 2 s ,s
j

k

X

(sk 6=ŝk ),(ŝj )

P2 (s → ŝ)

(4.2)

where M is the modulation level. It can be observed that the factor log2 (M ) in (3.13) is
not used since average symbol error probability is calculated here. Considering both users
together, the average symbol error probability of the MARC link can be written as

1  (1)
(4.3)
Ps + Ps(2) .
Ps =
2
1 Here

correlations means that the relay packet contains the redundant information for both user packets.
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It is obvious from (4.1) to (4.3), that the average symbol error probability is a decreasing
function of the squared Euclidean distance
D2 (s, ŝ) =

3
X
i=1

|si − ŝi |2

(4.4)

where s = {s1 , s2 , s3 } and ŝ = {ŝ1 , ŝ2 , ŝ3 } 2 . Hence, our objective is to select the
appropriate signal constellations set to be used at each transmitter of the MARC scheme
such that the pairwise error probability is minimized.
In selecting the signal constellation for each branch we employ computer search with
the objective of maximizing the minimum squared Euclidean distance between the signal
points in the augmented signal space. Here, the MARC has three different branches which
gives a good spreading for the signal points of the two cooperating users within this augmented signal space. However, since the transmitted symbols of the cooperating users in
the direct links are uncorrelated, the redundancy is only provided by the relay link which
is pretty weak and the overall augmented signal space does not allow an increase in the
MSED when joint detection is employed. Hence, computer search is performed for finding
the signal constellations set that minimizes the number of signal points having the MSED
between them. The computer search proceeds as follows:
1. Assume that the same signal constellation is used on all the three nodes.
2. Find the number of signal points, within the constellations set having the MSED
between them.
3. Change the signal constellations set randomly for the three nodes and identify the
number of signal points within the set having the MSED between them. Select the
signal constellations set that provides the minimum number of signal points having
the MSED between them.
4. Repeat step 3 for the number of iterations. The signal constellations set obtained
after the number of iterations is taken as the output of the search algorithm. Since
search is performed off-line maximum number of iterations does not act as a limiting
factor for the search algorithm. However, all possible combinations of constellations
at different nodes is considered for finding an optimum combination of constellations.
5. The signal constellations set obtained in step 4 finalizes the selection procedure.
Once found, these constellations remain fixed and can be used by the MARC scheme
without modifications.
2 In rest of the chapter, the term squared Euclidean distance denotes the normalized squared Euclidean
distance [122], defined as D 2 (s, ŝ)/Ei , where Ei = E{|si |2 } is the average energy per transmitted symbol.
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4.2.2 Rayleigh Fading Channels
When the channel is a frequency non-selective Rayleigh fading channel and the three
branches are uncorrelated, the conditional pairwise error probability of joint detection is as
given in (3.3) and can be written as

s
P3
2
i=1 Γi |si − ŝi |
.
(4.5)
P2 (s → ŝ |Γi ) = Q 
2Ei

The pairwise error probability can be obtained by averaging (4.5) over the pdfs of the
fading amplitudes given in (3.4). However, a tighter and simpler upper bound for the
pairwise error probability is derived in [122] for the Rayleigh fading channels. This upper
bound also helps in understanding the changes in the distance distribution of signal points
when the constellations set is changed at the nodes.
Therefore, instead of using the expressions for the exact pairwise error probability, the
upper bound is considered here. The expression for the upper bound in [122] is basically
equivalent to the Chernoff bound in (3.18) multiplied by an extra factor and can be written
as follows:
#
"
1
1
1
1
+
P2 (s → ŝ) ≤
2 × (1 + ψ ) (1 + ψ ) (1 + ψ ) (4.6)
4 1 + xmin
1
2
3
(1 + xmin )
where
xmin =min

∀s6=ŝ

s

ψi
,
1 + ψi

2

ψi = γi

2

|si − ŝi |
|si − ŝi |
=
,
4Ei
4N0

2σ 2 Ei
.
N0
Moreover, γi is the average received SNR and Ei denotes the average energy per transmitted symbol on link i. It is related to the average energy per bit as Eb = Ei / log2 (M ). N0
and σ 2 are as defined in (3.4).
It can be observed from expression in (4.6), that the pairwise error probability is inversely related to the product distance, which is further a function of three correlated
branch distances where each symbol appears in two branch distances. Since the minimum distance is not affected by the selection of the signal constellations set in AWGN,
the product distance will not be affected by this selection as well. Therefore, in this case,
it is important to reduce the number of signal points having MSED between them. The
constellations set obtained for the AWGN channel are also optimum for Rayleigh fading
channels.
γi =E{Γi } =

4.2.3 Numerical Results
Computer simulations are performed using various MPSK and MQAM modulation schemes
at the nodes. Equal average received SNR is assumed on all the links. A normalized
Rayleigh fading channel, having E{|hi |2 } = 2σ 2 = 1 is assumed on each link.
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Figure 4.3: Comparison of SED distribution in augmented signal space, between same
constellation (SC) case and C1 using 8PSK

Let us consider that 8 PSK is used at the nodes. Conventionally, the same constellation
(SC) is used at the nodes. Different symbols for 8 PSK are illustrated as follows
s1 , s2 , s3 : {100, 000, 001, 011, 010, 110, 111, 101}
with the ith element (symbol) mapped to the phase iπ/4, i = 0, 1, ..., 7. It is worthwhile to
mention here, that the Gray code mapping shown above is optimum, when same constellation is used at the nodes and when no interaction is considered between the constellations
at different nodes. However, while performing constellation search we look in multidimensional space formed by all the involved constellations. Hence, it is not necessary that
the outcome of the search algorithm results into a constellation set that follow Gray code
mapping.
For instance, the constellation search algorithm outputs a constellation set named as C1
in this case. The obtained set provides least number of pairs containing MSED between
them. The searched constellation set C1 can be described as follows
s1 :{010, 110, 101, 111, 100, 000, 011, 001}
s2 :{110, 011, 001, 000, 101, 100, 010, 111}
s3 :{001, 110, 101, 010, 111, 000, 011, 100}
It is obvious that C1 does not follow Gray code mapping.
The significance of C1 is illustrated in Fig. 4.3, where the SED distribution of searched
and conventional constellation sets is compared. It can be observed that signal points containing MSED are reduced by nearly 90% using C1. The comparison of SED distribution
for individual users is also shown in Fig. 4.4. Here we calculate the SED for only those
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Figure 4.4: Comparison of SED distribution for individual users in augmented signal space
between same constellation (SC) case and using C1 by employing 8-PSK
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Table 4.1: Comparing the number of pairs containing MSED between them in case of same
constellation on each node and selected constellations set C1. Joint detection is assumed
and different modulation schemes are considered.
Modulation Scheme

8 PSK
16 PSK
16 QAM

Constellations Set
SC
C1
SC
C1
SC
C1

Number of Pairs containing MSED
Both Users User 1
User 2
288
192
192
32
16
24
1056
704
704
92
52
52
1920
1280
1280
280
180
192

pairs that represents error in that particular user. Therefore, we can see the difference in
the number of pairs as compared to Fig. 4.3 for a particular SED. Since both users are
using different constellations at their nodes, small difference in the pair reduction among
both users is expected. However, this difference does not create significant difference in
the error performance of individual users. The distance distribution of the pairs that do not
contain MSED between them, is also changed by using C1. However, these pairs have distance larger than the MSED and consequently have less impact on the error performance.
Hence, an over all improvement in performance can be envisaged by using C1.
The reduction in number of MSED pairs is numerically represented in Table. 4.1 for
different modulation schemes. The table shows the reduction for individual users as well.
Using the SED distribution in Table. 4.1 and Fig. 4.4, one can write upper bounds given in
(4.3) on the average symbol error rate (SER) of the users.
For instance, in case of same constellations on all the nodes and considering AWGN
channel the upper bound on average SER can be written as follows:
 384 p
 384 p

192 p
Q
Q
Q
1.76γ0 +
4.75γ0 +
6γ0
64
64
64

p

p

p
1.76γ0 + 6Q
4.75γ0 + 6Q
6γ0
≤ 3Q

PsSC ≤

(4.7)


√
where each term in the above expression has the form Mα2 Q βγ0 . The coefficient
α represents the average number of pairs having the squared Euclidean distance log2β(M)
2
between them. Since the average SER for both users is calculated, the average number of
pairs for both users is used here. Moreover, γ0 = Eb /N0 and M represents the modulation
level. The first term in (4.7) corresponds to the pairs having minimum squared Euclidean
distance between them. It is obvious from (4.7) that, there are 192 pairs having MSED
between them in case of using same constellations on the nodes.
Using the SED distribution, the expression for the average SNR in case of C1 can also
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Figure 4.5: Comparison of average symbol error rate (SER) for SC and C1 using 8-PSK
over AWGN channel.

be obtained as follows:
 56 p
 224 p

20 p
PsC1 ≤ Q
1.76γ0 + Q
2.62γ0 +
3.9γ0
Q
64
64
64




p
p
256
200
Q
Q
+
4.75γ0 +
6γ0
64
64

p

p
p

≤ 0.31Q
1.76γ0 + 0.88Q
2.62γ0 + 3.5Q
3.9γ0
p

p 
4.75γ0 + 3.1Q
6γ0
+ 4Q

(4.8)

Again the first term in above expression corresponds to the pairs having MSED between
them. In this case the average number of pairs having MSED between them is 20. Therefore, it can be observed that the coefficient of the first term in (4.7) has been reduced from
3 to 0.31 in (4.8). Hence, with a proper constellation selection for the different links, the
number of pairs having the MSED between them can be reduced considerably. Consequently, error performance of the users is expected to improve using C1.
Figure 4.5 compares the average symbol error rate of both users using SC and C1.
The analytical expressions in (4.7) and (4.8) are plotted besides the simulation results in
Fig. 4.5. It is obvious that significant gain can be achieved by using C1, especially at low
and intermediate SNRs. For instance, a gain of about 2 dB is obtained for a SER equal to
10−2 . Similarly at SER equal to 10−5 , a gain of 1 dB is still achievable. Gain is reduced at
high SNR, because the role of MSED pairs tends to dominate at good channel conditions.
Similar to AWGN channel, the expression for average symbol error rate of the users
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Figure 4.6: Comparison of average SER for SC and C1 using 8-PSK over Rayleigh fading
channels.

can also be calculated in case of Rayleigh fading channel. In this case, the SED distribution
in Fig. 4.4 and the expression for the pairwise error probability in (4.6) has to be used in
(4.3). Considering the same constellation at all the nodes, the upper bound on the average
SER can be written as follows:
"
Λ
192
384
SC
Ps ≤
×
+
2
64 × 4
(1 + 0.44γ0)
(1 + 1.5γ0 ) (1 + 0.44γ0 )2
#
384
+
2
(1 + 1.5γ0 )
"
0.75
1.5
≤Λ×
2 + (1 + 1.5γ ) (1 + 0.44γ )
0
0
(1 + 0.44γ0 )
#
1.5
(4.9)
+
2
(1 + 1.5γ0 )
where


1
1
Λ=
+
1 + xmin
(1 + xmin )2



and xmin =

r

Each product distance term in the expression (4.9) has the form,
α
Λ
× Q3
M2 × 4
(1
+ βi γ0 )
i=1

0.44γ0
.
1 + 0.44γ0
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where α is the average number of pairs containing the product distance illustrated in the
i
denominator and log4β(M)
is the squared Euclidean distance on branch i. Moreover, M and
2
γ0 are already defined in (4.7). The first product distance term in (4.9) corresponds to the
pairs having minimum squared Euclidean distance between them.
Using the SED distribution, the expression for the average SER in case of C1 can also
be obtained as follows:
PsC1

"
200
224
20
Λ
×
≤
2 +
2 + (1 + 0.44γ ) (1 + 1.5γ )
64 × 4
0
0
(1 + 0.44γ0 )
(1 + 1.5γ0 )
#
56
256
+
+
(1 + 1.5γ0 ) (1 + 0.44γ0 )2
(1 + 0.44γ0 )3
"
0.08
0.8
0.9
≤Λ×
2 +
2 + (1 + 0.44γ ) (1 + 1.5γ )
0
0
(1 + 0.44γ0 )
(1 + 1.5γ0 )
#
0.22
1
(4.10)
+
2 +
(1 + 1.5γ0 ) (1 + 0.44γ0 )
(1 + 0.44γ0 )3

where Λ is as defined in (4.9) and the first product distance term corresponds to the pairs
having MSED between them. It becomes obvious by comparing (4.9) and (4.10), that the
coefficient of first product distance term has been reduced from 0.75 to 0.08 by using C1.
Now let us look at the simulation results, in order to observe the effect of reduction
in the coefficients of product distance terms. Figure 4.6 illustrates the average SER of the
users in Rayleigh fading channels for the two cases. These cases include, the same constellation and the selected constellations set C1, for all the nodes. The analytical expressions
in (4.9) and (4.10) are also plotted besides the simulation results in Fig. 4.6. It can be
observed, that a gain of nearly 2 dB can be obtained by using C1 as compared to SC at the
nodes.
Now let us observe the performance gains achieved by using constellation selection
at the nodes, while considering higher modulation levels. For instance, using 16 PSK
the conventional bit to symbol mapping in case of same constellation at the nodes can be
written as follows
s 1 , s2 , s3 :




1000, 0000, 0001, 0011, 0010, 0110, 0111, 0101, 0100, 1100,
1101, 1111, 1110, 1010, 1011, 1001

with the ith element (symbol) mapped to the phase iπ/8, i = 0, 1, ..., 15.
The constellation selection algorithm performs the search in order to select a constellations set, that minimizes the number of pairs having MSED between them. The output of
the search algorithm is denoted as C1 and the constellations used at different nodes are as
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Figure 4.7: Comparison of average SER for SC and C1 using 16-PSK over Rayleigh fading
channels.

follows:


0001, 1111, 1001, 0100, 0111, 1110, 1010, 1100, 1101, 0011,
s1 :
0101, 1011, 0000, 0010, 0110, 1000


1101, 0111, 1011, 0000, 0110, 1100, 1000, 1001, 0001, 0011,
s2 :
1110, 1111, 0010, 1010, 0101, 0100


0001, 1011, 1100, 1010, 1110, 0111, 0011, 1000, 0010, 0110,
s3 :
.
0000, 0101, 1101, 0100, 1111, 1001
It can be observed from Table. 4.1 that the number of pairs containing MSED between
them has been reduced quite considerably from 1056 to 92 using C1. Figure 4.7 compares
the average SER using SC and C1 in Rayleigh fading channels using simulation approach.
It can be observed that significant gain can be obtained using C1 at the nodes, in case of
higher level modulation schemes.
The proposed method of choosing constellations at the nodes has been proven to be
useful for MPSK schemes. Let us analyze the usefulness of this method for the case of
MQAM modulation schemes. For instance, 16 QAM can be considered as an example.
The constellation set used for SC is illustrated in Fig. 4.8.a. The output of the constellation
search algorithm is denoted by C1 in this case and the constellations used at all the three
nodes are illustrated in Fig. 4.8.b-d respectively.
Again significant reduction in the number of pairs containing MSED by using C1 can
be observed by looking at Table. 4.1. Similar to 8 PSK, the upper bounds on the average
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Figure 4.8: Constellations used at nodes for 16-QAM (a) SC at all nodes (b) C1 at User 1
node (c) C1 at User 2 node (d) C1 at Relay node

SER can be obtained by using SED distribution in this case. Therefore the expressions for
average SER in case of SC for Rayleigh fading channels can be obtained as follows:

PsSC

"
#
Λ
1280
3200
≤
×
2 +
2
256 × 4
(1 + 0.4γ0 )
(1 + 0.8γ0 ) (1 + 0.4γ0 )
#
"
3.1
1.3
≤Λ×
2 +
2
(1 + 0.4γ0 )
(1 + 0.8γ0 ) (1 + 0.4γ0 )

(4.11)

where
Λ=



1
1
+
1 + xmin
(1 + xmin )2



and xmin =

r

0.4γ0
.
1 + 0.4γ0

Similar expressions can be obtained for C1 using the corresponding SED distribution as
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Figure 4.9: Comparison of average SER for SC and C1 using 16-QAM over Rayleigh
fading channels.

follows:

PsC1

"
Λ
474
186
≤
×
2 + (1 + 0.8γ ) (1 + 0.4γ )
256 × 4
0
0
(1 + 0.4γ0 )
602

474

602

0.6

0.5

0.6

2 +
3 +
2
(1 + 0.8γ0 )
(1 + 0.4γ0 )
(1 + 0.8γ0 ) (1 + 0.4γ0 )
"
0.2
0.5
≤Λ×
2 + (1 + 0.8γ ) (1 + 0.4γ )
0
0
(1 + 0.4γ0 )

+

+

2

(1 + 0.8γ0 )

+

3

(1 + 0.4γ0 )

+

(1 + 0.8γ0 ) (1 + 0.4γ0 )

2

#

#

(4.12)

By comparing (4.11) and (4.12), it becomes obvious that the coefficient of the product
distance term containing MSED has been reduced from 1.3 to 0.2 using C1. The corresponding improvement in average SER of the users is illustrated in Fig. 4.9. The analytical
expressions in (4.11) and (4.12) are plotted besides the simulation results in Fig. 4.9. A
performance gain of around 2 dB can be achieved by employing C1 as compared to SC in
case of 16 QAM.
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4.3 Selection and Soft Combining
In this case, the receiver detects the strong user ( having good channel conditions ) directly,
while the weak user (other user) is detected using its direct link and the relay link together.
Since the relay signal is used to help the weak user only, the multi-dimensional signal
space is formed at the receiver using the relay and the weak user signal. Here constellation
is searched for the relay node in order to maximize the MSED in augmented signal space
formed by weak user and the relay. The computer search algorithm works in this case as
follows:
1. Assume that the same signal constellation is used at all the three nodes. Strong user
is detected directly so its constellation is not involved in search procedure.
2. Find the MSED in the signal space formed by the relay signal and the weak signal
for any particular value of the strong symbol.
3. Change the signal constellation at the relay and identify the MSED for new the
constellations set. Select the signal constellations set that provides the maximum
MSED.
4. Repeat step 3 for the number of iterations. The signal constellations set obtained
after the number of iterations is taken as the output of the search algorithm.
5. The signal constellations set obtained in step 4 finalizes the selection procedure.
Once found, these constellations are fixed and can be used by the MARC scheme
without modifications. Once constellations set is decided, bit to symbol mapping at
relay varies depending upon the symbol, transmitted by strong user. This is done in
order to keep the relationship between constellation of the weak user and the relay
fixed, i.e. according to the selected constellations set.
It is interesting to compare the performance of SSC with joint detection using the selected constellations set, since constellation search is rather simple in former case due to
the involvement of two nodes only.

4.3.1 Rayleigh Fading Channels
Considering the Rayleigh fading channels and assuming the same average SNR on the
links, the conditional pairwise error probability for user k as given in (3.22) can be rewritten as follows:
(k)

P2 (s → ŝ |Γi ) =

1
(Pstrong {E |Γmax } + Pweak {E |Γmin , Γ3 } )
2

where
s

Pstrong {E |Γmax } = Q 

2

Γmax |ss − ŝs |
2Es




(4.13)
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and
s

Pweak {E |Γmin , Γ3 } = Q 

2

2

Γmin |sw − ŝw |
Γ3 |s3 − ŝ3 |
+
2Ew
2E3



.

Since user k could be strong user or a weak user, the subscripts ’s’ and ’w’ are used to
denote each status on link k respectively. Moreover, Γmax = max{Γ1 , Γ2 } and Γmin =
min{Γ1 , Γ2 }.
The upper bound on the pairwise error probability in Rayleigh fading channels as given
in [122,123] can be computed for this scheme as well. The expression for the upper bound
is obtained by averaging (4.13) over the pdfs of Γ3 , Γmax and Γmin as given in (3.4), (3.26)
and (3.29) respectively as follows:
s
s
!
!
1
ψs
ψs
1 1
(k)
+
P2 (s → ŝ) ≤ −
4 2
1 + ψs
4
2 + ψs
#
"
1
1
1
1
+
+
(4.14)
2 × (2 + ψ ) (1 + ψ )
4 1 + xmin
w
3
(1 + xmin )
where
xmin = min

(s

ψw
,
2 + ψw

s

ψ3
1 + ψ3

)

and ψs , ψw and ψ3 are as defined in (4.6).
It is obvious from (4.14), that the pairwise error probability has inverse relationship
with the product distance. Having the pairwise error probability for all the possible candidate pairs, an averaging can be performed over all the symbols to get the average symbol
error probability. The expression for average symbol error probability of user k, can be
written by modifying the (3.32) as follows:
Ps(k) ≤

1 X X (k)
P2 (s → ŝ).
M s
k

(4.15)

sk 6=ŝk

4.3.2 Numerical Results
Taking 8 PSK as an example, the outcome C1 of the search process in this case is the
following constellation set,
s1 , s2 :{100, 000, 001, 011, 010, 110, 111, 101}
s3 : {101, 010, 000, 111, 011, 100, 110, 001}.
The MSED in the combined signal space has been increased from 1.17 to 4 using the
selected constellation set as illustrated in Table. 4.2. The change is MSED affects the
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Table 4.2: Improvement in MSED by selecting proper constellation at the relay for different modulation schemes using SSC
Modulation Scheme
8 PSK
16 QAM

Constellation Sets
SC
C1
SC
C1

MSED
1.17
4
0.8
2

product distance terms in average SER expression as obvious from the definition of ψi in
(4.6). For instance, using the constellation set C1 and the corresponding SED distribution,
an upper bound on the average SER of both users can be obtained using (4.15) as follows:
r
0.44γ0
0.44γ0
+ 0.5
Ps ≤ 0.5 −
1 + 0.44γ0
2 + 0.44γ0


0.75
0.75
+
+Λ×
(2 + 0.44γ0 ) (1 + 2.55γ0 ) (1 + 0.44γ0 ) (2 + 2.55γ0 )
r

(4.16)

where


1
1
Λ=
+
1 + xmin
(1 + xmin )2



and xmin =

r

0.44γ0
.
2 + 0.44γ0

However, if we look at the expression for the average SER in case of using same constellation at all the nodes it comes out to be as follows:
r
0.44γ0
0.44γ0
+ 0.5
Ps ≤ 0.5 −
1 + 0.44γ0
2 + 0.44γ0


0.5
+Λ×
(2 + 0.44γ0 ) (1 + 0.44γ0)
r

(4.17)

where Λ and xmin are defined as in (4.16).
It can be observed by comparing (4.16) and (4.17), that the coefficient in the denominator of product distance terms has been increased from 0.44 to 2.55 by using constellation
selection.
These coefficients can be calculated based on the values of squared Euclidean distance
on each branch. For instance, in case of same constellation at the nodes the MSED given
in Table. 4.2 is 1.17. Since there are two branches each having the same SED equal to 1.17
2 ,
the coefficient in product distance term can be calculated using (4.6) as follows:
1.17 3Eb
= 0.44γ0
×
2
4N0
In case of selected constellations set C1, the MSED given in Table. 4.2 is 4. Again there are
two branches and one of them have the SED equal to 1.17
2 . Therefore, the SED of the other
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Figure 4.10: Performance of C1 using SSC as compared to joint detection for 8-PSK over
Rayleigh fading channels.

branch will be (4 − 1.17
2 ) and the coefficient in the product distance term can be calculated
using (4.6) as follows:


3Eb
1.17
×
= 2.55γ0
4−
2
4N0
Due to this change in the coefficient, the product distance will be better in case of constellation selection and gain in performance can be predicted.
Computer simulations are performed in order to determine the average symbol error
rate of the users, using the selected constellations set. The obtained results are compared
with the case, when constellation selection is performed using joint detection at the receiver. The comparison is illustrated in Fig. 4.10. Analytical expressions in (4.10) and
(4.16) are also plotted besides the simulation results. It can be observed, that the performance of SSC is quite close to the joint detection scheme at low SNR. At high SNR the
difference is nearly 1 dB. Moreover, SSC also provides a diversity gain of order 2 similar
to the joint detection scheme.
Now let us compare the performance of the two schemes in case of using 16 QAM at
the nodes. The searched constellation set C1 for 16 QAM is shown in Fig. 4.11. It is clear
from Table. 4.2, that the MSED has been improved from 0.8 to 2 for the selected mapping.
The corresponding change in coefficients of product distance term would be from
0.8
4Eb
= 0.4γ0
×
2
4N0
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Figure 4.11: Selected constellations set C1 for 16-QAM (a). Mapping for User 1 and
User 2 (b) Mapping for Relay node

10

0

Upper Bounds
Joint Detection
Soft Combining

Average Symbol Error Rate

10

10

10

10

10

−1

−2

−3

−4

−5

0

5

10

15
20
γ0 , (in dB)

25

30

35

Figure 4.12: Performance of selected constellations set C1 using SSC as compared to joint
detection for 16-QAM over Rayleigh fading channels.
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to


4Eb
0.8
×
= 1.6γ0
2−
2
4N0
according to (4.6). Therefore the expression for upper bound on the average SER of both
users, in Rayleigh fading channels can be obtained as follows:
r
0.4γ0
0.4γ0
+ 0.75
Ps ≤ 0.75 − 1.5
1 + 0.4γ0
2 + 0.4γ0


1
1
+Λ×
+
(2 + 0.4γ0 ) (1 + 1.6γ0 ) (1 + 0.4γ0 ) (2 + 1.6γ0 )
r

(4.18)

where


1
1
Λ=
+
1 + xmin
(1 + xmin )2



and xmin =

r

0.4γ0
.
2 + 0.4γ0

Computer simulations are performed using C1 at the nodes. Results are compared with
the joint detection scheme as shown in Fig. 4.12. The analytical expressions in (4.12) and
(4.18) are used to plot the curves besides the simulation results. A trend similar to that of
8 PSK can be observed in this case as well.

4.4 Summary
Analytical and simulation approaches have been used to study the impact of selecting signal constellations set on signal reliability of the links in network coded cooperative relaying
scenario. Selection criteria for two different detection schemes has been established. The
selected signal constellations set have the capability to benefit the users in terms of average
bit/symbol error probability. It exploits the spread of the signal points of linear multi-level
modulation in the augmented signal space formed by the branches of MARC and the dimension of the used modulation scheme. Moreover, both joint detection and SSC can be
employed along with the signal constellation selection at the nodes and provide comparable
performance gain.
The method is also applicable to downlink transmission scenarios, where a base station
can send two packets to a user using the selected constellations set. Then the relay can
forward the network coded or combined packet using the constellation, selected for it.
Hence, the user can take advantage of better spread of the signal points in the augmented
signal space and the link performance can be improved. The proposed method is valid
for different linear modulation schemes and levels (larger than two) under a variety of
fading channel conditions on the links. In short, constellation selection at the nodes is very
useful in improving the signal reliability of the users in network coded cooperative relaying
scenarios.
Up till now we have studied the link performance of the cooperating users in MARC
for different detection schemes and with XOR-based network coding at the relay node.
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The redundancy introduced by network coding has been considered in improving the link
performance of the cooperating users through a proper selection of the signal constellation
sets used at the different nodes of MARC. However, all these investigations have been done
for un-coded systems and did not include the effects of channel coding used by the cooperating users. Channel coding is an integral part of all wireless communication systems of
today. The following chapter looks at the link performance of MARC in the presence of
channel coding. Interaction between channel coding and network coding is also addressed.

Chapter 5

Joint Channel-Network Coding for
Cooperative Relaying
This chapter considers the interaction between channel coding and network coding in cooperative relaying scenarios. The relay node improves the utilization of network resources
by combining multiple transmissions using network coding. The network coded transmission by the relay, can be seen as an extra redundancy that can be used at the receiver to
improve the performance of both users. The combination of this redundancy with that of
the individual channel codes of the cooperating users can be seen as a single code having better error correction capability. In other words, this interaction plays an important
role in decoding process at the receiver side. The representation of network and channel
codes as a single code, allows us to decode both codes jointly. This joint detection exploits
the redundancy present in these codes in a better way and hence the link performance of
the cooperating users can be improved. The single code representation, also allows us to
use network coding schemes that are more powerful than the conventional XOR-type network coding. Here, the significance of the proposed representation in improving the signal
reliability of the users in MARC is analyzed. The achieved link performance is also compared with that of reference separate channel-network decoding. The analysis assumes that
the linear block codes are used by the cooperating users but the proposed method can be
extended to other channel coding schemes as well.
This chapter is organized as follows, section 5.1 describes the system model of the
considered transmission scenario. The reference system using XOR based network coding
and separate decoding is discussed in section 5.2. Section 5.3 describes the representation
of reference system in terms of product coding matrix. The diversity gain achieved by
the proposed scheme is highlighted in section 5.4 using the analytical approach. Here the
advantages of using better network coding scheme for generating powerful product codes
are also illustrated. Section 5.5 illustrates the significance of using joint channel-network
coding by showing numerical results. This section also illustrates the gain achieved by
proposed network coding schemes as compared to the conventional XOR based combining.
Finally section 5.6 summarizes the important conclusions deduced during the analysis.
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Figure 5.1: A two user uplink transmission scenario, with one relay node and a base station.
sil denotes the ith symbol in a packet, transmitted on link l = {1, 2, 3}

5.1 System Model
Let us consider an uplink cooperative transmission scenario or multiple access relay channel as shown in Fig. 5.1. It consists of one relay node, two transmitting user devices, and
one base station acting as a receiver. Here, it is assumed that the two mobile users and the
relay node are using orthogonal channels for transmitting their packets towards the base
station. The relay node operates in a half duplex mode. First, each user transmits its packet
towards the base station. These packets are received both at the relay node and the base station. The relay node decodes the received packets and re-encodes them. Then it performs
network coding and combines these packets linearly into a single packet using bit-by-bit
XOR operation. This network coded packet is then sent to the base station.
The base station then receives a total of three packets, two packets from the cooperating
users and one packet from the relay node. The base station receiver tries to decode the
information data of the two users by using these three received packets. It is assumed
that each user is using an (n, k, d) linear block code. Hence, n denotes the packet length,
d represents the minimum Hamming distance [70, p. 437] and code rate is defined as
Rc = nk . Taking into account the extra packet transmitted by the relay node, the overall
code rate of channel-network coding of this multiple access relay channel is given by,
Re =

k
2
2
× = Rc × .
n 3
3

(5.1)

In the case when users have same packet length n, but are using channel codes with different rates, the overall code rate of the channel-network coding of the multiple access
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channel can be written as:
Re =



k2
k1
+
n
n



×

1
1
= (R1 + R2 ) .
3
3

(5.2)

where Ri = ki /n is the code rate of user i.
The case of two users cooperating via one relay node is illustrated in Fig. 5.1. However,
this can be generalized to N users cooperating via r relay nodes as discussed in [48]. It
is further considered that the cooperating users are close to the relay node. This allows
us to assume that the relay node can decode the packets transmitted by the users without
error. It can also be considered, that if relay detects an error in the received packet it will
not include that packet in the network coding process. Moreover, perfect channel state
information is assumed at the receiver.
The packet received at the base station from link l can be denoted by yl = {y0l , y1l , · · · ,
y(n−1)l }. Considering flat fading Rayleigh channel on each link, the received signal samples for link l can be written as :
yil = hil sil + zil ,

l = 1, 2, 3;

i = 0, 1, · · · , n − 1

(5.3)

where sil is the transmitted symbol i on link l with E{|sil |2 } = El and n denotes the
packet length. The coefficient hil represents the complex multiplicative channel coefficient
gain and is assumed constant over at least one symbol interval. The sample zil denotes the
complex Gaussian noise experienced by link l during the ith symbol interval with double
sided power spectral density N0 /2.
The base station takes into account all the packets received from the different users
and the relay station, for making a decision on the transmitted information of the users.
The link performance of the cooperating users depends upon the method used at the base
station for performing the detection.

5.2 Separate Channel and Network Decoding
With separate channel and network decoding, it is assumed that the receiver uses network
decoding to separate the two user packets and then feeds each packet to its corresponding
channel decoder as illustrated in Fig. 5.2. In this case, network decoding can be done in
three different ways as discussed in chapter 3. These methods are as follows:
1. The joint symbol-by-symbol detection (JD), where every three received signal samples, y i = {yi1 , yi2 , yi3 } are used to estimate the symbols si = {si1 , si2 , si3 }. This
is done for all the symbols in a packet, that is for all i = 0, 1, · · · , n − 1. Each estimated packet is then fed to the corresponding individual channel decoder to extract
the information data of the user.
2. The selection and soft combining (SSC), where the strongest packet is decoded first
and removed from the network coded packets. Then the weak packet is decoded
using the relay packet and the estimate of the strong packet. Again symbol-bysymbol detection is used to decode all these packets. The network decoded packets
of the users are then fed to the individual channel decoder.
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Figure 5.2: Block diagram illustrating the separate channel-network decoding at the base
station, for a two users uplink cooperative transmission scenario and one relay node.

3. The selection and hard combining (SSC), where every three received signal samples,
y i = {yi1 , yi2 , yi3 } are used to estimate the two stronger symbols. If one of these
strong symbols is the relay symbol, then the network decoding operation is used to
detect the symbol of the second user (weakest link). Following this procedure, all
the symbols in the user packets are network decoded. These user packets are then
fed to their individual channel decoders for extracting the information data.
The joint detection method gives best performance 1 and is considered here. Therefore,
to estimate the symbols {si1 , si2 , si3 } the network decoder computes the distance metric
in (3.2) as follows:
C(m̂) =

3
X
l=1

2

|yil − hil ŝil | ,

i = 0, 1, · · · , n − 1

(5.4)

and chooses the set of symbols that minimizes this metric. Here ŝil represents all the
possible estimates of sil .
Assuming uncorrelated radio links and perfect interleaving for the link packets, the
conditional pairwise error probability can be written as
s

P3
2
2
l=1 |hil | |sil − ŝil | 
P2 (si → ŝi |hi ) = Q 
(5.5)
2N0
1 As illustrated by the performance comparison in chapter 3. However, in the presence of channel coded
packets the comparison is again illustrated in the numerical results.
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where hi = {hi1 , hi2 , hi3 } is the channel state information. The pairwise error probability
can be obtained by averaging the expression in (5.5) over the fading coefficients of the
channel.
To illustrate the diversity gain obtained from this detection scheme, Chernoff bounds
can be used to derive the pairwise error probability. For a Rayleigh fading with uncorrelated radio links, an upper bound on the pairwise error probability has been computed in
(3.18). The expression can be rewritten as follows:
3

1

1Y
P2 (si → ŝi ) ≤
2

1+

l=1

2σ2 |sil −ŝil |2
4N0

!

(5.6)

where 2σ 2 = E{|hi |2 } as defined in (3.4).
The average symbol error probability for user 1 can be computed using (3.13) as follows:
Ps ≤

1 X
M 2 s ,s
i2

i1

1 X
≤ 2
M s ,s
i2

i1

1 X
≤
2M 2 s ,s
i2

X

P2 (si → ŝi )

X

1Y
2

(si1 6=ŝi1 ),(ŝi2 )

3

(si1 6=ŝi1 ),(ŝi2 )

i1

l=1

3
Y

X

(si1 6=ŝi1 ),(ŝi2 ) l=1

1
1+

2σ2 |sil −ŝil |2
4N0

!

1
1+

γl δil
4

!

.

(5.7)

where M denotes the modulation level and
2

δil =

|sil − ŝil |
,
4El

γl =

2σ 2 El
.
N0

Here γl denotes the average received SNR of packet l and El is the average energy per
transmitted symbol of packet l. Similar expression can be obtained for user 2 by interchanging the si1 with si2 and vice versa in (5.7). Moreover, the expression for the average
symbol error probability in (5.7) is valid for any modulation scheme.
For simplicity, let us consider that BPSK modulation is used at the nodes. In general,
the average symbol error probability is dominated by the shortest error event path and
the minimum squared Euclidean distance between the modulated symbols. For a given
transmitted symbol, there are two error events paths of length 2 in case of BPSK. Therefore,
the expression for the average symbol error probability as calculated in (3.19) can be rewritten as follows:
Ps ≤


2 1+

γ1 δi1
4

1


1+

γ2 δi2
4

+


2 1+

γ1 δi1
4

1


1+

γ3 δ3
4

.

(5.8)
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In this case, we have sil = ± El giving δil = 1 and the average symbol error probability
in (5.8) reduces to


1
1
1
+
Ps ≤
.
(5.9)
2 (1 + γ1 ) (1 + γ2 ) (1 + γ1 ) (1 + γ3 )
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Now assuming a high received SNR on the links. i.e. γi >> 1, the expression in (5.9) can
be written as,


1
1
1
Ps ≤
.
(5.10)
+
2 γ1 γ2
γ1 γ3
It is obvious from (5.10) that a diversity gain of order 2 is obtained in the MARC scheme.
Once all the symbols of the user packets are separated via network decoding, each packet
is fed to the channel decoder of the corresponding user. As each symbol of a packet is
wrongly detected with a probability Ps and that all symbols of a packet are assumed uncorrelated (ideal interleaving), the average packet error probability 2 at the output of the
channel decoder of the user can be upper bounded as [124, p. 456]

d/2
Pp ≤ 2k − 1 [4Ps (1 − Ps )]
d/2

.
≤ 2k − 1 4Ps − 4Ps2

(5.11)

Assuming a high average received SNR (ignoring higher powers of Ps ) and using (5.10)
in (5.11) the upper bound on the user packet error probability reduces to
k

Pp ≤ 2 − 1



"

2
γ1 γ2

d/2

+



2
γ1 γ3

d/2 #

.

(5.12)

In case of equal received average SNRs on the links, the above expression reduces to
Pp ≤ 2

d/2

k

2 −1





1
γ0

d

.

(5.13)

It is observed from the packet error rate expression that separate network and channel
decoding can achieve a diversity of order d which is double of that point-to-point direct
transmission. This result is similar to that obtained in [48] when considering the outage
probability as a performance measure. It is worth mentioning that the total diversity gain
order is the product of the diversity gain order obtained from network coding and that obtained from channel coding. Even though the diversity gain order is achieved through separate network-channel decoding, the redundancy provided by the relay node is not properly
exploited at the base station receiver.
2 The expression is derived in [124, p. 456] for the linear block codes in the memoryless channels. Some
details are provided in Appendix. A.
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Table 5.1: Possible codewords in MARC using XOR based network coding.
codeword 0
codeword 1
codeword 2
codeword 3

b1j

b2j

b1j ⊕ b2j

0
0
1
1

0
1
0
1

0
1
1
0

5.3 Equivalent Representation of Channel-Network Coding in
MARC
Let us reconsider the two user uplink cooperative scenario illustrated in Fig. 5.1, assuming
XOR-based network coding at the relay. Here, every two packets received by the relay
node are combined into one packet using bit-by-bit XOR operation. The combined packet
is then forwarded to the base station. The network coded packet is of the same length as
the packets of the individual users.
Therefore, the base station receiver receives three different packets: The packet of user
1, the packet of user 2, and the forwarded packet by the relay node. Let us denote the
transmitted packet of user i by
B i = {bi1 , bi2 , · · · , bin } ,

i = 1, 2

(5.14)

where bij = 0 or 1 with equal probabilities and n is the packet length. With XOR-based
network coding, the packet generated by the relay node after reception of the user packets
can be written as
B 3 ={b31 , b32 , · · · , b3n }
={b11 ⊕ b21 , b12 ⊕ b22 , · · · , b1n ⊕ b2n }

(5.15)

where ⊕ is the modulo 2 sum.
Looking at the XOR-base network coding operation at the relay node, it can be observed that for every two transmitted bits (one bit for each user) the relay node transmits
one bit. Hence, the corresponding three received bits at the base station consist of two
un-coded bits (one bit for each user) and one redundancy bit (relay node bit), i.e.
{b1i , b2i , b1i ⊕ b2i }, i = 1, 2, · · · , n.
In fact, it is quite obvious that the network coding operation at the relay node with the
directly received packets form an (3, 2, 2) linear block code with a minimum Hamming
distance dmin = 2 and a code rate Rn = 2/3. The different codewords of this linear block
code are illustrated in Table. 5.1.
Now let us take the three transmitted packets of MARC and place them in rows, one
over the other. This will result into an n × 3 channel coding matrix. This operation is
illustrated in Fig. 5.3. It is observed that the channel coding operation of the individual user
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replacements
k
n
2

B 1 (packet of user 1)
3

B 2 (packet of user 2)
B 1 ⊕ B 2 (packet of relay)

Figure 5.3: Representation of channel and XOR-based network coding for a two users
uplink cooperative transmission scenario and one relay node.

codes is done along the rows of this formed channel coding matrix and the linear network
coding operation is done along the columns. Looking at the structure of this matrix, one
can deduce that this n × 3 matrix formed by the individual packets of the cooperating users
and that of the relay node is a codeword matrix of a product code [125]. The obtained
product code is an
(n, k, d) × (3, 2, 2) = (3n, 2k, 2d)
block code with code rate Re = nk × 32 .
This coding structure can now be used at the base station receiver to decode the information of the cooperating users. Seen as one single code, the correction capability of the
corresponding decoder is now ⌊(2d − 1)/2⌋ = d − 1 as compared to ⌊(d − 1)/2⌋ for the
case of separate channel-network decoding [124].
Product codes have been studied extensively in the literature and several algorithms for
decoding product codes also exist in the literature [126–131]. These existing decoding algorithms range from simple hard decision decoding to iterative turbo decoding having the
performance quite close to the maximum likelihood decoding [128, 131]. This new representation of channel-network coding in MARC allows us to use the variety of decoding
algorithms that exist in the literature. In addition, more powerful network coding schemes
can also be considered at the relay node and their rate can be adapted according to the number of cooperating users and the quality of the different links. This flexibility is capable of
making the MARC schemes more robust along with providing better throughput.

5.4 Channel-Network Coding based on Product Codes
It has been observed in the previous section that the combination of channel coding and
linear network coding in the MARC scheme can be seen as a product code with matrix
codewords. The rows in these matrix codewords are the codewords of the cooperating
users and the columns are the codewords of the linear network coding employed at the
relay node(s). This new representation gives the possibility to use any linear block code as
a network code at the relay node(s). It also gives us the possibility to use product decoding algorithms which represent real joint channel-network decoding algorithms where the
combination of network and channel coding schemes are seen as a single channel code.
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k
n
packet 1
packet 2
packet 3
kr
nr

packet kr
Relay node packets
Figure 5.4: Representation of joint channel-network coding based on product codes for
two user uplink cooperative scenario, with kr user packets and nr − kr relay node packets.

Based on the new representation of Fig. 5.3, the channel-network coding structure of
multiple access relay channels can be generalized as shown in Fig. 5.4. Here, the first
kr row packets belong to the cooperating users and they are generated using an (n, k, d)
linear block code. These packets can belong to one user, two users, or any number of users
up to kr different users. It is also possible to have packets generated using linear block
codes with different code rates or different versions of the same packet. The result of this
operation is a very flexible structure that can be adapted to help the user(s), within the
cooperating set of users, that need(s) help.
The remaining nr − kr row packets are obtained by applying a linear block code,
denoted by (nr , kr , dr ), along the columns of the formed kr row packets of the cooperating
users. Here, the column linear block encoder represents the network coding scheme of the
multiple access relay channel. This network coding scheme is quite general and can be
selected according to our need and the channel quality of the different links. This gives a
motivation to use more powerful network coding schemes of MARC.
As the first kr rows (packets) of this formed matrix are received by the base station
receiver via the direct links of the cooperating users, the relay node only forwards the remaining nr − kr row packets of this formed channel coding matrix. These forwarded packets by the relay node are in-fact the redundancy produced by the network coding scheme.
The base station receiver takes the packets received directly from the cooperating users
and the packets received from the relay node to form a received version of the complete
product code matrix.
Hence, a single decoder as shown in Fig. 5.5, for joint channel-network decoding can
be used at the base station receiver. A single decoder can take advantage of the channel

100

CHAPTER 5. JOINT CHANNEL-NETWORK CODING FOR COOPERATIVE
RELAYING
Base station receiver
User device 1
user 1

Channel
encoder 1

Channel
user 1

Channel
decoder 1
Channel
decoder 2
User device 2
user 2

Network encoder

Relay node
(Product encoder)

Channel

Channel

user 2

Channel

Channel
encoder 2

Product
decoder

Channel

Figure 5.5: Block diagram illustrating the joint channel-network decoding operation for a
two user uplink cooperative scenario, based on the new proposed representation.

variations in the different branches of MARC. As a result, better diversity gain can be obtained due to the involvement of the different radio links at the receiver. As mentioned
earlier, several decoding algorithms for product codes exist in the literature. These algorithms can be used at the base station receiver for a joint channel-network decoding of the
proposed coding structure of the multiple access relay channel. These decoding methods
range from the simple generalized minimum distance decoding algorithm to iterative turbo
decoding of product codes [126–131].
To illustrate the performance of the proposed channel-network coding structure and the
possible diversity gain order that can be achieved let us consider the performance limits of
two basic decoding structures: Hard decision decoding and soft decision decoding in the
following subsections. In section 5.5, some variations of different decoding algorithms are
used to generate bit error rate performance of MARC using computer simulations.

5.4.1 Hard Decision Decoding
Consider the two user cooperative uplink scenario illustrated in Fig. 5.1 and assume that
the product code (nnr , kkr , ddr ) is used as the channel-network coding scheme. The base
station receiver collects the received packets from the cooperating users and the network
coded packets received from the relay node. Then it forms the received product code
codeword matrices. These codeword matrices are then demodulated and decoded using a
hard decision product decoder to estimate the information data of the cooperating users.
To illustrate the diversity gain order for this decoding algorithm, let us consider the case
when the different links have the same average received SNR γ0 .
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Now let us represent the modulated coded symbols of the codeword matrix q shown in
Fig. 5.4 as si,q , for i = 1, 2, · · · , n × nr . The corresponding received sample yi,q at the
base station receiver can be written as
yi,q = hi,q si,q + zi,q ,

i = 1, 2, · · · , n × nr

(5.16)

where hi,q is the channel fading coefficient and zi,q represents a sample of the complex
additive white Gaussian noise.
In case of hard decision decoding, the demodulation and the decoding operations are
done separately. Assuming uncorrelated radio links and full interleaving for the different
link packets, the codeword error probability can be upper bounded as [124, p. 456]

(5.17)
Pp ≤ 2kkr − 1 [4p(1 − p)]ddr /2

where p is the bit error probability of the link and depends on the modulation scheme
employed. For the particular case of coherent BPSK modulation and a Rayleigh fading
channel, p is given by [124, p. 819]


r
1
γ0
1
1−
≤
(5.18)
p=
2
1 + γ0
4γ0

where γ0 = γ1 = γ2 = γ3 is the average received SNR of the coded symbol.
Using (5.18) into (5.17), the upper bound on the codeword error probability can be
rewritten as follows:
 
 1 ddr /2
Pp ≤ 2kkr − 1
(5.19)
γ0

It can be observed that, when all the links have the same SNR, a diversity gain of order
dr d/2 is obtained with this scheme. Hence, with a simple hard decision decoder it is
possible to achieve a diversity gain of order dr d/2 as compared to d/2 for the direct link of
the user. Note that this diversity gain is of the same order as that obtained in section 5.2 for
separate channel-network coding. There soft decision decoding is employed for network
decoding and hard decision decoding for the individual channel coding of the cooperating
users. With more powerful decoders, it will be possible to achieve even higher diversity
gain.

5.4.2 Soft Decision Decoding
With soft decision decoding based on joint detection, the receiver performs the demodulation and decoding of the coded matrix simultaneously. Using the expression of the received
codeword samples in (5.16), the receiver computes the following metric,

C(m̂) =

nnr
X
i=1

2

|yi,q − hi,q ŝi,q | ,

(5.20)
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for all possible codewords of product code. The receiver then chooses a codeword matrix
that provides the minimum metric and declares it as the network and channel decoded
symbols of links 1, 2, · · · , kr .
Assuming uncorrelated links with Rayleigh fading channels, an upper bound on the
pairwise error probability of choosing a wrong codeword matrix can be computed in the
similar manner as done in section 5.2.
For instance, let us consider a specific case where a reference codeword matrix c0 =
{s1,0 , · · · , snnr ,0 } is transmitted. Then the conditional pairwise error probability of choosing codeword matrix cq = {s1,q , · · · , snnr ,q } can be written as follows:
s

Pnnr
2
2
|h
|
|s
−
s
|
i,0
i,0
i,q
i=1

P2 (c0 → cq |h0 ) = Q 
(5.21)
2N0

where h0 = {h1,0 , h2,0 , · · · , hnnr ,0 } is the channel state information. The corresponding pairwise error probability can be obtained by using Chernoff bound approximation in
(5.21) and averaging it over the fading coefficients of the channel. The resulting expression
can be written as:


nn
r
Y
1
1


(5.22)
P2 (c0 → cq ) ≤
2 i=1 1 + 2σ2 |si,0 −si,q |2
4N0

o
2
where 2σ 2 = E |hi,q | . Since there can be some symbol positions where both codeword
matrix are similar, hence the expression in (5.22) can be modified as:


Nq
Y
1
1


P2 (c0 → cq ) ≤
(5.23)
2 i=1 1 + 2σ2 |si,0 −si,q |2
n

4N0

where Nq represents the number of positions where both codeword matrix differ from each
other. An upper bound on the codeword error probability is then obtained by averaging the
pairwise error probability of (5.23) over all possible codewords and is written as [70, p.
460]:


r −1 Nq
2kk
Y
X
1
1


Pp ≤
2 q=1 i=1 1 + 2σ2 |si,0 −si,q |2
4N0

2kkr −1

Nq



1
1 X Y
≤
2 q=1 i=1 1 + δi,q γi

(5.24)

where
2

δi,q =

|si,0 − si,q |
,
4Ei

with

si,0 6= si,q ,

and γi =

2σ 2 Ei
N0
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Here Ei = E{|si,q |2 } for q = 1, · · · , 2kkr .
At high SNR on the links, the codeword error probability in (5.24) is limited by the
minimum Hamming distance ddr of the product code. Hence, for high SNR values, the
codeword error probability can be upper bounded as

dd 
1
2kkr − 1 Yr
Pp ≤
2
1 + δi γi
j=1

(5.25)

where
δi = min
q6=0

|si,0 − si,q |2
4Ei

Let us consider the coherent BPSK modulation at the nodes then we have δi = 1. Also
assuming the same average received SNR on all the three links of the MARC, we have
γi = γ0 , ∀i. Then the expression in (5.25) reduces to,
Pp ≤

2kkr − 1
2



1
1 + γ0

ddr

(5.26)

which shows that a diversity gain of order ddr can be obtained with soft decision decoding,
which is double of that obtained with hard decision decoding. However, soft decision decoding has a high complexity that increases exponentially with the number of codewords.
One possibility to reduce the complexity of such decoders is to employ soft decision decoding on the column codes of the product channel-network coding scheme and apply
hard decision decoding on the row codes. Further improvement can be obtained by using
multiple iterations. This is illustrated in the numerical results section for different coding
schemes. The performance is also compared to that of separate channel-network decoding.
Depending on the type of decoding scheme used at the receiver, a diversity gain order
ranging from ddr /2 to ddr can be obtained. This diversity gain depends on the complexity
of the decoder used. A practical and efficient decoding structure for product codes is to
employ iterative decoding where each iteration consists of a column decoder followed by a
row decoder [126], [131]. This type of decoding algorithm is a good compromise between
performance and complexity and is well suited for large product codes.

5.5 Numerical Results
In this section, first it will be shown that the joint channel-network coding based on product code representation improves the error performance of users as compared to separate
channel-network decoding. Then it will be illustrated that by using a better network coding
scheme at the relay, links can be made more reliable as compared to conventional XORbased method. The radio channel is modeled as flat Rayleigh fading channel and all the
links are considered uncorrelated. It is further assumed that the different links have the

104

CHAPTER 5. JOINT CHANNEL-NETWORK CODING FOR COOPERATIVE
RELAYING
10

0

Average Bit Error Probability

Separate Channel−Network Coding
Joint Channel−Network Coding

10

Network Decoding Using JD

−1

Network Decoding Using SSC

10

10

10

Network Decoding Using SHC

−2

−3

−4

0

2

4

6
8
γ0 , (in dB)

10

12

14

Figure 5.6: Performance of the proposed joint channel-network coding scheme for a
(7, 4, 3) user channel code and the XOR-based network coding over Rayleigh fading channels. Same average received SNR is considered on all the links.

same average received SNR γ0 , unless specified. Moreover, in the simulation results the
γ0 represents the average received SNR for the un-coded symbols. Also BPSK is assumed
at the nodes and hence binary linear block codes are used for performing network and
channel coding.

5.5.1 XOR-based Network Coding
Here the MARC scheme with two users and XOR-based network coding at the relay node is
considered. The user channel code is taken as an (7, 4, 3) hamming code. Hence, with the
new representation presented in section 5.3, the equivalent channel-network coding scheme
is an (21, 8, 6) block code. For separate channel-network decoding, different detection
schemes such as JD, SSC and SHC can be considered for decoding the network code.
However, hard decision decoding (as discussed in Section 5.2) is considered for decoding
the channel code.
Figure 5.6 illustrates the average bit error rate of the MARC scheme for both separate
channel-network decoding and joint channel-network decoding based on the product code
representation. It is observed that the joint channel-network decoding outperforms separate
channel-network decoding over all ranges of SNRs. For instance in case of JD, at a bit error
rate of 10−3 , a coding gain of about 3 dB is obtained as compared to separate channelnetwork decoding. The gain due to joint channel-network decoding increases further, if
the separate decoding considers low complexity detection schemes such as SSC or SHC
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Figure 5.7: Performance of the proposed joint channel-network coding scheme for a
(7, 4, 3) user channel code and the XOR-based network coding over Rayleigh fading channels. The relay link is 10 dB better than the direct links.

for detecting the network code.
Figure 5.7 illustrates the average bit error rate of the MARC for both separate and
joint channel-network decoding when the relay link is 10 dB better than that of the direct
links. Here JD is used for decoding the network code, in case of separate channel-network
decoding. It can be observed that both separate and joint decoding algorithms benefit from
the good quality of the relay link the same way. Therefore, a gain of about 3 dB is obtained
by joint decoding at a bit error rate of 10−3 in this case as well.

5.5.2 Channel-Network Coding Based on Product Codes
The proposed representation of channel-network coding for the MARC scheme gives the
possibility to employ more powerful network coding schemes, as illustrated in section 5.4.
In this subsection, we look at the interaction between channel and network coding schemes
for performing joint channel-network decoding. For that, we will fix one coding scheme,
vary the other coding scheme, and assess the benefit that they can provide to the MARC
scheme.
First, we assume a fixed channel encoder for the user. For instance, the linear block
code (15, 11, 3) can be considered as the individual channel code of the user. Then the
network coding scheme (nr , kr , dr ) is varied to observe the performance of the proposed
method. To keep the same efficiency as the XOR-based network coding scheme, network
coding schemes with rate 2/3 are considered.

106

CHAPTER 5. JOINT CHANNEL-NETWORK CODING FOR COOPERATIVE
RELAYING
10

0

XOR−based NC
Product−based NC with (7,4,3)
Average bit error probability

10

10

10

10

−1

−2

−3

−4

0

2

4
6
8
γ1 (γ2 = γ1 , γ3 = γ1 ) , (in dB)

10

12

Figure 5.8: Performance of the proposed joint channel-network coding scheme for a (7,4,3)
network code and a (15,11,3) user channel encoder over Rayleigh fading channels for a
two user uplink cooperative scenario. Same average received SNR is considered on all the
links.

Let us consider that the linear block code (7, 4, 3) is used as the network coding
scheme. The performance of this scheme is compared with the conventional XOR-based
network coding. Figure 5.8 illustrates the average bit error rate of MARC as a function
of the average received SNR over fading channels. Here all the links have the same average received SNR. The product decoder considered at the base station is an iterative hard
decision decoder with a total of 4 iterations. Without affecting the efficiency of MARC,
the average bit error probability of the links have been improved as compared to that of
conventional XOR-based network coding. For instance a gain of nearly 2 dB can be observed at a bit error rate of 10−3 , as compared to conventional XOR-based network coding.
With the proposed new representation, both cooperating users benefit from the use of more
powerful network encoders at the relay node.
Using more powerful product codes will improve the performance of MARC further.
This can be achieved through fixing the individual user channel encoder (row encoder of
the product code) and varying the network encoder (column encoder of the product code).
Here the linear block code (15, 11, 3) is considered as user channel code. To keep the
same spectral efficiency as that of XOR-based network coding, different network coding
schemes with rate around 2/3 are considered.
Figure 5.9 illustrates the average bit error probability of the MARC link for different
network coding schemes and a fixed user channel coding scheme. Here all the three links
of MARC have the same average received SNR. It is observed that by using more powerful
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Figure 5.9: Performance of the proposed joint channel-network coding scheme for different
network coding schemes and fixed user channel coding over Rayleigh fading channels for
two user uplink scenario. Same average received SNR is considered on all the links.
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Figure 5.10: Performance of the proposed joint channel-network coding scheme for different network coding schemes and fixed user channel coding over Rayleigh fading channels
for two user uplink scenario. The relay link is 10 dB better than the direct links.

108

CHAPTER 5. JOINT CHANNEL-NETWORK CODING FOR COOPERATIVE
RELAYING

network coding schemes, the error performance of MARC is improved in comparison with
XOR-based network coding. For instance, a gain of nearly 3 dB and 4 dB can be obtained
by using (31, 21, 5) and (63, 39, 9) respectively as compared to the XOR-based network
coding, at a bit error rate of 10−3 . Having good link between the relay node and the base
station improves the performance of all schemes as illustrated in Fig. 5.10. The relative
gain is about the same if the results in Fig. 5.10 and Fig. 5.9 are compared. Hence, the
relay-base station link affects both XOR-based network code and product-based network
code the same way.
To illustrate the interaction between channel coding and network coding, one can vary
the user channel coding schemes and investigate their implication on the error performance
of the MARC scheme. Figure 5.11 shows the average bit error probability of MARC for
different user channel coding schemes. Here all links have the same average received SNR.
It is observed that the relative dB gain of the product-based network coding is higher than
that of the XOR-based network coding scheme. For instance, the relative gain between
the user channel codes (7, 4, 3) and (15, 5, 7) is nearly 2 dB for the XOR-based scheme at
bit error rate equal to 10−4 . On the other hand, the relative gain between the two codes is
nearly 2.5 dB in case of product-based scheme at the same bit error rate. This improvement
is due to the joint decoding process, based on the new representation, where channel coding
and network coding are seen as one single code at the receiver.
The significance of proposed scheme in improving link performance is highlighted by
assuming that the fading coefficient remains constant during each symbol interval. However, it would be interesting to analyze the performance of proposed schemes in the slow
fading environments, where the fading coefficient remains constant over several symbols
or over whole transmitted packet. In this case, if the whole packet experience a deep fade,
it is high probable that the number of errors exceed the error correction capability of the
channel code. Hence, it may not be possible for the channel decoder to recover the original
transmitted information. Therefore, a degradation in performance for both the XOR-based
scheme and the product-based schemes is expected in case slow fading channels.
Considering an illustrative scenario, the gain provided by the product-based scheme as
compared to the XOR-based scheme is investigated. Here it is assumed that all the links
use (15, 11, 3) as a channel code. The network code is different for both schemes. For
instance, bit wise XOR is used for the conventional scheme while (7, 4, 3), (31, 21, 5) and
(63, 39, 9) are used for the proposed product-based scheme. Further it is assumed that the
fading coefficient remains the same for the whole packet duration. The error performance
of all these schemes are compared in Figure 5.12. It can be observed that by using more
powerful product code, the gain can be improved as compared to the conventional XORbased scheme. This is due to the better minimum hamming distance of the network code
used in the product code. For instance, a gain of nearly 7.5 dB can be obtained at bit error
rate equal to 10−4 , by using (63, 39, 9) in the product-based schemes.
The above results have assumed equal average received SNRs for both users in MARC
scheme. Grouping users with different received average SNRs will have an impact on the
link performance of both users. Figure 5.13 illustrates a study case where the sum of SNRs
for the direct links of the users are assumed equal, i.e. γ2 + γ1 = 10 dB and the average
received SNR of the relay-base station link is assumed γ3 = 15 dB. Here it is assumed
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Figure 5.11: Performance of the proposed joint channel-network coding scheme for different user channel coding schemes over Rayleigh fading channels. Same average received
SNR is considered on all the links.

0

10

−1

Average bit error probability

10

XOR−based NC
Product−based NC with (7,4,3)
Product−based NC with (31,21,5)
Product−based NC with (63,39,9)

−2

10

−3

10

−4

10

0

5
10
15
γ1 (γ2 = γ1 , γ3 = γ1 ) , (in dB)

20

Figure 5.12: Performance of the proposed joint channel-network coding scheme for different network coding schemes and fixed user channel coding over slow fading Rayleigh
channels. Same average received SNR is considered on all the links.
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Figure 5.13: Performance of the proposed joint channel-network coding scheme for two
user uplink scenario over Rayleigh fading channels for different average received SNRs
with γ3 = 15 dB and γ2 = 10 − γ1 .

that half of the packets are sent by user 1 and have the average received SNR equal to
γ1 , while the other half is sent by user 2 and have the average received SNR equal to γ2 .
The channel code used for both methods is (15, 7, 5). However, the network code used
for the proposed method is (31, 21, 5) having the same efficiency as XOR based network
coding. It is observed that the cooperating users benefit most from the cooperation when
the average received SNRs of their direct links are almost equal. This is true for both
XOR-based and product-based network coding schemes. For instance, the bit error rate is
minimum for user 1, when the SNR combination (γ1 , γ2 ) is equal to (6, 4) dB in case of
XOR-based and product-based network coding schemes. Similarly, the bit error rate for
user 2 is minimum, when the SNR combination is equal to (4, 6) dB in case of XOR-based
and product-based network coding schemes.
Pkr
Pi
i=1
as a perConsidering the average bit error probability of the users Pavg =
kr
formance criteria, let us analyze different combinations of SNR on the user links and the
relay link for both XOR based scheme and the product-based scheme. Here Pi represents
the average bit error probability for link i. Again (15, 7, 5) is considered as the channel
code on all the links, and (31, 21, 5) is assumed as the network code for the product-based
scheme.
The average bit error probability of the users is illustrated for γ2 + γ1 = 10 dB and
γ3 = 0 → 20 dB for XOR based scheme in Figure 5.14. It is quite obvious that the users
have better error performance when they have nearly similar average received SNRs, for
all the values of γ3 . For instance, the minimum average bit error probability for the users
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Figure 5.14: Performance of the XOR based network scheme for two user uplink scenario
over Rayleigh fading channels for different average received SNRs with γ2 = 10 − γ1 .
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Figure 5.15: Performance of the proposed joint channel-network coding scheme for two
user uplink scenario over Rayleigh fading channels for different average received SNRs
with γ2 = 10 − γ1 .
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lie around (γ1 , γ2 ) equal to (5, 5) in this case. However, the minimum value of average bit
error probability decreases as the SNR on relay-base station link improves. Interestingly,
it can be observed that the users having similar SNRs should be grouped together in order
to have provide mutual benefit to them. This is true regardless of the relationship between
the γ1 + γ2 and γ3 . Therefore the user grouping criteria is slightly different from the one
illustrated in Fig. 3.14, where it depends upon the relationship between the γ1 + γ2 and γ3 .
Hence, channel coding has modified the user grouping criteria.
Now let us look at the performance of product-based scheme in Figure 5.15. Here
(31, 21, 5) is used for performing network coding. Therefore, γ1 represents the average
received SNR on each link for the first ten packets sent by user 1. Also γ2 represents
the average received SNR for the rest of the eleven packets sent by user 2. Moreover, γ3
denotes the average received SNR on each link, for the relay packets. It is quite obvious
from Figure 5.15 that, it is advantageous in terms of average bit error probability to group
the users having nearly similar SNRs. This is true regardless of SNR on the relay-base
station link. For instance, the minimum error probability for the users lie around (γ1 , γ2 )
equal to (5, 5) in this case as well. Therefore, it is better to group the users having nearly
similar SNRs, for having minimum average bit error probability, in case of both schemes.

5.6 Summary
This chapter presented the combination of channel coding and network coding schemes
in MARC as a product code. This new structure allows us to perform the network and
the channel decoding jointly by using a single decoder at the base station receiver. This
decoder takes advantage of the channel variations of the different links of MARC and allows a better interaction between their coding schemes. With this new representation, more
powerful network coding schemes can be used without affecting the overall efficiency of
the MARC scheme. From the obtained results, it has been observed that even with simple
linear network codes, the proposed method outperforms conventional XOR-based network
coding scheme over all ranges of SNRs. The relative gain between the joint channelnetwork coding using the proposed method, and the separate channel-network coding is
comparable to that obtained in [58], where distributed turbo codes are used to implement
the joint network-channel coding.
The proposed representation also provides a good flexibility in the cooperation process
where several packets can be combined at the relay node. These packets can belong to one
user, two users, or several users. The gain due to the proposed method is also analyzed
in the slow fading environments. Moreover, it has been found that its better to group the
users having almost same average received SNRs on their direct links, in order to provide
mutual benefit to them in terms of average bit error probability.
Although the significance of proposed scheme has been highlighted by considering an
uplink transmission scenario, it is worthwhile to mention here that the proposed scheme
is also valid for downlink scenarios as well. In that case, base station can send multiple
packets to same user or different users and relay can combine these packets using powerful
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block code and retransmit it to the user. Then each packet can be decoded by the user,
using iterative decoding.
It is obvious from the analysis, that by using different techniques link reliability can be
improved in cooperative relaying scenarios. In other words, for a given quality of service,
transmit powers at the nodes can be reduced. It would also be interesting to investigate, if
the distributed structure of cooperative transmission schemes can be helpful in improving
the overall energy consumption in the cellular network.

Part II

Power Efficiency in Cooperative
Communications
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Chapter 6

Energy Efficiency Using Cooperative
Relaying
So far, the significance of cooperative transmission schemes in making the links reliable
has been studied. It has been shown that the channel conditions on the links, signal space
formed at the receiver and the interaction between network and channel coding schemes
can be explored, to improve the error performance of the cooperative cellular system. For
a given quality of service the improved signal reliability can be interpreted as, equivalent
reduction in transmission power at the transmitter side. This reduction in transmission
power has significant importance for a cellular device in an uplink transmission scenario,
having a limited battery life time.
However, in the downlink transmission scenario the output transmission power is just a
single component of total power consumption at the base station. There are other important
components as well, associated with signal processing, power amplifiers, cooling units and
backhaul connections. Similarly relays act both as transmitters and receivers in cooperative
transmission scenarios. They also require some power for signal processing and for bearing
losses in power amplifiers etc. Although cooperative relaying schemes allow us to achieve
the diversity gain, they require additional power resources as compared to the conventional
cellular system, in order to keep the relays functioning. Therefore it is important to analyze,
whether the cooperative relaying schemes provide net gain in terms of total power or energy
consumption as compared to the conventional direct link transmissions.
This chapter looks at the total energy consumption in case of cooperative transmission
schemes and provides possible solutions to reduce it. Here different cooperative relaying
schemes are considered and it is analyzed how to combine them with a proper resource
allocation scheme such that the total energy consumption of the network is minimized.
Here the notion ’resource’ represents the energy resource, that is the power and the time
allocated to different transmissions in order to provide a target quality of service to the
users. Hence, the adaptive resource allocation schemes based on minimizing the total
energy consumption are designed and studied in the chapter.
The rest of the chapter is organized as follows: The system model and the energy
117
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Figure 6.1: A service area containing a single cell with one base station and a certain
number of relay nodes spread over the cell area.

consumption model for both a base station and a relay node are described in section 6.1.
The different transmission schemes and the proposed resource allocation schemes are introduced in section 6.2. Numerical results illustrating the performance of the different
schemes are given in section 6.3. Summary of the obtained results is described in section
6.4.

6.1 System Model
Here we consider a certain service area with a given number of users uniformly distributed
over the service area. The service area is covered by one macro base station (BS) and a
number of fixed wireless relay nodes as illustrated in Fig. 6.1. A total of NRN relay nodes
are deployed uniformly around the macro BS having omnidirectional antennas. As we are
interested in the power consumption of the network, the downlink transmission scenario is
considered. The effect of inter-cell interference is neglected for the simplicity. Low cost
outdoor relay nodes operating in half duplex mode with orthogonal time division multiple
access are considered. These relay nodes receive the packet from base station in the first
time slot and performs decoding. Then they forward the decoded packet to the user in the
second time slot.
Densely built environment is considered where users are on the street level and relays
are located below rooftop. Therefore, the probability of Line-of-Sight communication for
the users with the base station and relay node is very small. Other details of the considered propagation model is described in Appendix C. It is assumed, that each user within
the service area requires a certain target spectral efficiency. Here, a time division multiple
access transmission is considered, where each user is entertained in a round robin fashion.
In order to deliver the required target spectral efficiency to a user, a normalized 1 transmission frame interval denoted by Tf is allotted to each user in a cell. It is also assumed, that
1 Here the performance of different schemes is compared for the normalized time interval T . This normalf
ized interval can have any value. In the numerical results, it is assumed equal to unity.
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the perfect channel state information is available at the transmitting nodes and links can be
adapted perfectly.
Different transmission strategies are possible in the cooperative communication system
of Fig. 6.1:
• Direct Transmission: Conventional point-to-point communication between the base
station and the mobile user.
• Two-hop Relaying Transmission: The base station transmits the packet in the first
time slot. The relay node receives the packet from the base station and forwards it
to the mobile user in the second time. The mobile user receives two replicas of its
packet, one from the base station and other from the relay node. The user combines
these replicas to carry out the decoding process.
• Two-hop Relaying Transmission with Network Coding: The base station transmits
two packets, one in each time slot. The relay node receives the two packets and
decodes them. Then it combines them using network coding and forwards them to
the mobile user. The mobile user receives the two packets from the base station and
the network coded packet from the relay node. Then the user use all the received
packets to carry out the decoding process.
At first, we will look at the cost in terms of energy consumption, for delivering a target
spectral efficiency to a user. This cost will depend on the type of transmission scheme
and the resource allocation algorithm used. A performance metric known as area energy
consumption is considered in [27], for performing energy analysis in cellular network.
The area energy consumption is defined as the average energy consumed in the service
area divided by the corresponding service area measured in Watts2 per square kilometer.
2
, the area energy consumption per
Denoting the total area of the cell by Acell = πRcell
transmitted frame can be written as follows:
Z ∞
1
E(γ)pΓ (γ)dγ
(6.1)
E=
Acell 0
where E(γ) is the instantaneous3 energy consumption, required to deliver a certain target
spectral efficiency to the intended user, within the transmission frame interval Tf . Moreover, γ is the instantaneous received signal-to-noise ratio at the receiver and pΓ (γ) is its
probability density function.
The random variable Γ representing instantaneous received SNR, is a function of the
distance between the base station and the mobile receiver, the shadow fading and the fast
fading effects of the radio channel. Hence, the area energy consumption in (6.1), can be
computed by averaging the E(γ) over all possible positions of the mobile user within the
2 The unit of energy can be expressed as watts × (time unit). Here we are comparing the energy consumption
of different schemes for a normalized time interval, hence watts are used to express the energy consumption in the
numerical results. Since normalized time interval is used in analysis, the terms power consumption and energy
consumption are used interchangeably at some places in the thesis.
3 The term instantaneous is used to distinguish the current value of the parameter from its average value.
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service area. The instantaneous energy consumption E(γ), includes all the power costs that
are dependent or independent of the transmission power. Therefore, a power consumption
model is needed to compute the area energy consumption in (6.1).

6.1.1 Power Consumption Model
The power consumption of a base station or a relay node depends on many factors such as
the cell radius, the backhaul connections, the location, the power amplifiers, the cooling
system, etc. A linear power consumption model that takes into account these factors has
been introduced and used in [28–30]. A further modification of this model has been done
in [64], by adding the concept of idle power at the base station [132]. This modification
assumes that the base station (or relay node) can go in an idle mode. Using these models
an expression for the instantaneous power consumption of a base station can be written as
follows:
(
PB,on = bB Pt,B + cB ,
Transmission mode
(6.2)
PB =
PB,idle = qB ,
Idle mode
where Pt,B represents the instantaneous transmit power required to provide the target quality of service to the connected user. The coefficient bB represents the transmission power
dependent parts of the power amplifier efficiency, the site cooling, the battery backup, and
the power supply loss [29]. Since the radiated power Pt,B is always less than the input
transmission power bB Pt,B , hence the coefficient bB is always greater than one. The term
cB accounts for the signal processing and transmit power independent portions of the site
cooling, the battery backup, and the power supply loss [29]. When the base station is idle,
its power consumption is lower than when it is in operation, i.e. qB ≤ cB .
A relay node has a much smaller dimension and functionality than a macro base station.
Hence, a fixed relay node radiates less power and consumes less power than a macro base
station. The instantaneous power consumption of a relay node can be modeled as
(
PR,on = bR Pt,R + cR ,
Transmission mode
PR =
.
(6.3)
PR,idle = qR ,
Idle mode
However, the price paid for the smaller dimensions of relay nodes is that the power amplifier has a lower efficiency in comparison with that of a base station, i.e. bB ≤ bR . Similar
to bB , the value of bR will always be greater than one. As cooling is not required at the
relay nodes and signal processing capabilities are also less than that of a base station, we
have cB ≥ cR and qB ≥ qR . Moreover, the power required to receive and process the
signals at the relay is not included in cR .
Some typical values for the different parameters are given in [29] and are used for performing the analysis. However, these values are expected to change in the future as more
efficient base stations and relay nodes will be designed and soon available in the market. It
should also be mentioned that this power model is very simplified and does not include the
backhaul power consumption. For instance, the parameter bB (or bR ) may not be constant
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Figure 6.2: Direct Point-to-Point transmission.

and should depend on the spectral efficiency. Also the parameter cB (or cR ) should also
change with the type of cooling used, whether active or passive cooling. The model also
does not include the power required to receive and process the signals at the relay in cR .
Moreover, the energy required by the nodes to send the feedback information to the base
station is also not included in the model. Since the basic purpose is to compare the performance of different transmission schemes, hence a simplified power consumption model
is considered here. However, the results can be refined further by using more accurate
models.

6.2 Energy Consumption Analysis
In wireless networks of today, communication between the base station and the mobile unit
can be accomplished in many different ways. We may have normal direct transmission or
cooperative communication via fixed or mobile relay nodes. Cooperation may also include
network coding at the relay node where multiple user devices cooperate via relay nodes
with the help of network coding. The mode of transmission directly affects the achieved
data rate of the active mobile user and the energy consumption of the system.

6.2.1 Direct Point-to-Point Transmission
In a conventional cellular system, the base station communicates directly with each active
mobile user as illustrated in Fig. 6.2. The quality of service of the mobile user can be
defined by its required data rate and depends on its link quality. To achieve such a quality
of service the base station allocates the appropriate power and the radio resource to the
user link. The received power at the mobile user can be written as follows:
Pr =

a1 g1 |h1 |2 Pt,B
r1η

(6.4)

where Pt,B is the transmitted base station power, g1 is a random variable representing
the shadow fading effect, h1 is a complex Gaussian random variable representing the fast
fading (Rayleigh) effect, and r1 is the distance between the base station and the mobile
receiver. The parameter a1 is a path loss constant that depends on the transmit/receive
antenna gains, the carrier frequency, and the propagation environment. Moreover, η represents the path loss exponent. The quality of service of the link is dependent on the received
SNR at the mobile receiver.
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Assuming that perfect channel state information is available and considering perfect
link adaptation, the user data rate can be written as
R = Ws log2 (1 + Γ1 )

(6.5)

Pr
N

is the received SNR at the mobile receiver, Ws is the signal bandwidth, and
where Γ1 =
N represents the total noise power at the user device. For a given target spectral efficiency,
the required instantaneous transmit power for the base station can be written as follows:

N
Pt,B =
2Ct − 1
G1
=


L1 N
2Ct − 1 .
2
g1 |h1 |

(6.6)

where, Ct = Rt /Ws is the target instantaneous spectral efficiency and Rt is the target data
r1η
|h1 |2
rate for the user. Moreover, G1 = g1 L
denotes
the
channel
gain
and
L
=
represents
1
a
1
1
the distance dependent path loss.
If the required transmit power in (6.6) exceeds the maximum base station transmit
max
power Pt,B
, the target user data rate cannot be achieved and the user will be in outage. In
other words, the system outage probability can be defined as



max 
G1 Pt,B
< Ct .
(6.7)
Po = Pr log2 1 +
N
In case of outage, we assume that the base station goes to idle power mode in order to
reduce the power consumption [61]. This requires that the base station have the perfect
channel state information available.
For a given frame interval Tf , the instantaneous energy consumption per frame for
point-to-point transmission can be computed as follows:
(
Tf bB Pt,B + Tf cB ,
Transmission mode
E(γ) = PB Tf =
(6.8)
Tf qB ,
Outage
It is obvious from (6.8) that the instantaneous energy consumption has two components, in
case of transmission mode. First can be represented by Edep = Tf bB Pt,B and it depends
on the transmission power. The second is independent of the transmission power and can
be denoted by Eind = Tf cB .
Using the expression of (6.8) in (6.1), the average area energy consumption per transmitted frame can be written as



Z ∞

N Ct
1
2 − 1 pG1 (x)dx + Tf cB (1 − Po ) + Tf qB Po (6.9)
T f bB
E=
Acell
x
0

where pG1 (x) is the pdf of the channel gain G1 .
It is observed from (6.9) that the energy consumption at the base station depends on
the propagation parameters, the additive noise, the cell radius, the target spectral efficiency,
and the outage probability. It also depends on the values of the different parameters bB , cB
and qB in the power consumption model.

6.2. ENERGY CONSUMPTION ANALYSIS

123

BS

User
Г1

Г3

Г2
Relay

Figure 6.3: Two-Hop Relaying Transmission (DF).

6.2.2 Two-Hop Relaying Transmission
In cellular relaying networks, communication between the base station and the mobile unit
is achieved in two hops as illustrated in Fig. 6.3. The time resource is shared between
the base station and the relay node, in order to transmit the information data to the user
[35]. Here, the base station transmits the packet in the first time slot to the user, which is
also received by one or multiple relay nodes. In the second time slot, the selected relay
node forwards the decoded packet to the user. Upon reception of both signals the user
performs the necessary processing to recover the transmitted information. Depending on
the resource allocation and the time split between the first time slot and the second time
slot, the user can have different possibilities in combining and decoding the information.
Ofcourse, this time split will not only affect the link performance of the user but the total
power consumption as well.
Equal Time Split: With an equal time split between the first and the second time slot, the
mobile user may decide to combine the signal received directly from the base station and
the relayed version from the relay node using maximum ratio combining (MRC) [70]. In
this case, the achieved instantaneous user data rate can be written as follows [36, 133]:


1
1
log2 (1 + Γ2 ) , log2 (1 + Γ1 + Γ3 ) .
R = Ws min
2
2





1
G2 Pt,B
G1 Pt,B
G3 Pt,R
1
.(6.10)
, log2 1 +
log2 1 +
+
= Ws min
2
N1
2
N
N
2

rη

i|
for i = {2, 3}. Similarly Li = aii , and r2
where G1 is as defined in (6.6) and Gi = gi |h
Li
is the distance between the base station and the relay node, while r3 is the distance between
the relay node and the mobile user. Moreover, N1 is the noise power at the relay receiver
that could be different from noise power N at the user device [29].
Using the expression in (6.10) and the target user data rate, one can compute the required transmit powers at the different nodes by solving the equation R = Rt . Based on
the transmission methodology described above, the corresponding instantaneous energy
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consumption per frame can be written as follows:
ER (γ) =

Tf
Tf
Tf
PB,on +
PB,idle +
(PR,on − PR,idle ) + Tf NRN PR,idle (6.11)
2
2
2

where NRN is the number of relay nodes within the cell, while PB and PR are as given in
(6.2) and (6.3), respectively. It is obvious from (6.11) that, the base station performs transmission for the first half of the allocated time Tf . However, the selected relay transmits for
the second half of the allocated time Tf . All the other relays remain idle during Tf .
The terms on the right hand side of (6.11), can be rearranged in order to separate the
transmission power dependent and independent part as follows:
Tf
Tf
(PB,on + PR,on ) +
(PB,idle + 2NRN PR,idle − PR,idle )
2
2
 


Tf
Tf
(bB Pt,B + bR Pt,R ) +
(cB + cR + qB + (2NRN − 1)qR )
=
2
2

ER (γ) =

= Edep + Eind .

(6.12)

It is observed from (6.11) and (6.12) that the instantaneous energy consumption depends
on the position of the selected relay node, the position of the mobile user, the quality of
the three links, and the power allocation at the nodes. The relay selection and the power
allocation at the nodes is done as follows:
• Relay node selection: It is observed from the expression of the user data rate in (6.10)
that, the selected relay node affects the two received SNRs Γ2 and Γ3 . Hence, for a
given user data rate Rt , the relay node that minimizes the transmit powers of both
the base station and the relay node is the one that has the best base station-relay node
and relay node-mobile user link gains. Denoting the channel gain between the base
station and relay node i by G2i and the channel gain between relay node i and the
mobile user by G3i , the selected relay node is the one, that maximizes the minimum
of {G2i , G3i } for all i = 1, 2 · · · NRN .
• Power allocation to the base station and the relay node: It is observed from the
expression of the user data rate in (6.10) that, the base station transmit power affects
both terms in (6.10). However, the relay node transmit power affects the second
term only. Hence, for a given user data rate Rt , the minimum transmission power
required at the two nodes is obtained when
Rt =

Ws
Ws
log2 (1 + Γ2 ) =
log2 (1 + Γ1 + Γ3 ).
2
2

(6.13)

which gives the condition for the base station transmit power,
Pt,B ≥

N1 2Ct
− 1).
(2
G2

where Ct is the target user spectral efficiency.

(6.14)
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Substituting (6.14) into (6.13), the relay node transmit power can be derived and is
given by



N 22Ct − 1 − G1 Pt,B
N G2 − N1 G1
(22Ct − 1). (6.15)
=
Pt,R =
G3
G3 G2
max
Since the relay node transmit power is limited within the interval 0 ≤ Pt,R ≤ Pt,R
,
the relay node transmit power in (6.15) can be rewritten as

0,
N G2 − N1 G1 < 0




max
Pt,R
N G2 −N1 G1
N G2 −N1 G1
2Ct
Pt,R =
.
(6.16)
−
1),
(2
≤
2C
G
G
G
G
2 t −1
3 2
2 3


 max
Pt,R ,
otherwise

max
Moreover, when Pt,R = Pt,R
, the base station transmit power needs to be adjusted
to ensure the required target spectral efficiency and takes the following expression:

N1
max
G
Pt,R < Pt,R
(22Ct − 1),
2
Pt,B = N (22Ct −1)−P max G
(6.17)
3

t,R
max
, Pt,R = Pt,R
G1

The obtained transmit powers are then used in (6.2) and (6.3) respectively, to obtain
the instantaneous power consumption at the base station and the relay node. Using
the obtained values of PB,on and PR,on , the total instantaneous energy consumption
can be calculated using (6.11).

However, it may happen that the two-hop relaying transmission requires more energy
than the point-to-point direct link transmission 4 . In this case, direct link transmission will
be preferred. Therefore, the base station has to compute the energy consumption for the
two transmission options and choose the one that has better energy efficiency. If none of
the transmission options is able to provide the required quality of service for the active
mobile user then the user is in outage and both transmission nodes go to idle mode.
The instantaneous energy consumption per frame, for this cooperative relaying scheme,
can now be written as follows:
(
min [ED (γ), ER (γ)] ,
Transmission
E(γ) =
(6.18)
Tf PB,idle + Tf NRN PR,idle ,
Outage
where ED (γ) is the instantaneous energy consumption of the direct link transmission given
as,
ED (γ) = Tf PB,on + Tf NRN PR,idle

(6.19)

4 Here the direct link transmission refers to the transmission between the base station and the user, in the
presence of relays in the cellular network. This direct link transmission is represented by the notion ’Direct’ in
different equations in case of relaying schemes.
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where PB,on is a function of Γ1 and can be calculated using (6.2) and (6.5). The right
hand side of (6.19) can be rearranged to separate the transmission power dependent and
independent parts as follows:
ED (γ) = [Tf bB Pt,B ] + [Tf cB + Tf NRN qR ]
= Edep + Eind .

(6.20)

The area energy consumption per frame at the target spectral efficiency Ct is obtained by
averaging the instantaneous energy consumptions of the users over the fading coefficients
and the mobile position. Hence the resulting expression for the E can be written as :
Z ∞Z ∞Z ∞
1
E=
(6.21)
E(γ)pG1 (x1 )pG2 (x2 )pG3 (x3 )dx1 dx2 dx3 .
Acell 0
0
0
With fixed time allocation area energy consumption is reduced only through appropriate
power allocation to the base station and the relay node. Adapting the allocated time according to the link conditions will provide a new degree of freedom that can be exploited
to reduce the area energy consumption of wireless networks further. This is the subject of
the following subsection.
Adaptive Time Allocation: A better way to take advantage of the channel variability is to
adapt the time allocation according to the quality of the links. This will allow us to reduce
the energy consumption without affecting the quality of service of the user. For a transmission frame interval Tf , we assume that αTf is allocated to the base station transmission
and (1 − α)Tf is allocated to the relay node transmission with 0 ≤ α ≤ 1.
Considering the user data rate as a performance measure we may write the user spectral
efficiency [69] of the two-hop relaying transmission as
C = min {α log2 (1 + Γ2 ) , (1 − α) log2 (1 + Γ3 )}

(6.22)

where Γi is the received SNR on link i as shown in Fig. 6.3. The expression in (6.22),
allows us to compute the transmission power and transmission time at different nodes for
a given target spectral efficiency. Since different combinations of transmission time and
transmission power is possible for achieving the required target spectral efficiency, the
main objective here is to choose the appropriate combination that minimizes the overall
energy consumption.
Similar to the fixed time allocation case, the minimum transmit power required at the
nodes is obtained, when the capacity of both links is equal, i.e.,
α log2 (1 + Γ2 ) = (1 − α) log2 (1 + Γ3 ).

(6.23)

Solving for α we get
α=

log2 (1 + Γ3 )
,
log2 (1 + Γ2 ) + log2 (1 + Γ3 )

(6.24)

a time allocation that depends on the link quality of the different paths of the two-hop
relaying transmission.
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The option of direct transmission is also possible here as well if it provides better
energy saving than the two-hop relaying transmission. In this case, all relay nodes stay
idle during the whole time frame Tf while the BS transmits directly to the mobile user for
a time α′ Tf with 0 ≤ α′ ≤ 15 . Thus, the instantaneous spectral efficiency with adaptive
time allocation can, in general, be written as
( ′
α log2 (1 + Γ1 ),
Direct
(6.25)
C = log (1+Γ2 ) log (1+Γ3 )
2
2
Relaying
log (1+Γ2 )+log (1+Γ3 ) ,
2

2

where Γi , i = 1, 2, 3 are as defined earlier. The expression for two-hop relaying transmission is obtained by substituting (6.24) into (6.22).
For a given user data rate, the expression in (6.25) can be used to determine a relation
between the base station transmit power, the relay node transmit power, and the fraction
of transmission times. Hence the base station transmission power can be computed from
(6.25) as follows:

  Ct
N

α′ − 1
2
,
Direct

G1




  

Ct log2 (1+G3 Pt,R /N )
(6.26)
Pt,B =
log2 (1+G3 Pt,R /N )−Ct


N1 


−
1
,
Relaying
2


G 

 2
where Ct is the target spectral efficiency of the mobile user.
Using the expression of (6.26) in (6.2), the total power consumption of the base station becomes a function of the relay node transmit power Pt,R and the fraction of time
α′ . With these relations and based on the transmission methodology described above, the
instantaneous energy consumption is obtained as follows:

α′ Tf PB,on + (1 − α′ )Tf PB,idle + NRN Tf PR,idle ,
Direct





αTf PB,on + (1 − α)Tf (PR,on + PB,idle − PR,idle )
(6.27)
E(γ) =

Relaying

+NRN Tf PR,idle ,


T P
Outage
f B,idle + Tf NRN PR,idle ,

max
max
with 0 ≤ α′ ≤ 1, 0 ≤ Pt,B ≤ Pt,B
, and 0 ≤ Pt,R ≤ Pt,R
.
Using the expression in (6.27), the base station identifies the transmission path, the base
station transmit power, the relay node transmit power, and the time splitting that minimizes
E(γ). If no valid solution for Pt,B , Pt,R , or α′ is obtained then all the nodes go to the idle
mode and the mobile user is in outage. The important steps followed by the base station, for
selecting the transmission path and the corresponding instantaneous energy consumption
are summarized in Appendix. B. The average area energy consumption per frame can be
obtained by using the selected E(γ) for each user, in (6.21).
5 Note that α′ is the fraction of the base station transmission time when only direct transmission is used and
can be different from α.
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Figure 6.4: Two-hop Transmission with Network Coding (DFNC).

The expressions in (6.27) can be rearranged to obtain the transmission power, dependent and the independent components of the instantaneous energy consumption. For instance, in case of direct transmission Edep and Eind can be obtained as follows:
E(γ) = Tf α′ bB Pt,B + [Tf (α′ cB + (1 − α′ )qB + NRN qR )]
= Edep + Eind .

(6.28)

Similarly, in case of relay transmission path the two components can be written as follows:
E(γ) = [Tf (αbB Pt,B + (1 − α)bR Pt,R )] +
[Tf (αcB + (1 − α)cR + (1 − α)qB + (NRN − 1 + α)qR )]
= Edep + Eind .

(6.29)

6.2.3 Two-hop Transmission with Network Coding
In this transmission scheme [48] the total time resource is divided into three phases to
allow cooperation between two transmissions as illustrated in Fig. 6.4. In the first two
transmission phases, the base station transmit two different packets to the user. The two
packets are decoded by the relay node, combined using XOR-based network coding and
then forwarded to the users in the third phase. The transmission of one packet will then
require only one and a half time slot as compared to two time slots in the case of conventional two hop cooperative relaying. This helps in improving the bandwidth efficiency of
the relaying network, however affects the power consumption as well.
After reception of the three packets, the user tries to decode its information using the
decoding scheme proposed in [51]. Using the two direct links the receiver decodes the
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packet having the highest channel gain, i.e. max{G1 , G4 }. This packet is known as the
strong packet and it takes advantage of selection diversity. Based on the knowledge of the
detected packet, the weak packet (second packet) is decoded using the relayed packet and
the weaker direct link. Here, the receiver combines the two links to get better quality for
the weak packet. The simplest resource allocation in a two-hop relaying transmission with
network coding is to have equal time split between the three transmission.
Equal Time Split: With an equal time split between all the three time slots, the mobile
user will detect the strong packet directly while the weak packet is detected with the help
of the relayed network coded packet using maximum ratio combining [70].
Assuming that packet 1 is the strongest, i.e. Γ1 > Γ4 , the expression for the spectral
efficiency as derived in [51] can be written as:
1
(log2 [1 + min (Γ1 , Γ2 )] + log2 [1 + min (Γ3 + Γ4 , Γ5 )])
3



G4 Pt,B + G3 Pt,R G5 Pt,B
1
+
,
= log2 1 + min
3
N
N1


1
min (G1 , G2 ) Pt,B
log2 1 +
3
N

C=

(6.30)

It is observed that the selected relay node will affect the two terms in (6.30). Hence, the
relay node that minimizes the base station transmit power and the relay node transmit
power is the one, that maximizes the minimum link gains {G2i , G3i , G5i } for all i =
1, 2 · · · NRN [134]. This relay selection procedure is used in the analysis.
It is also observed from (6.30) that the minimum required transmission powers at the
base station and the relay node can be obtained when
G4 Pt,B + G3 Pt,R
G5 Pt,B
=
N
N1

⇒

Pt,R

N
=
G3



G4
G5
−
N1
N



Pt,B

(6.31)

Using the relation of (6.31) in (6.30) and assuming a user spectral efficiency Ct , the
base station transmit power can be obtained as

Pt,B =

r

min(G1 ,G2 )
N

+

G5
N1

2

1 ,G2 ) G5
3Ct ) −
− 4 min(G
N
N1 (1 − 2

min(G1 ,G2 )
N

−

G5
N1

1 ,G2 ) G5
2 min(G
N
N1

(6.32)
and that of the relay node by
Pt,R =

(

N
G3

0,



G5
N1

−

G4
N



Pt,B ,

G5
N1

−

G4
N

otherwise

≥0

(6.33)
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max
max
max
with 0 ≤ Pt,B ≤ Pt,B
, and 0 ≤ Pt,R ≤ Pt,R
. When Pt,R = Pt,R
, the base station
max
transmit power is recalculated using Pt,R = Pt,R
in (6.30) and becomes

Pt,B

N
=
2 min(G1 , G2 )G4

"r

ϑ2 − 4 min(G1 , G2 )(1 − 23Ct +

max
G3 Pt,R

N

#

)−ϑ

(6.34)


max
G3 Pt,R



+ G4 . If no valid value for Pt,B is obtained, then
where ϑ = min(G1 , G2 ) 1 + N
all nodes go to idle mode and the mobile user is in outage.
The transmit powers obtained for both nodes can then be used in (6.2) and (6.3) to get
the instantaneous power consumption at the base station and the relay node, respectively.
Based on the transmission method and using the obtained values of PB,on and PR,on , the
total instantaneous energy consumption per frame can be calculated as follows:
 2T
T
T
f

P
+ 3f PB,idle + 3f (PR,on − PR,idle ) ,

 3 B,on
E(γ) = +NRN Tf PR,idle ,
Transmission (6.35)



Tf PB,idle + Tf NRN PR,idle ,
Outage

Substituting the expression of E(γ) in (6.1) and after averaging it over all link gains of
the different links, the average area energy consumption per frame for the target spectral
efficiency Ct is obtained.
The total instantaneous energy consumption in (6.35) can be split into its transmission
power dependent and the transmission power independent parts, as follows:
2Tf
Tf
Tf
PB,on +
PR,on +
(PB,idle + (3NRN − 1)PR,idle )
3
3
3

 

Tf
Tf
=
(2bB Pt,B + bR Pt,R ) +
(2cB + cR + qB + (3NRN − 1)qR )
3
3

E(r, γ)=

=Edep + Eind .

(6.36)

Since the base station consumes more power than the relay node, allocating two-third of
the total transmission time to the base station may not be the best option for the system
from a power consumption point of view.
Adaptive Time Allocation: Adapting the time allocation of the different links taking into
account the total energy consumption can be very energy efficient for the system. It is
observed from Fig. 6.4 that this scheme provides three alternatives for transmitting the two
packets to the mobile user during the time frame Tf .
• Both packets are transmitted via the direct links
• Packet one is transmitted via the direct link and packet two via the two-hop relaying
link.
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• Packet two is transmitted via the direct link and packet one via the two-hop relaying
link.
In this case, the network coding scheme at the relay node becomes a simple selection
scheme where only one packet is forwarded toward the mobile user. The adaptive time
allocation then becomes similar to that used in the regular two-hop transmission relaying
scheme of section 6.2.2.
Let us reconsider Fig. 6.4 and assume that Γ1 > Γ4 . In this case, packet 1 will be
transmitted on the direct link with a normalized time allocation α and a normalized spectral
efficiency
C1 = α log2 (1 + Γ1 ) .

(6.37)

Packet 2 will be transmitted on the link (direct or two-hop relaying) that ensures the lowest
power consumption for the system. The normalized spectral efficiency for packet 2 can
then be written as follows:
(
(1 − α)α′ log2 (1 + Γ4 ),
Direct
(6.38)
C2 =
log2 (1+Γ3 ) log2 (1+Γ5 )
Relaying
(1 − α) log (1+Γ3 )+log (1+Γ5 ) ,
2

′

2

′

where (1 − α)α with 0 ≤ α ≤ 1 is the normalized fraction of time allocated to the base
station for transmitting packet 2. Moreover, in case of relayed transmission the spectral
efficiency is obtained using (6.25).
The total user spectral efficiency is then obtained as
(
α log2 (1 + Γ1 ) + (1 − α)α′ log2 (1 + Γ4 ),
Both direct
C = C1 + C2 =
(6.39)
log2 (1+Γ3 ) log2 (1+Γ5 )
α log2 (1 + Γ1 ) + (1 − α) log
(1+Γ3 )+log (1+Γ5 ) , otherwise
2

2

It is observed from (6.39) that, during the time frame Tf , the strong packet is allocated a
total time of αTf and the weak packet is allocated a total time of (1 − α)Tf . But the strong
packet is transmitted on one hop while the weak packet is transmitted on one or two hops.
Our objective is, to find the value of α that minimizes the total energy consumption and
ensures the target spectral efficiency for the user.
It should also be mentioned that the base station, in this scheme, is involved in two
transmissions as it participates in transmitting packet 1 and packet 2. The total transmission
time of the base station during the time frame Tf is given by

Both direct
[α + (1 − α)α′ ] Tf ,
i
TBS = h
(6.40)
log2 (1+Γ3 )
 α + (1 − α)
otherwise
log (1+Γ3 )+log (1+Γ5 ) Tf ,
2

2

and the total transmission time of the relay node within the frame is given by

Both direct
0,
i
.
TRN = h
log2 (1+Γ5 )
 (1 − α)
otherwise
log (1+Γ3 )+log (1+Γ5 ) Tf ,
2

2

(6.41)
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For a given user spectral efficiency Ct , the expression in (6.39) can be used to obtain a
relation between α, Pt,B , Pt,R , and α′ as follows:

Ct −α′ log2 (1+Γ4 )

Both direct

 log2 (1+Γ1 )−α′ log2 (1+Γ4 ) ,
(6.42)
α=
log (1+Γ ) log (1+Γ )
Ct − log 2(1+Γ 3)+log2 (1+Γ5 )

2
3
2
5

otherwise

log2 (1+Γ3 ) log2 (1+Γ5 ) ,
log2 (1+Γ1 )− log

2 (1+Γ3 )+log2 (1+Γ5 )

Based on the transmission methodology described above the total instantaneous energy
consumption during the frame interval Tf can now be written as follows:

TBS PB,on + NRN PR,idle + (1 − α)(1 − α′ )Tf PB,idle , Both direct





TBS (PB,on + NRN PR,idle ) + TRN (PR,on + PB,idle ) +
(6.43)
E(γ) =

TRN ((NRN − 1)PR,idle ) ,
Direct, Relay




T P
Outage
f B,idle + Tf NRN PR,idle ,

The values of different parameters in (6.43) can be computed using (6.42), (6.2), and (6.3).
For instance, depending upon the transmission path, the base station computes all the
triplets (α, α′ , Pt,B ) or (α, Pt,B , Pt,R ) using (6.42). After that it selects a particular triplet
that minimizes the total instantaneous energy consumption in (6.43) for the respective path.
Then the base station selects a transmission path that provides better instantaneous energy
consumption. If no valid triplet exists for one path then the other path have to be used. If
no valid triplet exists for the both transmission paths, all nodes will go to idle mode and the
user will be in outage. The important steps followed by the base station, for selecting the
transmission path and the corresponding instantaneous energy consumption are summarized in Appendix. B. The obtained instantaneous energy consumption E(γ) is then used
in (6.1) and averaged over all link gains to obtain the area average energy consumption per
frame for the given target.
The computed instantaneous energy consumption in (6.43) can also be represented in
terms of transmission power dependent Edep and the transmission power independent part
Eind . For instance, if both packets are transmitted directly, both parts can be written as
follows:
E(γ)=TBS bB Pt,B + [TBS (cB ) + NRN qR + 1 − α)(1 − α′ )Tf qB ]
=Edep + Eind .

(6.44)

However, if one packet is transmitted via direct link and the other via relay link then both
parts can be expressed as below:
E(γ)=[TBS bB Pt,B + TRN bR Pt,R ] +
[TBS (cB + NRN qR ) + TRN (cR + qB + (NRN − 1)qR )]
=Edep + Eind .

(6.45)
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Table 6.1: Parameters for power consumption model
Parameters
bB
bR
cB
cR = 0.1cB
qB = 0.1cB
qR = 0.1cR
max
Pt,B
max
Pt,R

Values
3.77
5.55
68.73 watts
6.873 watts
6.873 watts
0.6873 watts
41.7 watts
5 watts

6.3 Numerical Results
Some illustrative examples are considered, in order to compare the area energy consumption of the different transmission schemes described above. Different parameters for the
power consumption model used in [29,135] are summarized in Table. 6.1. The energy cost
for a relay is assumed to be 10% of that of the BS [136], i.e. cR = 0.1cB . The maximum outage probability and the target spectral efficiency are fixed to 2% and 1 bit/s/Hz
respectively, unless specified. The noise power N is calculated using N0 × Ws , where
N0 = −174 dbm/Hz and Ws = 5 MHz [29]. Since the noise figure for user device is
higher than that of relay receiver [29], the noise power for the mobile user is N = −100
dbm while the noise power for the relay node is N1 = −103 dbm. The values of Li are
calculated using the NLOS path loss models for propagation scenario 1 (Sc1), described
in Appendix C. These path loss models are proposed by 3GPP for LTE advanced systems [86].
The fading multipath channel is modeled as flat Rayleigh fading and the effect of
shadow fading is not considered in these numerical results. We also define the normalized distance between the base station and the relay node as follows:
κ=

r2
,
Rcell

(6.46)

where r2 is the distance between the base station and the relay node as illustrated in
Fig. 6.1. It is a measure of the relative location of the relay nodes as compared to the
cell radius Rcell . We denote two-hop relaying transmission with equal time split by DF
relaying. Also the two-hop relaying transmission with network coding and equal time split
is represented by DFNC relaying. In case of adaptive time allocation in both schemes, a
suffix "Adaptive" is added to the name of the relaying scheme.
To assess the benefits of cooperative communication, the area energy consumption of
the transmission schemes for different system parameters are evaluated. These parameters
include the size of the cell, the position of the relay nodes, the number of relays and the
target spectral efficiency.
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Figure 6.5: Area energy consumption as a function of the cell radius Rcell for a single cell
scenario. Here 4 relay nodes are deployed at κ = 0.5. Target spectral efficiency of the user
is 1 bit/s/Hz and an outage probability of 2% is assumed.

6.3.1 Cell radius
In this subsection we look at the area energy consumption of wireless networks with the
different transmission schemes and a given user target spectral efficiency of 1 bit/s/Hz.
The objective is to assess the area coverage that can be achieved by each transmission
scheme for a given given outage probability. A single cell is assumed with a total of
NRN = 4 relay nodes placed uniformly on a circle with radius 0.5Rcell (i.e. κ = 0.5)
around the base station.
Figure 6.5 illustrates the area energy efficiency of the different transmission schemes
as a function of the cell radius Rcell for an outage probability of 2%. It is observed that
the area energy consumption decreases with increasing the cell radius for all transmission
schemes because the rate of increase of the cell area is much larger than that of the energy consumption. Since adaptive relaying schemes are designed based on minimizing the
total energy consumption, they provide much better energy efficiency for all cell sizes as
compared to conventional direct point-to-point transmission and cooperative relaying with
fixed time allocation. For instance, with a cell radius of 800 m, the area energy consumption of both adaptive DF and adaptive DFNC, is about one third of that of conventional
direct transmission.
Figure 6.5 also shows that the transmission schemes with adaptive resource allocation
provide much larger coverage areas for the same target user spectral efficiency and the
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Figure 6.6: Area energy consumption as a function of the relay position for deployment
strategy 1. The cell radius is Rcell = 800 m and 6 relay nodes are deployed. Target spectral
efficiency of the user is 1 bit/s/Hz and an outage probability of 2% is assumed.

same outage probability as compared to the ones with fixed allocation. For instance, the
maximum cell radius of the coverage area for the direct link, DF, DF adaptive, DFNC, and
adaptive DFNC is 1.4, 1.5, 1.6, 1.7, and 2.1 kilometers, respectively. This corresponds
to a maximum area coverage of 6.15, 7.06, 8.04, 9.08, and 13.9 km2 , respectively. Twohop relaying transmission with network coding and adaptive resource allocation provides
the largest coverage area and the lowest area energy consumption due to its flexibility in
transmitting the data.

6.3.2 Relay Node Position
To investigate the effect of the relay position on the area energy consumption of the different transmission schemes, we have considered two different deployment strategies:
• The first deployment strategy consists of placing six relay nodes uniformly on a
circle around the base station with a normalized κRcell . The cell radius is assumed
to be Rcell = 800 meters.
Figure 6.6 illustrates the area energy consumption for the first deployment strategy as
a function of the relay positions for the same target spectral efficiency of 1 bit/s/Hz
and an outage probability of 2%. For the case of the two-hop relaying schemes with

CHAPTER 6. ENERGY EFFICIENCY USING COOPERATIVE RELAYING

Area Energy Consumption (Watts /km2)

136

DF
DF Adaptive
DFNC
DFNC Adaptive

30

25
Minimum Energy
Consumption at
{κ , κ1} = {0.7, 0.7}

20

15

0

10
0
0.5

0.5
1
Relay Position (κ)

1

Relay Position (κ1)

Figure 6.7: Area energy consumption as a function of the relay position for deployment
strategy 2. The cell radius is Rcell = 800 m and 6 relay nodes are deployed. Target spectral
efficiency of the user is 1 bit/s/Hz and an outage probability of 2% is assumed.

fixed time allocation, it is observed from Fig. 6.6 that the position of the relay nodes
affects the area energy consumption slightly. The relay node positions that minimize the area energy consumption are at a radius of 0.7Rcell for both transmission
schemes with fixed time allocation.
For the case of the transmission schemes with adaptive time allocation, the obtained
area energy consumption does not seem to depend on the relay node positions as
shown in Fig. 6.6. This is due to the adaptive time allocation scheme used by those
two transmission schemes which indirectly takes into account the position of the
relay node into account. Hence, the relay nodes can basically be placed randomly
within the cell area and no relay planning will be needed.
• The second deployment strategy tries to increase the spread of the relay nodes over
the cell area. In this strategy, half of the relay nodes are placed on a circle with
radius κRcell and the other half are at another circle with radius κ1 Rcell and rotated
by π/3 radians with respect to the first. We then vary both κ and κ1 to see their
effects on the area energy consumption. This is illustrated in Fig. 6.7 for the different
transmission schemes. Again the best relay node positions for the equal time split
DF and DFNC is obtained when {κ = 0.7, κ1 = 0.7}, and the energy consumption
of the adaptive schemes does not vary very much with the relay node positions. So,
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Figure 6.8: Area energy consumption as a function of the number of relay nodes. The cell
radius is Rcell = 800 m and relays are deployed at κ = 0.7. Target spectral efficiency of
the user is 1 bit/s/Hz and an outage probability of 2% is assumed.

random deployment of relay nodes, when adaptive resource allocation is used, is
confirmed.

6.3.3 Number of Relay Nodes
Increasing the number of relay nodes will improve the coverage but it will eventually increase the area energy consumption, due to the idle power of all the relay nodes as illustrated in (6.11), (6.27), (6.35), and (6.43). Figure 6.8 shows the area energy consumption as
a function of the number of relay nodes within the cell for a cell radius of Rcell = 800 m.
The relay nodes are spread uniformly on a circle with radius 0.7Rcell around the base station. It is observed that, for every transmission scheme, there exists a certain number of
relay nodes for which the area energy consumption of the system is minimum. The transmission schemes with fixed resource allocation require a total of four relay nodes to ensure
minimum energy consumption, while the transmission schemes with adaptive resource allocation require two relay nodes.
With too few relay nodes, higher base station transmit power is needed to ensure the required coverage which causes the area energy consumption to increase. On the other hand,
with a large number of relay nodes (beyond two or four in the respective cases) the coverage is improved and as a result the base station transmit power is reduced. However, the
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Figure 6.9: Area energy consumption as a function of the target spectral efficiency. The
cell radius is Rcell = 800 m, and 6 relay nodes are deployed at κ = 0.7. An outage
probability of 2% is assumed.

area energy consumption of the system is increased due to the idle power of the relay nodes
which increases with increasing the number of relay nodes within the cell. As seen from
Fig. 6.8, increasing the number of relay nodes can make the two-hop relaying transmission
schemes less energy efficient than conventional point-to-point transmission. For instance,
the break even power cost6 for the DF and the DFNC schemes with fixed time allocation
are NRN = 30 and NRN = 42, respectively. With adaptive time allocation, the break even
point occurs at a much larger number of relay nodes. Hence, adaptive resource allocation
allows the deployment of many relay nodes while ensuring good energy efficiency.

6.3.4 Target spectral Efficiency
The above numerical results assumed that the target spectral efficiency is fixed to Ct =
1 bit/s/Hz. However, for a given cell radius and a number of relay nodes, the area coverage will change if the target user spectral efficiency change. To investigate this relation we
consider a cell with radius Rcell = 800 meters, κ = 0.7, and NRN = 6 relays.
Figure 6.9 illustrates the area energy consumption of the system as a function of the target spectral efficiency for the different transmission schemes. As expected, we notice that
6 the break even power cost is obtained when the deployment with and without relay nodes yields the same
area energy consumption.
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the area energy consumption increases with increasing the target user spectral efficiency. It
is also observed that, for the number of relay nodes considered, different schemes support
different target spectral efficiencies for the same area coverage probability. For instance,
the adaptive DFNC provides the minimum area energy consumption and also support a target spectral efficiency up to Ct = 5.5 bit/s/Hz for an outage probability of at most 2%.
The adaptive DF scheme can support a spectral efficiency Ct ≤ 3.5 bit/s/Hz and has an
energy efficiency comparable to that of adaptive DFNC. The non adaptive DF and DFNC
schemes also support Ct ≤ 3.5 bit/s/Hz, however these schemes consume more energy
as compared to their non adaptive counterparts. In short, the adaptive DFNC consumes the
least energy and support the highest spectral efficiency targets in comparison with all the
other transmission schemes.

6.4 Summary
Here the area energy consumption of cellular systems with and without relay nodes is
compared. The obtained results showed that two-hop cooperative relaying transmission
schemes can reduce the power consumption of cellular systems and improve coverage.
To further improve the energy efficiency of two-hop cooperative relaying transmission
schemes, radio resource allocation algorithms have been considered, that take into the
power consumption of the system when assigning time slots to transmission links. With
such adaptation, the area energy consumption of wireless networks with two-hop relaying
transmission could be reduced considerably. Along with the minimum energy consumption, the cell coverage or target data rate can also be increased by using network coding in
adaptive two-hop relaying.
The implication of different parameters, such as relay node position, number of relay
nodes, and the cell radius on the area energy consumption of the system has been investigated here. The obtained results showed that the area energy consumption is not very
sensitive to the position of the relay nodes within the service area. In fact, with adaptive
resource allocation, the area energy consumption becomes independent of the relay node
positions within the cell. This simplifies the deployment of relay nodes considerably as
random deployment becomes sufficient. On the other hand, the area energy consumption
of the system is quite sensitive to the number of relay nodes deployed. The obtained results
showed that each transmission scheme can ensure a minimum area energy consumption
with a proper selection of the number of relay nodes. Two-hop cooperative relaying transmission with adaptive resource allocation provides the lowest area energy consumption
along with maximum coverage for a given quality of service for the user.
The analysis highlights the significance of different transmission schemes in improving
the energy efficiency of cellular system. However, there are certain issues that remained unaddressed. For instance, the obtained results are very much sensitive to the parameters used
in power consumption model. Hence a sensitivity analysis is needed to observe the effect
of changing different parameters on energy efficiency of the relaying schemes. The study
carried out in this chapter considers a single cell scenario. However, it may be interesting to
analyze the energy consumption of different combinations of the base station and the relays
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in the multi-cell scenarios. A propagation scenario considering only NLOS transmission on
the links is considered. However in practice, LOS conditions are also possible on the links.
Does the introduction of LOS conditions and changes in other propagation parameters
effect the conclusions, is an important question to be analyzed. Therefore, each of these
factors, is needed to be analyzed thoroughly and is subject of next chapter.

Chapter 7

Deployment Strategies in Cooperative
Relaying
The required quality of service can be delivered to the users with different combinations of
base stations and relays in a given service area. However, the number of deployed nodes
in the network has direct impact on the total energy consumption of the system. The total
power consumption is the sum of power consumed by the base stations and the relay nodes.
Although different combinations of base station and relay nodes can be used to deliver a
target quality of service in the service area, it is not obvious that which combination is
better from energy consumption point of view. Therefore, it is interesting to look at the
balance between the number of base stations and the number of relays for different relaying
schemes, that provides a required quality of service to the users and minimize the total
energy consumption in the service area. This chapter looks at the tradeoff between the
base station density and the relay node density from energy consumption point of view.
The study is carried out using different cooperative relaying schemes.
Besides the number of transmission nodes deployed in the network, the total energy
consumption in the service area depends on other factors as well. These include the parameters for the propagation environment, the parameters in the power consumption model
and the maximum transmission powers at the nodes. All these parameters were kept constant in previous chapter for better understanding. However, these parameters are subject
to change either due to different propagation environments or due to the improvements in
component design for the future wireless nodes. Therefore an analysis is performed in
order to investigate, how these parameters effect the already obtained results.
The outline of the chapter is as follows. Section 7.1 describes the system model used
for computing the total energy consumption in a service area. The numerical results describing the tradeoff between the number of transmitting nodes and the sensitivity analysis
for different parameters are illustrated in section 7.2. Finally section 7.3 provides the summary of conclusions drawn from the analysis.
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Figure 7.1: A service area covered by a number of macro base stations and relay nodes.
Shaded portion illustrates the coverage area of a single base station.

7.1 System Model
A downlink transmission scenario in a wireless network is illustrated in Fig. 7.1. A given
service area is considered having the radius Rs and the corresponding area calculated as
As = πRs2 . This service area is covered by a number of base stations NBS having omnidirectional antennas. It is also assumed that NRN relays nodes are deployed per cell.
Low cost outdoor relay nodes operating in half duplex mode with orthogonal time division
multiple access are considered. These relay nodes receive the packet from base station in
the first time slot and performs decoding. Then they forward the decoded packet to the
user in the second time slot. These relays are spread uniformly within each cell.
It is assumed, that each user within the service area requires a certain target spectral
efficiency. A time division multiple access transmission is assumed, where each user in
a cell is served in a round robin fashion. In order to deliver the required target spectral
efficiency to a user, a normalized transmission frame interval denoted by Tf is allotted to
each user in a cell. The effect of the inter-cell interference is assumed constant for each
transmission. Considering a uniform distribution of users in each cell, the average area
energy consumption per transmitted frame E in (6.1) can be assumed same in each cell.
In other words, the average area energy consumption per transmitted frame is considered
same in the whole service area.
Therefore, the total energy consumption per transmitted frame interval Tf in a service
area As can be defined as follows:
Z ∞
As
ET = As E =
E(γ)pΓ (γ)dγ
(7.1)
Acell 0
2
where Acell = πRcell
represents the area of each cell and Rcell is the corresponding cell
radius as shown in Fig. 7.1. Moreover E(γ), Γ, and pΓ (γ) are already defined in (6.1).
Now let us approximate the total number of base stations NBS by As /Acell as done
in [6]. Then the expression in (7.1) can be rewritten as follows:
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ET = NBS

Z

∞

E(γ)pΓ (γ)dγ

(7.2)

0

It is clear from chapter 6 that beside other parameters, E(γ) is a function of the number of
relays per cell NRN as well. Hence, the total energy consumption ET for a service area in
(7.2), is a function of number of base station NBS and the number of relays per cell NRN .
The total energy consumption using any cooperative relaying scheme can be computed
by using the corresponding E(γ) in (7.1). Hence, the effect of changing the number of
transmitting nodes on the total energy consumption can be studied for any relaying scheme.
For instance, consider the case of conventional point-to-point direct link transmission
between the base station and the users. The total energy consumption in this case can be
calculated using (6.9) in (7.1) as follows:



Z ∞

N Ct
2 − 1 pG1 (x)dx + Tf cB (1 − Po ) + Tf qB Po .
T f bB
ET = NBS
x
0
(7.3)

where all the parameters are defined in (6.9).
As the number of base stations NBS in a service area increases, the average distance
dependent path-loss between the users and the base stations decreases. This reduction in
average value of channel gain reduces the transmission power dependent part of the energy
consumption in (7.3). On the other hand the increase in NBS increases the transmission
power independent part NBS [Tf cB (1 − Po ) + Tf qB Po ] of the total energy consumption.
The transmission power dependent part is usually less dominant than the transmission
power independent part of the energy consumption. Therefore, in this case the total energy consumption increases by increasing the number of base stations and vice versa.
It means that from energy consumption point of view, the number of base stations
should be as minimum as possible. However, a certain minimum value NBS = Nmin
is required to cover the whole area, so that the outage probability for the users do not
exceed its maximum allowable limit. Here the user outage means that the required spectral
efficiency cannot be delivered to the user. Therefore, in case of direct link transmission,
the number of base stations, that provides the coverage and minimizes the total energy
consumption simultaneously, would be equal to Nmin .
In case of relaying schemes the general expression for the total energy consumption
can be written by inserting (6.21) in (7.1) as follows:
Z ∞Z ∞
Z ∞
ET = NBS
···
E(γ)pG1 (x1 )pG2 (x2 ) · · · pGi (xi )dx1 dx2 · · · dxi .(7.4)
0

0

0

where i is the number of links involved during the transmission and depends upon the
relaying scheme used. The expressions for E(γ) derived in (6.18), (6.27), (6.35) and
(6.43), can be substituted in (7.4) to get the total energy consumption for the each respective
scheme.
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Since E(γ) in this case is a function of the number of relays as well, hence the total
energy consumption depends both on the number of relays and the number of base stations
deployed in the service area. However, the relationship between the number of transmitting nodes and the total energy consumption is more complex in this case as compared
to the conventional direct link transmission. Again the trend depends upon the relationship between the transmission power dependent and the independent part of the energy
consumption. These two components of total energy consumption varies by changing the
balance between the number of base stations and the relays. Hence, it is important to analyze the total energy consumption for different combinations of base stations and the relays
that are deployed to provide the target spectral efficiency Ct to every user.
Besides the number of transmitting nodes, the total energy consumption depends upon
many other factors as well. These include the parameters used in the propagation model.
For instance, different environments have different standard deviation for the shadow fading. Moreover, LOS conditions between the transmitter and the receiver effect the path loss
expression. These changes in the propagation conditions may effect the energy consumption of the network. To analyze the effect of these changes on the total energy consumption,
some illustrative examples are considered here using different relaying schemes.
Another important factor effecting the total energy consumption is the values of parameters in the power consumption model. These values are subject to change for the future
designs of transmitting nodes. Therefore, it is necessary to analyze the limits for these
parameters for which the relaying schemes have better energy efficiency as compared to
the conventional direct link transmission.

7.2 Numerical Results
In this section different illustrative scenarios are considered and the effect of varying different parameters is studied. For computing the instantaneous energy consumption for
different transmission schemes, the expressions derived in chapter 6 are reconsidered here
for each respective scheme. Different parameters for the power consumption model described in Table. 6.1 are used here, unless a different value is mentioned. The maximum
limit on the outage probability for the users is kept equal to 2%. The noise power at the
user device is N = −100 dbm while at the relay it is assumed equal to N1 = −103
dbm [29]. Different path loss models described in Appendix C are considered during the
analysis. Let us investigate the effect of each factor separately as follows.

7.2.1 Deployment of Transmission Nodes
Here the effect of using different combinations of NBS and NRN on the total energy consumption per transmitted frame in a service area is investigated. Lets us consider an illustrative scenario, where a service area of As = 25 km2 , is covered with a total of NBS
base stations. The relay nodes are uniformly spread over the service area, with a total of
NRN relay nodes per cell. Only even number of relays are considered to have symmetrical
deployment around the base station. The 3GPP NLOS propagation model Sc1 described
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Figure 7.2: Total energy consumption per frame interval as a function of the number of
base stations and the number of relays nodes/cell, for DF Adaptive relaying scheme. User
spectral efficiency is 3 bit/s/Hz and an outage probability of 2 % is considered.

in Appendix C is considered here for computing the path loss on the transmission links.
Moreover, flat fading Rayleigh channel is assumed on the links.
Figure 7.2 illustrates the total energy consumption per frame interval for different combinations of NBS and NRN , in case of DF adaptive relaying scheme at required target
spectral efficiency of Ct = 3 bit/s/Hz. It can be observed that there exist a certain value
of NRN for each NBS , where the energy consumption is minimum. It is quite obvious,
that if we use the number of relays less than that certain value, the energy consumption
would be higher due to the higher outage probability for the users. On the other hand, if
we use the number of relays more than that certain value, the energy consumption would
be higher due to the higher idle power of the relay, that is proportional to the number of
deployed relays.
Moreover, it can be observed that as the number of base stations is reduced, more relays
are required to achieve this minimum value of total energy consumption. For instance,
using NBS = 20, 6 relays per cell are needed to minimize the energy consumption in
Figure 7.2. However, at NBS = 6, the minimum energy consumption can be achieved
using 10 relays per cell.
There is an upper limit defined on outage probability for the users as well, equal to 2%
in our case. Therefore, it can happen that the combination of NBS and NRN providing
minimum energy consumption does not meet the outage requirement. In order to illustrate
this let us look at the outage probability of users at each combination of NBS and NRN in
Fig. 7.3. It can be observed that as the number of base stations are reduced, more relays are
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Figure 7.3: Outage probability as a function of the number of base stations and the number of relays nodes/cell, for DF Adaptive relaying scheme. The corresponding energy
consumption is given in Fig. 7.2. User spectral efficiency is 3 bit/s/Hz and an outage probability of 2 % is considered.

required to keep the outage probability below 2%. Now let us look at the outage probability
of the combination NBS = 6 and NRN = 10 that has the minimum energy consumption
in Fig. 7.2. It is interesting to observe that, the outage probability for this combination
of NBS and NRN is above 2% in Fig. 7.3. Therefore, we need to select NRN = 12 for
NBS = 6 in order to minimize the energy consumption and to meet the required quality of
service (user spectral efficiency) simultaneously. Similar method can be adopted for other
values of NBS and the corresponding value of NRN can be obtained.
To summarize, all the combinations of NBS and NRN fulfilling the outage requirement
are selected as the feasible combinations first. Then the value of NRN that minimizes the
energy consumption for each value of NBS is selected from the feasible combinations.
This provides us the number of relays per cell for each value of NBS fulfilling both the
minimum energy and the maximum outage requirements. This procedure is used for the
different cooperative relaying schemes discussed so far.
For instance, Fig. 7.4 illustrates the tradeoff between the relay nodes per cell and the
total number of base stations for which the total energy consumption is minimum. This
tradeoff is illustrated for different relaying schemes. The target spectral efficiency is 3
bits/s/Hz and the maximum allowable outage probability for the users is 2%. It is obvious that for all the transmission schemes, as the number of base stations are reduced, the
number of relays per cell has to be increased to meet the required quality of service and
to minimize the energy consumption. It can be observed that the adaptive schemes require
less number of transmitters that is NBS (NRN + 1), in order to meet the required quality of
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Figure 7.4: Tradeoff between the number of relay nodes/cell and the number of base stations for minimum total energy consumption per frame interval. User spectral efficiency is
3 bit/s/Hz and an outage probability of 2 % is considered.
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Figure 7.5: Total energy consumption per frame interval as a function of the number of
base stations. The corresponding number of relay nodes/cell are given in Fig. 7.4. User
spectral efficiency is 3 bit/s/Hz and an outage probability of 2 % is considered.
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Figure 7.6: Required number of base stations as a function of the target spectral efficiency.
An outage probability of 2 % is considered.
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Figure 7.7: Required total number of relays nodes as a function of the target spectral
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probability of 2 % is considered.
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Figure 7.8: Total energy consumption per frame interval as a function of the target spectral
efficiency for the obtained number of transmitters. The corresponding number of relay
nodes and the number of base stations are given in Fig. 7.7 and Fig. 7.6 respectively. An
outage probability of 2 % is considered.

service as compared to their non adaptive counterparts. This reduction in number of transmitters is translated into reduction in total energy per frame interval for the adaptive relaying schemes as illustrated in Fig. 7.5. For instance, the number of base stations required by
conventional single hop direct link transmission, for minimizing the energy consumption
is equal to 11, while the adaptive DFNC scheme requires only 4 base stations, providing a
reduction of more than 50% in energy consumption.
Any change in the target spectral efficiency, effects the required number of transmitters
NBS (NRN + 1) for providing the required coverage, in case of each relaying scheme. In
order to illustrate further, the number of base stations and the corresponding total number
of relays required to minimize the energy consumption, are plotted against different target
spectral efficiencies, as shown in Fig. 7.6 and Fig. 7.7 respectively. It can be observed
that the total number of transmitters increases by increasing the target spectral efficiency.
However this increase is more pronounced in case of non adaptive schemes such as direct
link transmission scheme and the DF scheme.
As the number of transmitters increases with the target spectral efficiency, it is quite
logical to expect the corresponding increase in the total energy consumption at high target
spectral efficiencies. This is obvious from Fig. 7.8, where the total energy consumption
for all the transmission schemes is plotted against the target spectral efficiency. It can
be observed that at high target spectral efficiency, the total energy consumption per frame
increases quite rapidly in case of non adaptive schemes as compared to their adaptive counterparts, due to corresponding increase in number of transmitters. However, at low target
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spectral efficiency the difference in energy consumption is less, since the total number of
required transmitters are comparable in both cases and the difference is only due to the
reduction in average base station time in case of adaptive relaying schemes. In crux, it
is clear that the adaptive relaying schemes have the capability to allocate the resources,
not only according to the link quality but also according to the energy consumption at the
transmitting nodes. Thus, these energy aware adaptive relaying schemes, can reduce the
energy consumption in the cellular network along with ensuring the required quality of
service for the users.

7.2.2 Propagation Model Parameters
One of the important factor that may influence the power consumption in a cellular system,
is the propagation environment. A 3GPP model based on NLOS communication between
the nodes has been considered in the analysis up till now. However when the cell size
is smaller, the probability of LOS communication between the nodes increases. This is
mostly true for the transmission between the relay node and the user device [86]. In order to
include the effect of LOS conditions in the analysis, other two propagation scenarios named
as Sc2 and Sc3 are considered. The propagation model for these scenarios are described
in Appendix C. The obtained results are compared with the reference propagation scenario
Sc1 for three representative schemes namely, the conventional direct link transmission, the
DF relaying and adaptive DFNC relaying.
Let us consider an illustrative example where a single base station NBS = 1 can cover
the whole service area. Further assume that 4 relays are deployed within a cell at κ =
0.5. Considering a constant inter-cell interference and uniform distribution of users in
the service area, the analysis is valid for the multi-cell scenarios as well. Therefore, for
simplicity NBS = 1 is considered here and the area energy consumption per transmitted
frame is considered as the performance metric. The target spectral efficiency for each user
is Ct = 1 bit/s/Hz and the maximum allowable outage probability is 2%.
The propagation scenarios Sc2 and Sc3, use different path-loss expressions for the urban and the sub-urban environments. These models also consider the LOS conditions in
addition to NLOS conditions on different links. For instance, if the receiver is close to the
transmitter and is within a certain maximum distance, the probability of LOS communication is higher and vice versa. As the distance between the transmitter and the receiver node
increases, the NLOS conditions starts to become dominant. The switching point between
the dominant LOS conditions and the dominant NLOS conditions on a particular link, is
different for urban and sub-urban models. It is obvious from the path-loss expressions, that
the LOS conditions prevail for much longer distance in case of sub-urban model, than that
of the urban. For Sc2, the switching between the LOS and NLOS conditions is considered
only on relay-user link. However, in case of Sc3 this switching is considered on all the
links.
Performance in propagation scenario Sc2: Considering Sc2 on the links, the area
energy consumption for three different transmission schemes is plotted against the cell
radius as illustrated in Fig. 7.9. It is obvious that the adaptive relaying scheme has the
best energy efficiency as compared to the other schemes for Sc2 as well. The propagation
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Figure 7.9: Comparison of area energy consumption for propagation scenario 1 and 2.
Here single base station and 4 relays at κ = 0.5 is used to cover the service area. User
spectral efficiency is 1 bit/s/Hz and an outage probability of 2 % is considered.

scenario Sc2 effects the path loss on relay-user link only. Therefore, the performance of
direct transmission is the same as in case of Sc1.
In case of DF relaying scheme, any change in the propagation conditions effects the
transmission power at the base station and the relay node. For the small cell radius most
of the users are close to both the relay and the BS. Therefore, the probability of LOS
communication on relay-user link is high. The path-loss for Sc2 is less in case of dominant
LOS conditions as compared to Sc1. Hence, the average value of the transmission power is
expected to reduce in case of Sc2. This reduction effects the transmission power dependent
part Edep of the energy consumption. However, the average value of Edep in this case is
quite small (in milli-watts) and hence the reduction is not prominent in Fig. 7.10.
With the increase in cell radius the number of users having large distance from the relay,
increases as compared to the users that are close to the relay. Therefore, more users will
experience NLOS conditions on relay-user link for large cell radius. Hence, an increase
in the average transmission power both at the BS and the relay is expected. The path-loss
for Sc2 is higher in case of NLOS conditions as compared to the Sc1. Therefore, Edep for
the Sc2 is higher as compared to Sc1, as illustrated in Fig. 7.10. The Edep for sub-urban
case is slightly less as compared to the urban case, as the former allows LOS transmissions
for larger distances as compared to the latter. With the increase in cell radius, the NLOS
conditions on the relay-user link become more dominant. Therefore, this slight difference
reduces with the increase in cell radius.The transmission power independent part Eind for
DF relaying does not change with cell radius, as illustrated in Fig. 7.12. The changes
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Figure 7.10: Average Edep for DF relaying in case of propagation model 1 and 2. Here
single base station and 4 relays at κ = 0.5 is used to cover the service area. User spectral
efficiency is 1 bit/s/Hz and an outage probability of 2 % is considered.
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Figure 7.11: Average Edep for DFNC Adaptive relaying in case of propagation model 1
and 2. Here single base station and 4 relays at κ = 0.5 is used to cover the service area.
User spectral efficiency is 1 bit/s/Hz and an outage probability of 2 % is considered.
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Figure 7.12: Average Eind for propagation model 1 and 2. Here single base station and 4
relays at κ = 0.5 is used to cover the service area. User spectral efficiency is 1 bit/s/Hz
and an outage probability of 2 % is considered.

in Edep and Eind due to the Sc2 are not very significant. For instance, at higher cell
radius there is an increase of approximately 4 watts in Edep . Therefore, we do not see any
considerable change in area energy consumption of DF relaying in Fig. 7.9.
In case of DFNC adaptive scheme, the change in propagation scenario effects both
the transmission power and the transmission time at the nodes. However, due to adaptive
nature this scheme is less sensitive to the changes in propagation conditions as compared to
the DF relaying. This is obvious from Fig. 7.11 and Fig. 7.12, where the changes in pathloss is mitigated using adaptive allocation of power and time on the links. For instance,
at small cell radius the adaptive direct link transmission of packets is favored by adaptive
DFNC. Therefore, the better channel conditions on relay-user link due to the Sc2 does
not effect the Edep significantly. At the large cell radius, the transmission time and the
transmission power is adjusted in order to mitigate the higher path-loss due to the dominant
NLOS conditions. Hence, no significant change in Edep occurs as obvious from Fig. 7.11.
Similarly, the changes in the transmission time effects the transmission power independent
part Eind . But again there is an increase of only couple of watts in Edep as illustrated in
Fig. 7.12. Therefore, no considerable change in area energy consumption can be observed
in Fig. 7.9, for the adaptive relaying scheme.
The propagation scenario Sc2 has not effected the area energy consumption of the
transmission schemes significantly. However, let us look at its effect on the outage probability of the users. An increase in Edep at higher cell radius in case of DF relaying is an
indication of higher outage for the users. This is also obvious from the reduction in cov-
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Figure 7.13: Comparison of area energy consumption for propagation model 1 and 3. Here
single base station and 4 relays at κ = 0.5 is used to cover the service area. User spectral
efficiency is 1 bit/s/Hz and an outage probability of 2 % is considered.
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Figure 7.14: Average Edep for direct transmission in case of propagation model 1 and 3.
Here single base station and 4 relays at κ = 0.5 is used to cover the service area. User
spectral efficiency is 1 bit/s/Hz and an outage probability of 2 % is considered.
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Figure 7.15: Average Edep for DF relaying in case of propagation model 1 and 3. Here
single base station and 4 relays at κ = 0.5 is used to cover the service area. User spectral
efficiency is 1 bit/s/Hz and an outage probability of 2 % is considered.

erage for DF scheme in Fig. 7.9. In case of adaptive relaying scheme, higher path loss is
mitigated by increasing the transmission time as well, along with the transmission power.
Therefore, due to the negligible increase in the average transmission power at the nodes
for the adaptive relaying scheme, the coverage does not change for the Sc2.
Performance in propagation scenario Sc3: In case of Sc3, the users that are close
to the transmitting nodes, experience LOS transmission on all the links. The reasoning
used for Sc2 in order to explain the changes in the area energy consumption and the outage probability is also valid here. However, in case of Sc3 all the links experience both
LOS and NLOS conditions. Therefore, the over all increase and decrease in the average
transmission power at the nodes will be comparatively more prominent. This is obvious
from Fig. 7.13, where the area energy consumption of the schemes is plotted against the
cell radius.
The Edep in Sc1 and Sc3 for the direct link transmission is compared in Fig. 7.14. It
can be observed that the Edep increases with the increase in cell radius. This is due to
the higher path-loss on BS-User link for Sc3 incase of NLOS transmissions. There is an
increase of nearly 4 watts in Edep at higher cell radius. The corresponding value of Eind
is shown in Fig. 7.17, which remains constant for all the cell radius. Due to small increase
in overall energy consumption, no significant change in area energy consumption is visible
in Fig. 7.13 for this scheme.
The Edep for the DF relaying scheme is shown in Fig. 7.15. The changes in Edep
of DF relaying scheme are higher in this case as compared to the Sc2. There is an increase of nearly 6 watts in Edep at higher cell radius. The corresponding value of Eind
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Figure 7.16: Average Edep for DFNC Adaptive relaying in case of propagation model 1
and 3. Here single base station and 4 relays at κ = 0.5 is used to cover the service area.
User spectral efficiency is 1 bit/s/Hz and an outage probability of 2 % is considered.

for this scheme is illustrated in Fig. 7.17, which remains constant for all the cell radius.
Due to small increase in overall energy consumption, no significant change in area energy
consumption is visible in Fig. 7.13 for this scheme.
The Edep in Sc3 for DFNC adaptive scheme is illustrated in Fig. 7.16. There is an
increase of nearly 7 watts in Edep in this case at higher cell radius. The value of Eind also
increases with the cell radius. The values of Edep and Eind are comparable in this case.
The area energy consumption is lowest and the coverage is highest for DFNC adaptive,
than the other schemes. Therefore, the changes in the area energy consumption is more
visible for this scheme in Fig. 7.13. At higher cell radius the average transmission power
for all the schemes increases for Sc3. Hence, the coverage of all the schemes is reduced,
as illustrated in Fig. 7.13.
To summarize, the performance trend for all the schemes in case of Sc1, Sc2 and Sc3
remains the same. That is the adaptive relaying schemes provide better energy efficiency
and coverage than the rest of the schemes. There is small increase 1 in the area energy
consumption at higher cell radius, depending upon the transmission scheme and the propagation model. The propagation model Sc3 effects the coverage of all the schemes.
Performance in Shadow Fading: Considering the same parameters as described earlier, let us analyze the effect of shadow fading on the energy consumption of different
relaying schemes in Sc1. Generally, shadow fading is modeled as zero mean Gaussian
random process on logarithmic scale. The value of standard deviation for shadow fading,
1 In some cases

it is more visible depending upon the overall value of the energy consumption for the schemes
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Figure 7.17: Average Eind for propagation model 1 and 3. Here single base station and 4
relays at κ = 0.5 is used to cover the service area. User spectral efficiency is 1 bit/s/Hz
and an outage probability of 2 % is considered.

varies for different environments. For instance, in case of sub-urban environments it varies
between 2 − 6 dB, however for urban environments it varies between 8 − 12 dB [137].
Therefore different values of standard deviation, that is σ = {2, 6, 10} dB, is considered
here for representing both the sub-urban and the urban scenarios. Other parameters effecting the shadow fading is discussed in Appendix D.
The curves for different values of σ are plotted for three representative schemes, as
shown in Fig. 7.18. It is obvious that the adaptive relaying scheme has better energy
efficiency than the other two schemes, for different values of standard deviation. It implies
that, the adaptive relaying schemes remain energy efficient, in the presence of shadow
fading as well. In case of non adaptive relaying schemes and direct link transmission,
the shadow fading only effects the transmission power at the nodes. This is clear from
Fig. 7.19, Fig. 7.20 and Fig. 7.22. In these figures the Edep and Eind for these transmission
schemes at σ = 10 dB, is plotted.
In the presence of shadow fading higher transmission power is required at the base station for the direct link transmission, in order to provide the same target spectral efficiency
to the users. Therefore, an increase of few watts in Edep for the direct transmission can be
observed in Fig. 7.19. Since the value of Eind is considerably higher than the Edep , hence
the average area energy consumption is not effected significantly by changes in Edep .
The effect of shadow fading can be mitigated by diversity gain, provided by the relaying
schemes. This is also obvious from Fig. 7.20, where the fluctuation in Edep for DF relaying
is less significant as compared to the direct link transmission. Again, since the role of Eind
is more dominant in controlling the area energy consumption, hence small fluctuations in
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Figure 7.18: Area energy consumption versus the cell radius for different values of standard
deviation σ, for shadow fading. Here single base station and 4 relays at κ = 0.5 is used to
cover the service area. User spectral efficiency is 1 bit/s/Hz and an outage probability of 2
% is considered.
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Figure 7.19: Average Edep for direct transmission scheme. Here single base station and 4
relays at κ = 0.5 is used to cover the service area. User spectral efficiency is 1 bit/s/Hz
and an outage probability of 2 % is considered.
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Figure 7.20: Average Edep for DF relaying scheme. Here single base station and 4 relays
at κ = 0.5 is used to cover the service area. User spectral efficiency is 1 bit/s/Hz and an
outage probability of 2 % is considered.
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Figure 7.21: Average Edep for DFNC Adaptive relaying scheme. Here single base station
and 4 relays at κ = 0.5 is used to cover the service area. User spectral efficiency is 1
bit/s/Hz and an outage probability of 2 % is considered.
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Figure 7.22: Average Eind for different transmission scheme. Here single base station and
4 relays at κ = 0.5 is used to cover the service area. User spectral efficiency is 1 bit/s/Hz
and an outage probability of 2 % is considered.

Edep does not change the area energy consumption very much.
On the other hand, the shadow fading effects both transmission time and transmission
power at the nodes in case of adaptive relaying schemes. In other words, the shadow fading
effects both the Edep and Eind for these schemes. However, the adaptive relaying schemes
are also able to mitigate the effects of shadow fading by selecting appropriate resources
on the transmission paths and diversity gain provided by different paths. That is why the
changes in both Edep and Eind for the adaptive DFNC is not significant enough to effect
the average area energy consumption of this scheme considerably, as shown in Fig. 7.21
and Fig. 7.22.
Therefore, it can be concluded that the average area energy consumption of different
transmission schemes is not effected considerably due to the shadow fading on the links
and the adaptive relaying schemes provide better energy efficiency as compared to other
schemes.
Since more users require high transmission power due to the shadow fading, as compared to the case when there is no shadow fading, hence the outage probability for all the
schemes is expected to rise. This effects the coverage of all the schemes, as shown in
Fig. 7.18. It can be observed that as the standard deviation of shadow fading is increased
or the shadow fading becomes more severe, the coverage of the all the schemes is reduced.
However, the reduction for each scheme is different from each other. For instance, the
coverage for the direct link transmission reduces to half for σ = 10 dB, as compared to the
case when the is no shadow fading. On the other hand, the coverage reduction in case of
relaying schemes, is less as compared to the direct link transmission. This is again due to
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the diversity gain or adaptive nature of the relaying schemes.

7.2.3 Transmission Power
So far, the area energy consumption of different transmission schemes has been computed
by considering an upper limit on the transmission power at the nodes. For a given cell
radius, these upper limits directly correspond to the outage probability of the users. For
instance, if the maximum value of transmission power is high, less users will experience
outage and vice versa. Besides the maximum value of transmission power at the nodes, an
upper limit on the user outage probability is also considered in the analysis. It has been
observed in chapter 6 that for a given transmission scheme these upper limits decide about,
the maximum value of cell radius, or the maximum value of target spectral efficiency, or
the minimum limit on the number of relays to be deployed in the cellular network.
Therefore, it would be interesting to perform energy efficiency analysis for different
transmission schemes in a more general scenario, where nodes have the possibility to
choose any transmission power in order to minimize the energy consumption. In other
words, users will never experience the outage.
Here, three representative transmission schemes are considered for illustration. These
schemes include the direct link transmission, the DF relaying and the adaptive DF relaying.
The transmission methodology for these schemes is the same as described in chapter 6.
However, here the expressions for the instantaneous energy consumption are recomputed
without considering the upper limits on the transmission powers at the nodes. Let us now
compute the instantaneous energy consumption in each case.
For instance, let us consider the conventional direct link transmission between each
user and the base station first. The transmission power required at the base station in order
to provide the target spectral efficiency Ct to the user, can be computed using (6.6) as
follows:

N
2Ct − 1
Pt,B =
G1
=


L1 N
2Ct − 1 .
2
g1 |h1 |

(7.5)

where Ct is the target spectral efficiency for the user, N is the noise power, G1 denotes
rη
the channel gain and L1 = a11 represents the distance dependent path loss. Here we do not
have any limitation on Pt,B . Hence, whatever power is required for achieving the target
Ct , can be transmitted. The corresponding instantaneous energy consumption for the given
frame interval Tf can be computed as
E(γ) = Tf bB Pt,B + Tf cB .

(7.6)

where bB and cB are the parameters in power consumption model and are defined in (6.2).
The obtained value of E(γ) can used in (6.1) and averaging is performed over all the users
present in the cell. this will give us the average area energy consumption per frame, for
this transmission scheme.
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In case of DF relaying scheme, the transmission can be performed either using the
direct link only or both the direct link and the relayed link depending upon the energy
consumption of each transmission route. For instance, the transmission power for the
direct link transmission can be computed using (7.5). The corresponding instantaneous
energy consumption ED (γ) for this transmission route given in (6.19) can be rewritten as
follows:
ED (γ) = Tf PB,on + Tf NRN PR,idle

(7.7)

The transmission powers at the base station in case of other transmission route can be
computed using (6.14) as follows:
Pt,B =

N1 2Ct
− 1)
(2
G2

and using (6.16) the transmission power at the relay can be written as

N G2 − N1 G1 < 0
0,
max
.
Pt,R =  N G −N G 
Pt,R
1 G1
2
1 1

(22Ct − 1), N GG2 −N
≤
2Ct −1
G3 G2
G
2
2 3

(7.8)

(7.9)

Again there is no upper limit on the transmission powers at both nodes. The channel gains
G1 , G2 and G3 are already defined in (6.10). The corresponding instantaneous energy
consumption ER (γ) per frame obtained in (6.11) can be rewritten as follows:
ER (γ) =

Tf
Tf
Tf
PB,on +
PB,idle +
(PR,on − PR,idle ) + Tf NRN PR,idle (7.10)
2
2
2

Depending upon the values of instantaneous energy consumption ED (γ) and ER (γ)
for the both transmission routes, the base station selects the transmission path that provides
minimum energy consumption. In other words, the instantaneous energy consumption per
frame E(γ) for a particular user can be calculated as follows:
E(γ) = min [ED (γ), ER (γ)]

(7.11)

The value of E(γ) can be obtained for each user and the average area energy consumption
per frame can be obtained by using these values in (6.21).
The adaptive resource allocation in DF relaying, allows us to choose an appropriate
combination of transmission power and time in order to minimize the energy consumption. In this case as well, the base station has the possibility to choose either the direct
transmission path or the relayed transmission path, depending upon the instantaneous energy consumption on each path. In order to compute the transmission power at the base
station for both paths, the normalized transmission time α′ or α in each respective case, is
varied over the range 0 → 1 in the following expressions,
  C

t

 GN1 2 α′ − 1 , Direct
.
(7.12)
Pt,B =
 C


 N1 2 αt − 1 , Relaying
G2
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The above expressions are obtained from (6.25) and (6.22) respectively. Here Ct represents
the target spectral efficiency for the user. The corresponding value of transmission power
at the relay node in each case can be computed as follows:

Direct
0,
 Ct

(7.13)
Pt,R =
 N 2 1−α
− 1 , Relaying
G3

The obtained transmission powers and the corresponding normalized transmission times in
each case can be used to obtain the instantaneous energy consumption for both transmission paths using (6.27) as follows:

α′ Tf PB,on + (1 − α′ )Tf PB,idle + NRN Tf PR,idle ,
Direct



E(γ) = αTf PB,on + (1 − α)Tf (PR,on + PB,idle − PR,idle )
(7.14)



+NRN Tf PR,idle ,
Relaying

For each path, the base station selects an appropriate value of transmission power and the
transmission time, that minimizes the instantaneous energy consumption for each path.
Then based on the obtained value of instantaneous energy consumption for each path, the
base station selects a path having minimum energy consumption. The value of E(γ) can be
obtained for each user and the average area energy consumption per frame can be obtained
by plugging these values in (6.21).
In order to compare the average area energy consumption of these schemes, let us
consider an illustrative scenario. Since there is no limit on transmission power at the nodes
hence, the required coverage can be achieved for any target spectral efficiency and for
any number of relays. However, as an example it is assumed that the cell radius can be
varied between 100 to 3000 meters and the target spectral efficiency for each user is Ct =
3 bit/s/Hz. Moreover, the cell area is covered by four relays placed at κ = 0.5. The
comparison for the area energy consumption of different transmissions schemes described
above, is illustrated in Fig. 7.23.
It can be observed that the cooperative relaying schemes have better energy efficiency
as compared to the direct link transmission for any cell radius. Moreover, there exist
a cell radius where the area energy consumption for each scheme is minimum. For instance, the area energy consumption for the direct link transmission is minimum around
cell Rcell = 1.1 kilometers. However, for the relaying schemes the energy consumption
is minimum around Rcell = 1.3 kilometers. At smaller values of cell radius the role of
Eind is more dominant as compared to the Edep . Therefore, Eind is controlling the area
energy consumption of each scheme. Since the rate of increase of Eind is less as compared
to rate of increase of cell area, hence the curve for average area energy consumption has
downward slope for each transmission scheme. However, as the cell radius increases, the
role of Edep starts becoming dominant as compared to the Eind . The corresponding rate
of increase in energy consumption becomes larger than that of rate of increase of cell area
and an upward slope can be observed for the curve of area energy consumption for each
transmission scheme.
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Figure 7.23: Area energy consumption versus the cell radius Rcell , for a single cell with 4
relay nodes and κ = 0.5. User spectral efficiency is 3 bit/s/Hz and an outage probability
of 2% is considered.

To summarize, the cooperative relaying schemes require large cell radius to minimize
the area energy consumption as compared to the direct link transmission. In other words,
less number of base stations would be required to minimize the energy consumption in case
of cooperative relaying schemes as compared to the conventional direct link transmission.
Moreover, the energy consumption can be minimized at each cell radius using adaptive
resource allocation in DF relaying.

7.2.4 Power Model Parameters
The simulation results presented in the previous subsections are based on the power consumption model introduced in [29, 64]. The parameters of such models depend on the type
of base station and relay node used. These parameters are expected to change in the future
with the development of energy efficient base stations. These models also do not take into
account the energy consumed during the signal reception phase at the relay and the energy
required for the feedback transmission etc. Our objective in this subsection is to investigate
the sensitivity of the area energy consumption of the system to the parameters of the power
consumption model.
Here the effects of varying the transmission power independent part of the power model
described in (6.2) and (6.3) is investigated first. The break even power cost for which the
deployment with and without relay nodes yields the same area energy consumption is computed during these investigations. This break even power cost is obtained by varying the
pair of ratios, cR /cB and qB /cB = qR /cR . A single cell with Rcell = 800 is considered.
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Figure 7.24: Area energy consumption versus cR /cB at qB /cB = qR /cR = 0.1. User
spectral efficiency is 1 bit/s/Hz and an outage probability of 2% is considered.

There are 6 relay nodes uniformly distributed over a circle of radius 0.7Rcell around the
base station. The user target spectral efficiency is assumed Ct = 1 bit/s/Hz and the required outage probability is fixed to 2%. Let us first compare the area energy consumption
of different transmission schemes by fixing the ratio qB /cB = qR /cR equal to 0.1 and
varying the ratio cR /cB from 0.1 to 1.
It is quite obvious from Fig. 7.24, that as the ratio cR /cB increases, the area energy
consumption of all the relaying schemes increases. This is due to the increase in transmission power independent part of energy consumption. Since the ratio cR /cB is varied
by changing cR , hence the energy consumption for the direct link transmission does not
change. Therefore, at a particular value of cR /cB , the area energy consumption of each
relaying scheme becomes equal to that of the direct link transmission. The break even
ratio for different relaying schemes is computed. For instance, this ratio for DFNC, DF,
DF adaptive and DFNC adaptive scheme is 0.35, 0.42, > 1, and > 1 respectively. It is
obvious that the adaptive relaying schemes remain energy efficient for higher values of cR
as compared to the non adaptive schemes. This is due to the flexibility of these adaptive
schemes in controlling both the transmission power and the transmission time at the nodes.
For instance, it is quite clear from (6.12) and (6.36) that the variation in cR only effects the Eind for the fixed relaying schemes. On the other hand, the variation in cR also
effects the selection of transmission duration in (6.29) and (6.45) for the adaptive relaying
schemes. Hence, variation in the area energy consumption with the change in cR is less
significant in this case as compared to the non adaptive schemes. It is also interesting to
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Figure 7.25: Area energy consumption versus qR /cR at qB /cB = qR /cR and cR /cB =
0.1. User spectral efficiency is 1 bit/s/Hz and an outage probability of 2% is considered.

observe that the area energy consumption of DF and DFNC schemes is almost same at
cR
cB = 1. This is because, the value of Eind in (6.12), (6.20), and (6.36), becomes equal to
1.6cB Tf .
Now let us compare the energy consumption of different schemes by fixing the ratio
cR /cB = 0.1 and varying qB /cB = qR /cR from 0.1 to 1. A trend similar to that shown in
Fig. 7.24, can be observed in Fig. 7.25. The break even ratio for different relaying schemes
is computed. For instance, this ratio for DFNC, DF, DF adaptive and DFNC adaptive
scheme is 0.35, 0.42, 0.56, and 0.56, respectively. Again at qB /cB = qR /cR = 1 the
Eind of all the schemes becomes equal to 1.6cB Tf . Hence, the energy consumption of
all the schemes is almost same at this particular ratio. The variation in the area energy
consumption of different schemes due to the change in different ratios is obvious from
Fig. 7.24 and Fig. 7.25.
Let us now identify the ratio cR /cB for different values of qR /cR = qB /cB , such that
the area energy consumption of the relaying scheme is the same as that of conventional
point-to-point direct transmission. The simulation results obtained for the different transmission schemes are illustrated in Fig. 7.26. For instance, at qR /cR = 0.2, the ratio cR /cB
should be 0.25 to ensure the break even power cost for DF relaying scheme. However,
with the incorporation of the adaptive resource allocation in DF relaying the requirements
on cR /cB are relaxed. For instance, now in case of DF adaptive scheme the cR /cB can
take values up to 0.5 for the same value of qR /cR = 0.2. It is also obvious from Fig. 7.26
that, by increasing the ratio qR /cR , the corresponding ratio cR /cB that ensures the break
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Figure 7.26: Different ratios of parameters of the power consumption model and their
relation to the break even power cost for which the cooperative relaying schemes and the
direct link transmission have the same area energy consumption. The two ratios qB /cB
and qR /cR are considered equal. Target spectral efficiency for the user is 1 bit/s/Hz and an
outage probability of 2% is assumed.

even power cost reduces. This is due to the faster increase in transmission power independent part of the power consumption. The trend is similar for the DFNC scheme where the
incorporation of adaptive resource allocation relaxes the requirement on the ratios cR /cB
and qR /cR . In general, the area under each curve of Fig 7.26 represents the region where
the particular relaying transmission scheme remains more energy efficient in comparison
with the direct link transmission. It is obvious from Fig 7.26, that this region is bigger for
the relaying schemes with adaptive resource allocation as compared to the fixed allocation
relaying schemes.
Now let us investigate, the effect of changing transmission power dependent part of the
power model by varying bR /bB . The other parameters in the power model remain fixed.
Their values are cB = 68.73 W, cR /cB = 0.1 and qB /cB = qR /cR = 0.1. The area
energy consumption of different schemes is computed for different values of bR /bB . In
contrast to other ratios in the power model, the bR and bB are independent of each other.
The ratio bR /bB used in the analysis is computed by using the values of these parameters
in [29]. For defining some limits on this ratio, let us look at the minimum possible value
of each parameter. As the radiated power is always less than the input transmission power
at the nodes, hence the minimum values of these parameters should be {bB > 1, bR > 1}.
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Figure 7.27: Area energy consumption versus the ratio bR /bB at bB = 3.77. The cell
radius is Rcell = 800 m,and 6 relay nodes are deployed at κ = 0.7. Target spectral
efficiency of the user is 1 bit/s/Hz and an outage probability of 2% is assumed.
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Figure 7.28: Area energy consumption versus the ratio bR /bB at bR = 5.55. The cell
radius is Rcell = 800 m,and 6 relay nodes are deployed at κ = 0.7. Target spectral
efficiency of the user is 1 bit/s/Hz and an outage probability of 2% is assumed.
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Hence by fixing bB = 3.77, the ratio bR /bB will have the minimum value equal to 0.3.
Similarly, for the fixed value of bR = 5.55, the ratio bR /bB will have the maximum value
equal to 5.5. In our analysis the ratio bR /bB is varied by fixing bB and changing bR and
vice versa.
The energy consumption of direct link transmission does not change with the variation
in bR , as indicated in Fig. 7.27 as well. The area energy consumption of relaying schemes
increases by increasing bR . The increase in the value of bR is equivalent to making the relay
power amplifier less efficient. The cost of the node reduces by reducing the efficiency of
the power amplifier. Therefore, increase in bR represents a case where we have tradeoff
between the relay cost and the power efficiency. The corresponding rate of increase in the
area energy consumption of relaying schemes is not significant. This is due to the dominant
role of transmission power independent part and switching to the direct path transmission
at higher values of bR .
Similarly by increasing bB the area energy consumption of all the schemes increases as
illustrated in Fig. 7.28. However, the relaying schemes remain energy efficient as compared
to the direct link transmission for all the values of bB . For better efficiency of base stations
and relays, the values of bB and bR should be smaller. However, the smaller values further
reduce the impact of transmission power dependent part in controlling the over all area
energy consumption. Therefore, the curves in Fig. 7.28 look almost flat for smaller values
of these parameters. Hence, it can be concluded that the ratio bR /bB does not play a
key role in controlling the break even cost, unless the energy consumption of the relaying
scheme is already very close to the direct link transmission. Its only the other ratios in
the power model that have the decisive role in making the cooperative relaying schemes,
energy inefficient as compared to the direct link transmission.

7.3 Summary
In this chapter, different deployment strategies for the relaying schemes have been analyzed
and the trade off between the number of base stations and the number of relays required to
minimize the energy consumption in a given service area is studied. The obtained results
show that the adaptive relaying schemes can reduce the total energy consumption and the
total number of transmitters, without effecting the QoS of the users in a cellular network.
Moreover, the use of network coding along with adaptive resource allocation provides the
best energy efficiency along with requiring least number of transmitters, especially at high
target spectral efficiency.
The effect of varying different parameters in the models, on the energy consumption
of different schemes is studied. For instance, the performance of relaying schemes is also
compared for three different propagation models. It is clear that, the propagation models
only effect the transmission power dependent part of energy consumption in case of non
adaptive schemes. However, in case of adaptive schemes they effect both (transmission
power dependent and independent) parts of the energy consumption. The area energy
consumption of different schemes in case of propagation model 2 and 3 is compared with
that of propagation model 1. The propagation model 3 assumes LOS conditions on all
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the links. Hence, the increase in energy consumption due to model 3 for all the schemes is
more prominent as compared to that in case of propagation model 2. Similarly propagation
model 3 reduces the coverage of all the schemes. However, the coverage of only non
adaptive schemes is effected by propagation model 2. It implies that the adaptive schemes
are able to mitigate the effects of NLOS conditions for the propagation model 2.
Moreover, it has been observed that the effects of shadow fading can be mitigated
either by the diversity gain or by the adaptive nature of the relaying schemes. Therefore,
the increase in the area energy consumption of different relaying schemes due to shadow
fading, is not significant. However, the shadow fading reduces the coverage for all the
transmission schemes.
It is also observed that, the adaptive relaying schemes are less sensitive to the changes
in the parameters of the power consumption model. Therefore, the break even costs for
the adaptive schemes are higher as compared to their non adaptive counterparts. Here the
effect of interference is kept constant during the analysis. However, it would be interesting
to investigate the effects of actual interference, on the energy consumption of different
transmission schemes.

Chapter 8

Conclusions
The concluding chapter highlights the important contributions discussed in the thesis and
the possible directions of future work.

8.1 Concluding Remarks
Recently cooperative communications has been emerged as a hot research area. It has been
established as a useful technique, necessary for the future wireless systems. The thesis
mainly addresses the issue of link reliability and power efficiency in the cellular networks
using cooperative communications. Let us look at the contributions made regarding the
two important research questions, identified in the introductory chapter. The first question
is as follows:
How the reliability of the transmissions can be improved in cooperative relaying
scenarios.
In order to answer this question, the role of different factors in determining and improving the link reliability in cooperative relaying transmissions is analyzed. More specifically,
fixed relays are used to perform the cooperative transmissions and network coding is also
considered at these relays. The important contributions are summarized as follows:
• Role of detection schemes at the receiver: To this end, considering different detection schemes at the receiver, the analytical expressions for the error performance
of the users are derived. Then the role of these detection schemes is investigated
using the analytic approach. It has been shown that good performance in terms
of bit/symbol error rates of users, can be achieved using simple detection schemes
having low detection complexity, in network coded cooperative relaying scenarios.
For instance, it has been observed that the performance of these simple detection
schemes is nearly 1 to 2 dB away from the conventional joint detection scheme.
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These low complexity detection schemes become more attractive for higher modulation levels. This is because, the performance gap remains almost same as that in case
of BPSK while the complexity reduction becomes more prominent. For instance, the
detection complexity is reduced from M 2 to 2M by using these schemes, where M
is the modulation level. Therefore, joint detection can be replaced by low complexity
detection schemes for high level modulation schemes. However, it depends upon the
comparison of the offered complexity reduction and the corresponding performance
loss in case of low complexity schemes.
• Role of user grouping at the relay: The number of users are usually more than the
number of fixed relays in a cellular network. Hence, each relay has the possibility
to choose the cooperating users or partners in the uplink cooperative transmission
scenario. How these partners are selected has an impact on the link performance of
the users. User grouping at the relay has been studied before, only in the context
of improving the system capacity [51]. However, here this problem is analyzed in
the context of improving the link reliability of the cooperating partners. It has been
found that the pairing strategy is independent of detection scheme used. However,
it depends upon the SNR on the individual links. It has been concluded that for the
users having poor channel conditions towards the destination (i.e. relay has better
SNR than the sum SNR of the pair), it is preferable to group users having complementary channel conditions. On the other hand if users have good channel conditions
towards destination, it is shown that users having similar channel conditions should
be grouped together.
• Link performance improvement by using constellation selection: Besides looking at various detection methods and user grouping strategies, different techniques
are also proposed to improve the error performance of the users in network coded
cooperative relaying scenarios. The significance of these techniques is highlighted
using uplink scenario as an example. However, these techniques are equally valid
for the downlink scenarios as well.
First method is based on the concept of constellation selection at the nodes. Extra
dimension provided by the relay in network coded cooperative scenario is exploited,
to search an optimal bit to symbol mapping for the nodes. The selected constellations
set improves the error performance of users as compared to the case when same
constellation is used at the nodes. The improvement is verified for the different
detection schemes. The proposed method provides gain for different modulation
schemes without spending any extra resources. For instance, taking 8 PSK as an
example, a gain of nearly 2 dB is achievable in Rayleigh fading channels using the
proposed method. This gain is possible due to the use of the searched constellations
set at the nodes as compared to the conventional case, where same constellation is
used at all the nodes.
• Link performance improvement by using joint channel-network coding: Another novel approach is introduced to improve the link performance in cellular systems, by looking at the interaction of network and channel coding schemes at the
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relay. It has been shown that the channel and network codes can be considered as a
single product code. This representation allows us to perform joint channel-network
decoding at the receiver, that can recover the performance loss due to separate network and channel decoding. It has been concluded, that by using the product code
representation, significant gain in link performance can be achieved by using joint
decoding as compared to the separate network and channel decoding.
For instance, consider an XOR based scheme for network coding and a channel code
having minimum hamming distance dmin . A diversity gain of order 2dmin can be
achieved in the Rayleigh fading channels by using joint channel-network coding, as
compared to dmin in case of conventional separate network and channel coding. The
gain is comparable to that obtained in other related works such as [58], that considers
distributed turbo codes to implement joint network and channel coding. Since linear
block codes are used as channel and network codes in our work, hence the decoding
complexity at the receiver is less (for short block codes) as compared to the method
based on turbo codes in [58].
Another advantage of using product code representation is that, it provides us an
opportunity to choose powerful network coding schemes based on linear block codes
instead of using conventional XOR based combining. It has been observed that by
keeping the system throughput same in both cases, significant gain (at least around
2 dB at bit rate equal to 10−4 ) can be achieved in link performance, even by using
short linear block codes to combine the users.
Besides improvement in error performance of users, the proposed method allows us
to combine more than two users/packets at the relay. It has also been observed that
the user grouping criteria in case of channel coded packets is slightly different from
the un-coded packets. For instance, it can be concluded that for the mutual benefit
of all the combined users in terms of average bit error rate, its better to combine the
users having similar average received SNR on their direct links, irrespective of the
value of SNR on the relay-base station link.
The cooperative relaying schemes have been proved to be quite useful in improving
link performance or alternatively in reducing the transmission power for a given error performance. Therefore, a natural extension to this work is to look at the total power or energy
consumption at the system level while using these schemes in downlink scenarios. It is interesting to analyze these schemes from this perspective, due to the distributed location
of transmission nodes. This distributed location allows us to take advantage of channel
conditions on the links effectively. Knowing the channel state information on the links, an
appropriate transmission time for each node can be computed. In other words, nodes can
be kept on, only when they are needed. This adaptive time allocation along with the power
allocation at the nodes provides an opportunity to reduce the energy consumption in the
cellular networks. The key question answered here is as follows:
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Whether the cooperative relaying schemes have the potential to reduce the net
power consumption in the cellular networks.
In order to answer this question, the energy consumption in the cellular system is analyzed in the presence of these cooperative relaying transmission schemes. The expressions
for the energy consumption have been derived for these schemes. The effect of variation
in different parameters in the energy expressions is studied. The important results can be
summarized as follows:
• Energy consumption using cooperative relaying schemes: Although some extra power is required in order to deploy the relays as compared to the conventional
direct link transmission, it has been observed that cooperative relaying schemes provide net gain in power or energy consumption. The gain can be further enhanced by
adaptively changing the transmission method and the resource allocation at the base
station and the relays. Keeping the target spectral efficiency for the users fixed, the
adaptive relaying schemes require less energy as compared to the non adaptive relaying schemes. By using network coding at the relay, the adaptive relaying schemes
takes the advantage of channel variations more effectively. Therefore the adaptive
relaying scheme with network coding, enhances the cell coverage or supports higher
data rates along with requiring minimum energy consumption, as compared to the
other transmission schemes.
• Sensitivity to different parameters: The analysis for the energy consumption in
cellular networks, very much depends upon the parameters used in the power consumption model and the propagation model. Therefore a sensitivity analysis is carried out to observe the changes in the obtained results due to the variation of these
parameters. It has been observed that there exist a feasible region for each transmission scheme, depending upon the parameters in the power consumption model,
where the relaying scheme has better energy efficiency as compared to the direct link
transmission. This feasible region is larger for the adaptive schemes as compared to
the non adaptive cooperative relaying schemes. Moreover, it has been observed that
the variation in shadow fading and other propagation model parameters, does not
effect the energy consumption in a cellular network significantly. The adaptive relaying schemes remain energy efficient even if the parameters in the propagation
model vary. These variations only effect the outage probability for the users or reduces the coverage area for a given target spectral efficiency for the users. In other
words, the conclusions are valid for different propagation environments.
• Tradeoff between the number of base stations and the relay nodes: The total
energy consumption in a cellular network depends upon the number of transmitting
nodes. Hence, it is interesting to investigate the balance between the number of
base station and relays, that is needed to minimize the total energy consumption.
Different deployment strategies for the relays are analyzed in [74, 135], for reducing
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the network deployment cost for a given quality of service for the users. It has been
concluded in these works that careful relay planning is needed in order to obtain the
gains in terms of cost efficiency. However, here the main object is to look at relay
deployment in the context of over all energy consumption in the cellular network.
In this regard, the tradeoff between the number of base stations and the number
of relays per cell is studied, that minimizes the energy consumption for different
relaying schemes and also provides the required quality of service to the users.
It has been concluded, that the adaptive relaying schemes requires less number of
transmitter nodes to cover the area and also have better energy efficiency than the
single hop and the non adaptive relaying schemes. It has also been observed, that using network along with adaptive resource allocation in cooperative relaying schemes,
makes it possible to have best energy efficiency. This scheme requires least number
of transmitter nodes as compared to other transmission schemes, especially at high
target spectral efficiency for the users. Due to the significance of adaptive relaying schemes, they have been proposed as a potential solution for the future green
communications, in this monograph.

8.2 Future Directions
There could be several possible directions for the future work. These can be summarized
as follows.
User grouping in case of non-ideal user-relay channel: The user grouping criteria
at the relay is determined by assuming that the relay-user links are ideal (which is valid
assumption for most of the cases when relay are close to the users). However, it will be
interesting to investigate, how the SNR on relay-user link effects the criteria.
Combining users having different channel codes: In case of product-based scheme,
it has been assumed that all cooperating users/packets are employing the same channel
encoder. However, it will be interesting to consider the case when users have different
channel encoders. It will also be interesting to consider convolutional codes instead of
block codes and their implication on the proposed representation of joint channel-network
coding structure of MARC schemes.
Interaction between modulation and network coding scheme: For fair comparison with XOR based network coding, we are limited to choose network/block codes having code rate 2/3. Therefore, small number of options are available to fulfill this criteria.
Higher level modulation can be used to transmit the redundant packets at relay in case of
low rate codes. The loss in error performance by using higher level modulation scheme
can be compensated by better error correction capability of the low rate code. This method
provides us the opportunity to choose different combinations of low rate codes and modulation schemes, along with keeping throughput efficiency equal to 2/3.
Performance improvement at system level: Improvement in link level performance
has been considered using various proposed methods. It is interesting to look how much
performance gain can be achieved by these methods at the network/system level under
multi-user and multi-relay scenarios. For instance, product coding based scheme allows
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multiple users/packets to combine at the relay while XOR based scheme only allows to
combine two users/packets at the relay. It may be interesting to analyze the impact of
product coding scheme on system throughput assuming that all users are using this scheme.
Then the performance can be compared with the case when all the users are using the XOR
based scheme.
Energy efficiency in more practical situations: For improving the over all energy
consumption in cellular relay systems, the thesis only looked at a single-cell scenario, and
multi-cell scenario with constant external interference. However, it will be interesting to
evaluate the area energy consumption of the two-hop relaying transmission schemes in a
multi-cell environment with actual interference. The interaction between power consumption and interference management can be studied. The effects of feedback information and
non-ideal channel state information, on the energy consumption of cooperative relaying
systems are also important factors to investigate.
Holistic approach for energy efficiency: In this monograph, different techniques,
such as cooperative transmissions, power control etc., are considered for improving the
power efficiency in cellular systems. These techniques reduce the energy consumption of
various components in the cellular systems such as the base stations, relays and user devices. However, these are not the only components in the cellular network. For instance,
besides these components the data centers in the backhaul of cellular networks also consume significant amount of energy consumption due to higher demands for the storage and
computation.
Therefore a holistic approach [7, 138] is needed to design the whole green mobile network, which is quite challenging and requires significant optimization at each level. It may
require significant changes at each layer in order implement a novel design for the green
mobile network. Therefore in order to have a holistic approach, the technique discussed in
this monograph should be combined with scheduling, resource allocation at higher layers,
better design for the circuits, transmission adaptation based on content prediction, efficient
cooling methods, and the use of renewable energy sources etc. This combined strategy and
the balance between different approaches have the capability to ensure the energy savings
in the cellular network. This approach will also help the mobile operators in achieving the
long term profitability.

Part III
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Appendix A

Computation of Error Probability
Expressions
Here the expression for the conditional pairwise error probability for the two detection
schemes used at the receiver, namely JD and SSC are derived. The computation of pairwise
error probability from the conditional pairwise error probability is also discussed. In the
last section, an upper bound on codeword error probability of linear block codes derived
on [124, p. 456] is discussed.

A.1 Conditional Pairwise Error Probability for JD
With the joint detection at the base station receiver, in the network coded uplink cooperative
relaying scenario, the receiver uses the three received signal samples {y1 , y2 , y3 } to jointly
estimate the transmitted symbols s1 and s2 of the two users. It is assumed that the channel
coefficients {h1 , h2 , h3 } are perfectly known at the receiver. The receiver computes a
metric using the received samples as follows:
2

2

2

C(m̂1 , m̂2 ) = |y1 − h1 ŝ1 | + |y2 − h2 ŝ2 | + |y3 − h3 ŝ3 |

(A.1)

where ŝi represents all the possible estimates of si . The metric in (A.1) is computed for
every possible value of ŝi . A particular set of symbols {ŝ1 , ŝ2 , ŝ3 } is selected, that minimizes the metric. Then the receiver declares the pair {ŝ1 , ŝ2 } as an estimate of transmitted
symbols of the users. The detected symbols can then be demodulated to get the estimated
original message symbols {m̂1 , m̂2 }. The receiver makes an error if there exists a set
of symbols ŝ = {ŝ1 , ŝ2 } that has a metric smaller than the actual transmitted symbols
s = {s1 , s2 }. The conditional pairwise error probability can then be written as:
n
P2 (s → ŝ |h )=Pr |y1 − h1 s1 |2 + |y2 − h2 s2 |2 + |y3 − h3 s3 |2 > |y1 − h1 ŝ1 |2
o
+ |y2 − h2 ŝ2 |2 + |y3 − h3 ŝ3 |2 .
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Using the expression for the received signal sample in (3.1), the above equality can be
rewritten as,
n
P2 (s → ŝ |h )=Pr |z1 |2 + |z2 |2 + |z3 |2 > |h1 (s1 − ŝ1 ) + z1 |2
o
+ |h2 (s2 − ŝ2 ) + z2 |2 + |h3 (s3 − ŝ3 ) + z3 |2 .

(A.3)

Using the properties of complex numbers, the expression can be expanded as follows:
n
2
2
2
2
2
2
P2 (s → ŝ |h )=Pr |z1 | + |z2 | + |z3 | > |h1 | |s1 − ŝ1 | + |z1 |
2

2

2

+2ℜ(z1∗ h1 (s1 − ŝ1 )) + |h2 | |s2 − ŝ2 | + |z2 |

+2ℜ(z2∗ h2 (s2 − ŝ2 )) + |h3 |2 |s3 − ŝ3 |2 + |z3 |2
+2ℜ(z3∗ h3 (s3 − ŝ3 ))}

(A.4)

where (.)∗ denotes the complex conjugate of (.) and ℜ(.) denotes the real part of (.). After
cancelation of some terms, the conditional pairwise error probability can be written as,
n
P2 (s → ŝ |h )=Pr |h1 |2 |s1 − ŝ1 |2 + |h2 |2 |s2 − ŝ2 |2
2

2

+ |h3 | |s3 − ŝ3 | + 2ℜ (z1∗ h1 (s1 − ŝ1 )

+z2∗ h2 (s2 − ŝ2 ) + z3∗ h3 (s3 − ŝ3 )) < 0} .

(A.5)

Rearranging the terms, we get
P2 (s → ŝ |h )=Pr {2ℜ (z1∗ h1 (ŝ1 − s1 ) + z2∗ h2 (ŝ2 − s2 )
2

2

+z3∗ h3 (ŝ3 − s3 )) > |h1 | |s1 − ŝ1 | +
o
+ |h2 |2 |s2 − ŝ2 |2 + |h3 |2 |s3 − ŝ3 |2 .

(A.6)

Here, all the zi represent uncorrelated complex Gaussian random variables having zero
mean (µ = 0) and variance E{|zi |2 } = N0 /2. Now let us define a random variable X as
follows,
X = 2ℜ (z1∗ h1 (ŝ1 − s1 ) + z2∗ h2 (ŝ2 − s2 ) + z3∗ h3 (ŝ3 − s3 )) ,

(A.7)

where the mean of X is zero (µX = 0) and the variance of X can be written as
Var(X)=E[(X − µX )(X − µX )∗ ]
i
h
=2N0 |h1 |2 |s1 − ŝ1 |2 + |h2 |2 |s2 − ŝ2 |2 + |h3 |2 |s3 − ŝ3 |2 .

(A.8)
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Here E[.] denotes the expected value of [.]. Moreover, using the definition of cumulative
distribution function of Gaussian random variable, we can write
!
x − µX
(A.9)
Pr {X > x} = Q p
Var(X)

where Q(x) is known as Marcum Q-function [139] and it represents the probability that a
standard Gaussian random variable has a value greater than x. Therefore, the conditional
pairwise error probability in (A.6), can be represented in terms of Q-function using the
definitions in (A.7) to (A.9) as follows,


2
2
2
2
2
2
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r
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i
h

2
2
2
2
2
2
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where Ei = E{|si |2 } denotes the average energy of each transmitted symbol and δi and
Γi are defined as follows,
δi =

|hi |2 Ei
|si − ŝi |2
, and Γi =
,
Ei
N0

.

A.2 Conditional Pairwise Error Probability for SSC
The conditional pairwise error probability for the weak user is derived here, in case of
SSC. Let us assume that the detected strong symbol is not correct and the weak symbol
is detected by combining its direct symbol with the network coded symbol. Assuming
that the perfect channel state information is available at the nodes, the receiver computes a
metric using the received samples as follows
C(m̂w )=|yw − hw ŝw |2 + |y3 − h3 ŝ3 |2
2

2

=|yw − hw ŝw | + |y3 − h3 (s̃s ⊕ ŝw )| .

(A.11)
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Here s̃s represents the detected strong symbol with error. Moreover, ŝw represent all the
possible estimates of sw , where sw is the weak symbol. The metric in (A.11) is computed for every possible value of sw . A particular symbol ŝw is selected as an estimate
of transmitted weak symbol, that minimizes this metric. The detected symbol can then be
demodulated to get the estimated original message symbol m̂w . The receiver makes an
error if the there exists a symbol ŝw that have metric smaller than the actual transmitted
weak symbol sw . The conditional pairwise error probability can then be written as:
n
2
2
2
P2 (sw → ŝw |h )=Pr |yw − hw sw | + |y3 − h3 s3 | > |yw − hw ŝw |
2

+ |y3 − h3 ŝ3 |

o

n
=Pr |yw − hw sw |2 + |y3 − h3 (s̃s ⊕ sw )|2 > |yw − hw ŝw |2
o
+ |y3 − h3 (s̃s ⊕ ŝw )|2 .

(A.12)

Using the expression for the received signal sample in (3.1) and the properties of complex
numbers, the above equality can be rewritten as,
n
2
2
P2 (sw → ŝw |h )=Pr |zw | + |z3 | + 2ℜ(z3∗ h3 (s3 − (s̃s ⊕ sw )))

+ |h3 |2 |s3 − (s̃s ⊕ sw )|2 > |hw (sw − ŝw ) + zw |2
o
2
+ |h3 (s3 − (s̃s ⊕ ŝw )) + z3 |

n
2
2
=Pr |zw | + |z3 | + 2ℜ(z3∗ h3 (s3 − (s̃s ⊕ sw )))
2

2

2

2

2

+ |h3 | |s3 − (s̃s ⊕ sw )| > |hw | |sw − ŝw | + |zw |
2

2

∗
+2ℜ(zw
hw (sw − ŝw )) + |h3 | |s3 − (s̃s ⊕ ŝw )|
o
2
+ |z3 | + 2ℜ(z3∗ h3 (s3 − (s̃s ⊕ ŝw ))) .

After canceling some terms and rearranging, we get
P2 (sw → ŝw |h )=Pr {2ℜ (z3∗ h3 ((s̃s ⊕ ŝw ) − (s̃s ⊕ sw ))
2

∗
+zw
hw (ŝw − sw )) > |h3 | |s3 − (s̃s ⊕ ŝw )|

2

o
+ |hw |2 |sw − ŝw |2 − |h3 |2 |s3 − (s̃s ⊕ sw )|2 .

(A.13)
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Now using the similar steps as done in section A.1, the conditional pairwise error probability can be represented in terms of Q-function as follows:
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2
2
 |hw | |sw − ŝw | + |h3 | |s3 − (s̃s ⊕ ŝw )| − |s3 − (s̃s ⊕ sw )| 

r
P2 (sw → ŝw |h )=Q 
i
h


2
2
2
2
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|s3 − (s̃s ⊕ ŝw )| − |s3 − (s̃s ⊕ sw )| 
|sw − ŝw | +
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ŝ
|
2N0 Γw δw + E
s
w
s
w
3


(A.14)

Therefore (A.14) becomes similar to the expression in (3.28), after replacing Γw by Γmin .
Moreover, δw and Γw and Γ3 are defined as follows,
2

δw =

2

2

|sw − ŝw |
|hw | Ew
|h3 | E3
, and Γw =
, and Γ3 =
.
Ei
N0
N0

It is worthwhile to note that if there is no error propagation from strong symbol then s̃s =
ss can be used in (A.14). Moreover, s3 and ŝ3 can be now be defined as s3 = (ss ⊕ sw )
and ŝ3 = (ss ⊕ ŝw ) respectively in (A.14). Hence in case of no error propagation, the
conditional pairwise error probability in (A.14) can be modified as,




|hw |2 |sw − ŝw |2 + |h3 |2 |s3 − ŝ3 |2

r
P2 (sw → ŝw |h )=Q 
i
h

2
2
2
2
2N0 |hw | |sw − ŝw | + |h3 | |s3 − ŝ3 |
=Q

r

Γw δ w + Γ3 δ 3
2

!

(A.15)

where
2

δ3 =

|s3 − ŝ3 |
.
E3

A.3 Computing the Pairwise Error Probability for JD and SSC
After deriving the expressions for the conditional pairwise error probability in case of different detection schemes, let us compute the pairwise error probability from these expressions. In order to do this, the probability density function of the argument of the Q-function
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in (A.10) and (A.15) has to be computed. Let us take the example of joint detection scheme,
where the argument can be represented by a random variable Γ as follows:
Γ=
=

P3

i=1

3
X

Γi δi

2
Xi ζi .

(A.16)

i=1

Here we define Xi = Γi and ζi =

δi
2.

The pdf of Xi can be written as

fXi (xi ) =

1 − xγi
e i,
γi

xi ≥ 0,

(A.17)

where
γi = E{Xi } =

2σ 2 Ei
N0

Let us define a new random variable Yi = Xi ζi . Its probability density function [124, p.
28] can be written as
 
yi
1
(A.18)
fYi (yi ) = fXi
ζi
ζi
=

1 − ζyγi
e i i
ζi γi

=

1 − βyi
e i
βi

where we define βi = ζi γi . By using the definition of Yi , the expression for Γ in (A.16)
can be modified as:
Γ = Y1 + Y2 + Y3

(A.19)

Now the pdf of Γ can be computed [140, p. 187] as follows:
Z ∞
fΓ (γ) =
M(Γ)e−pΓ dp

(A.20)

0

where M(Γ) = E{epΓ } is the moment generating function of Γ. Now in order to compute
the M(Γ), we can write
E{epΓ } = E{ep

P3

i=1

Yi

} = E{

3
Y

i=1

epYi }.

(A.21)
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Assuming independent fading on each channel, the order of expectation and the product
function can be interchanged in (A.21) to get
E{

3
Y

i=1

3
Y

epYi } =

i=1

E{epYi }

3 Z
Y

=

i=1

∞

epyi fYi (yi )dyi

0

Z
3
Y
1 ∞ pyi − βyi
=
e e i dyi
β
i
0
i=1
3
Y

1
.
1 − βi p
i=1

=

(A.22)

Using partial fraction decomposition [141], the above expression can be written as:
E{

3
Y

i=1
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Hence using the expressions (A.21) to (A.23), the M(Γ) can be written as:
M(Γ) =

3
X

αi
.
1 − βi p

i=1

(A.25)

The pdf fΓ (γ) in (A.20) can be now be computed using M(Γ) as follows:
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Using the obtained pdf, the pairwise error probability can be calculated as
Z ∞ √
P2 (s → ŝ) =
Q( Γ)fΓ (γ)dΓ
0

=

Z
3
X
αi
i=1

βi

∞

√ −Γ
Q( Γ)e βi dΓ

(A.27)

0

where the integrals in (A.27) can easy be calculated by using mathematica or as done
in [70, p. 255]. After performing integration the pairwise error probability can be written
as follows:
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2 ββ12 − 1 ββ13 − 1

Now plugging the value of βi =

γi δi
2

in the above expression we get
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(A.29)

Similar expression can be computed for the selection and soft combining, where we have
only two variables Y1 and Y2 inside the argument of Q-function, as compared to three in
this case.
In the special case when all βi are equal i.e. β1 = β2 = β3 = β = γδ
2 , the moment
generating function in (A.25) can be written as follows:
3

1
M(Γ) =
(A.30)
1 − βp
and the corresponding pdf for Γ can be computed using (A.20) as follows:
Γ
Z ∞ −pΓ
Γe− β
e
dp =
fΓ (γ) =
1 − βp
β2
0

(A.31)
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The pairwise error probability can be computed from the above pdf as follows:
Z ∞ √
P2 (s → ŝ) =
Q( Γ)fΓ (γ)dΓ.

(A.32)

0

Using mathematica the above integral can be solved to get
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A.4 Computing the Upper Bound on Codeword Error Probability
Let us consider a linear block code represented by (n, k, dm ), where n is the length of
codeword, k is the number of information symbols and dm is the minimum Hamming
distance between the codewords. The Hamming distance between the two codewords is
the number of positions where they differ from each other. For better understanding, let
us consider binary codes as an example first. Afterwards, we can generalize the obtained
results for any linear block code [70, p. 439].
In case of binary codes, another term used to describe the distance properties is the
Hamming weight of the code word. It is defined as the number of 1’s in the codeword.
Another important property of linear block code is that the code space surrounding each
codeword is same irrespective of the codeword chosen as a reference. Since the zero codeword c0 (codeword with all zeros) is present in all the linear block codes, hence we can
consider it as reference transmitted codeword. Therefore, the Hamming distance between
the reference c0 and any other codeword ci becomes equal to the Hamming weight wi of
the codeword [70, p. 440].
Let us consider a memoryless binary symmetric channel, where error in each bit of the
codeword occurs independently with the probability p. Considering that c0 is transmitted,
the channel decoder at the receiver will select a codeword with Hamming weight wi , if
the number errors exceeds w2i [70, p. 448]. Let us define a sequence of random numbers
Yj , j = 1, 2, · · · , wi as
(
1, (with probability p)
Yj =
−1,(with probability 1 − p)
where p is the probability of error and 1 represents an error in the received bit. The probability that the sum of all Yj is positive is calculated in [124, p. 58] using Chernoff bound
and given as:


wi
X
w /2
Yj ≥ 0 ≤ [4p(1 − p)] i
Pr 
(A.33)
j=1
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In our case, this can be interpreted as the probability that c0 is transmitted and there are
more than wi /2 errors in the received codeword. Therefore, the channel decoder selects
the codeword ci instead of c0 in this case. Hence, the expression for the pairwise error
probability [124, p. 456] can written as:
wi /2

P2 (c0 → ci ) ≤ [4p(1 − p)]

.

(A.34)

Since there are k information bits, hence the number of possible codewords is M = 2k .
Therefore, considering any codeword as reference there are (M − 1) = 2k−1 possible
estimates or codewords that will result in decoding error. Hence, by using the union bound
technique [70, p. 202] the upper bound on the codeword error probability Pp can be written
as
Pp ≤

k−1
2X

i=1

[4p(1 − p)]wi /2 .

(A.35)

At high signal-to-noise ratio on the links, the error probability is limited by the minimum
Hamming weight wm . Therefore, the above expression can be approximated as:
Pp ≤ 2k−1 [4p(1 − p)]wm /2 .

(A.36)

Now generalizing [124, p. 456] the result for non-binary linear block codes, the minimum
Hamming weight wm is replaced by the minimum Hamming distance as follows:
Pp ≤ (M − 1) [4p(1 − p)]dm /2 .

(A.37)

The above expression can be used as upper bound on codeword error probability of linear
block codes [124, p. 456].

Appendix B

Computation of Instantaneous Energy
Consumption
Here we summarize the algorithm used by the base station in order to select an appropriate
transmission path that provides minimum energy consumption. This selection algorithm
varies for each cooperative transmission scheme and also allows us to compute the transmission powers and times at different nodes. With the computation of transmission time
and power for the selected path, we will be able to compute the instantaneous energy for
transmission time interval Tf .
The two schemes considered here are the two-hop relaying and the two-hop relaying
with network coding. For these schemes, the selection algorithm in case of adaptive time
allocation is described here. Here we assume that all the coefficients in the power model
are known. Also perfect channel information is available at the base station.

B.1 Two-Hop Relaying Transmission
In this case the base station computes the instantaneous energy consumption for both the
direct link transmission and the relaying transmission. Then it selects a transmission path
that has minimum instantaneous energy consumption. The important steps are as follows:
1. Compute the minimum energy consumption on both the direct and the relay transmission paths.
2. For computing the minimum energy consumption on the direct path, the following
steps are used.
• Vary the parameter α′ in the range 0 ≤ α′ ≤ 1.

• Obtain the values of the Pt,B for each value of α′ using (6.26).

• Obtain the values of the PB,on for each value of Pt,B using (6.2).
• Compute E(γ) for each value of the pair {α′ , PB,on } using (6.27).
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• Select the minimum value of E(γ) for direct link transmission from all the
computed values. The transmission time α′ and the transmission power Pt,B ,
corresponding to the minimum E(γ) are also selected.
3. For computing the minimum energy consumption on the relaying path, the following
steps are used.
max
• Vary the relay transmit power Pt,R in the range 0 ≤ Pt,R ≤ Pt,R
.

• Compute the corresponding base station transmit power Pt,B using (6.26) for
each value of Pt,R .
• Then each computed pair {Pt,R , Pt,B } is used to compute the corresponding
value of α in (6.24).
• Each computed pair {Pt,R , Pt,B } is also used to compute the corresponding
value of PB,on and PR,on using (6.2) and (6.2) respectively.
• Then for each computed value of parameters PB,on , PR,on and α calculate
E(γ) for the relay transmission path using (6.27).
• Select the minimum value of E(γ) for the relay transmission path from all the
computed values. The transmission time α and the transmission powers t,B
and Pt,R , corresponding to the minimum E(γ) are also selected.
4. Compare the values of minimum E(γ) obtained from both paths, in step 2 and step
3.
5. Select the path that minimizes E(γ). With the path selection, the other required
parameters (transmission times and transmission powers) for this path are also selected.
6. If may happen that it is not possible to transmit on one of the paths (if transmission
powers exceed their maximum values on that path). In that case the other path is
selected for the transmission.
7. If it is not possible to transmit on both paths (if transmission powers exceed their
maximum values on both paths ), then all the nodes will go to the ideal mode and
the mobile user will be in outage. In this case, the E(γ) given for the outage case in
(6.27) is used.

B.2 Two-Hop Relaying Transmission with Network Coding
In this case the base station computes the instantaneous energy consumption for the two
cases i.e. Both direct and the (Direct, Relay). Then it selects a transmission path or case
that has minimum instantaneous energy consumption. The important steps are as follows:
1. Compute the minimum energy consumption for the both cases.
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2. For computing the minimum energy consumption for Both direct case, the following
steps are used.
• Vary the parameter α′ in the range 0 ≤ α′ ≤ 1 and the parameter Pt,B in the
max
range 0 ≤ Pt,B ≤ Pt,B
.

• Obtain the values of the α for each value of pair {α′ , Pt,B } using (6.42).

• Obtain the values of the PB,on and TBS for each value of triplet {α, α′ , Pt,B }
using (6.2) and (6.40) respectively.
• Now E(γ) can be computed for each value of the triplet {α, α′ , Pt,B } using
(6.43).
• Select the minimum value of E(γ) for both direct case from all the computed
values. The transmission times α, α′ and the transmission power Pt,B , corresponding to the minimum E(γ) are also selected.
3. For computing the minimum energy consumption for the (Direct,Relay) case, the
following steps are used.
max
• Vary the parameter Pt,R in the range 0 ≤ Pt,R ≤ Pt,R
and the parameter
max
Pt,B in the range 0 ≤ Pt,B ≤ Pt,B .

• Obtain the values of the α for each value of pair {Pt,R , Pt,B } using (6.42).

• Obtain the values of the PB,on , PR,on , TBS and TRN for each value of triplet
{α, Pt,R , Pt,B } using (6.2), (6.3), (6.40) and (6.41) respectively.

• Now E(γ) can be computed for each value of the triplet {α, Pt,R , Pt,B } using
(6.43).
• Select the minimum value of E(γ) for the (Direct,Relay) case from all the
computed values. The transmission power Pt,B , Pt,R and the transmission
time α corresponding to the minimum E(γ) are also selected.
4. Compare the values of minimum E(γ) obtained from both cases, in step 2 and step
3.
5. Select the path or case that minimizes E(γ). With the transmission path selection
for both users, the other required parameters (transmission times and transmission
powers) for this path are also selected.
6. If may happen that it is not possible to transmit using one of the case (if transmission
powers exceed their maximum values for that case). Then the other case is used for
the transmission.
7. If it is not possible to transmit using both cases (if transmission powers exceed their
maximum values for both cases), then all the nodes will go to the ideal mode and
the mobile user will be in outage. In this case, the E(γ) given for the outage case in
(6.43) is used.

Appendix C

Propagation Models
The performance of cellular systems is highly dependent upon the propagation environment considered between the transmitters and the receivers. Therefore, the performance
evaluation done for any specific propagation model may not be valid for other propagation
scenarios. In order to address this issue, the 3rd Generation Partnership Project (3GPP) has
established certain guidelines for performance evaluation of cellular systems and proposed
different propagation models in [142].
The propagation characteristics directly effects the coverage of the relays and the base
stations used in the cellular network. Hence, it is important to verify the system level enhancements in different environments, in order to judge their practical significance. If the
coverage of the nodes reduces due to a certain propagation environment then we need to
deploy more nodes. In other words, the outage probability of the users would be higher
(corresponds to low quality of service) for a given number of nodes or the deployment
strategy. On the other hand, increasing the number of nodes is directly linked to the deployment cost. The coverage or capacity requirements and the required number of nodes
in a cellular network also effects the energy consumption in the cellular system. Therefore, it is important to investigate the effects of different propagation models on the energy
consumption in the cellular network.
In this regard three different propagation scenarios have been considered in this monograph. These scenarios are accepted by 3GPP for the performance evaluation of relay
deployments in LTE advanced systems [142]. These models are also used in [86] for
performing the analysis in relaying scenarios. Each propagation scenario have different
distance dependent path loss model, that is summarized in Table. C.1.
The first propagation scenario denoted by Sc1 has been proposed first time in [143].
It assumes only NLOS conditions on all the links. It implies that all the relays and the
users in a cellular network experience NLOS propagation conditions with the base stations.
Moreover, the users also experience the NLOS conditions on their links with the relays.
The path loss can be defined by single slope model [86] already mentioned in (2.2) as
follows
L = 10η log10 (r) + K0
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Here the factor K0 known as clutter factor depends upon the carrier frequency and
the heights of the base station, relay and user antennas. The antenna heights for the base
station, relay and user device is assumed to be 32, 5 and 1.5 meters respectively [86] in
the analysis. The carrier frequency is considered equal to 2 GHz. The antennas at the
base station and the relays are assumed to be omnidirectional for simplicity. Moreover, η
represents the path loss exponent and r is the distance between the nodes. The path loss
exponent is different for different links. For instance, on the BS-Relay link and the BSUser link its value is 3.76 while on the Relay-User link it has value equal to 3.67. These
values are illustrated in Table. C.1 for each case.
Similar type of single slope models, such as Okumura-Hata etc are already well established in the literature. The single slope model illustrated in (C.1) is feasible for the
densely built environments, where the user devices are on the street level and the probability of LOS communication with the relay and the base station is small [86]. The path loss
expressions for all the three links, that is BS-user link, BS-Relay Link and the Relay-user
link, are summarized in Table. C.1. It can be observed that there is a difference of 3.6 dB in
the path loss expression on BS-User link and BS-Relay link. The link between base station
and relay have reduced path loss, since the elevation of relay antenna is higher than that of
user device. However, due to lower height of relay, the Relay-User link experience quite
aggressive attenuation in signal strength as obvious from Table. C.1.
In the presence of multi-path Rayleigh fading the path loss in expression in Rayleigh(C.1)
can be modified as
 
1
L′′ = 10η log10 (r) + K0 + 20 log10
dB.
(C.2)
|h|
where h denotes the complex multiplicative channel gain due to multi-path fading and is
defined in (2.21).
The single slope path loss model for Sc1, represents a pessimistic model as no LOS
component is assumed on the links. This situation is valid for densely populated cities.
However, as the cell size is reduced the probability of LOS communication between the
nodes increases [86]. Hence in many cases a clear line of sight between the relay and the
user is possible [86], especially for the users that are near to the relay [144]. Therefore, for
the smaller distance between the relay and the user the link may have smaller path loss as
compared to that mentioned in Sc1.
In order to take care of LOS component as well, a probabilistic dual slope propagation
model [86] has been introduced in [144, 145] for the Relay-User link. In the proposed
model, it has been considered that the users at shorter distance from the relay may receive
LOS signal while other at larger distances may receive NLOS signal. Hence the final path
loss expression consist of a LOS component and a NLOS component combined together.
There is a smooth transition between the LOS dominant conditions to NLOS dominant
conditions, since the break point between the two is defined by a certain probability [144].
Therefore, the resulting expression for the overall path loss for the Relay-User link can be
written as,
L = Prob(LOS)PL(LOS) + [1-Prob(LOS)]PL(NLOS) dB

(C.3)
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Figure C.1: Distance dependent path-loss versus relay-user distance in meters at 2 GHz

where
PL(LOS)=10η1 log10 (r) + K1

dB

PL(NLOS)=10η2 log10 (r) + K2

dB.

The proposed model for the Relay-user link illustrated in (C.5), is based on the theoretical
analysis, realistic measurement data, and the practical relay deployments [144]. Here ηi
and Ki , denotes the corresponding path loss and clutter factor in each case. In this model,
some extra penalties in path loss calculation, are also added as compared to the ITU UMiNLOS and ITU UMi/UMa-LOS models, because of lower height of relay antenna. The
dual slope model for the Relay-User link in (C.5) along with the propagation model in
(C.1) for the other two links corresponds to propagation scenario 2 or Sc2 in our analysis.
The expressions for the path loss model in case of Sc2 are illustrated in Table. C.1. It is
obvious, that there is difference in the expression of path loss for Relay-User link only,
while comparing Sc1 and Sc2.
Now let us compare the path loss for the Relay-User link in Sc1 and Sc2 as shown
in Figure C.1 for both the urban and suburban environments. It can be observed that for
smaller distance between the relay and the user, due to the LOS communications, the path
loss is less in case of Sc2 as compared to Sc1. However, as the distance increases, the
probability Prob(LOS) decreases and the path loss on Relay-User link coincides with that
of Sc1. At much larger distance, there are dominant NLOS conditions on Relay-User link
and the path loss due to NLOS conditions is higher in case of Sc2, due to the correc-
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Figure C.2: Distance dependent path-loss versus BS-user distance in meters at 2 GHz

tion proposed by [144] for PL(NLOS). Moreover, it can be observed that LOS conditions
prevails for larger distance in case of Suburban model as compared to the Urban model.
However, at higher distance the path loss for NLOS conditions is same for both the urban
and suburban environments.
Now in the presence of multi-path fading the expression in (C.5), for the path loss
calculation can be modified as



1
(C.4)
L= Prob(LOS) PL(LOS) + 20 log10
|h1 |



1
+ [1 − Prob(LOS)] PL(NLOS) + 20 log10
dB
|h2 |
where h1 and h2 denotes the complex multiplicative channel gain due to multi-path fading
and their modulus has Rayleigh and Rician distribution respectively, as described in (2.13)
and (2.14). The value of Rician factor K in (2.14), is assumed equal to 10 for the analysis
purposes.
The propagation scenario Sc2, consider a combination of LOS and NLOS component
for the Relay-User link and assumes only NLOS conditions on the other two links. However, it is possible that if the users or relays are near to the base station they may experience
the LOS conditions as well. This discrepancy is removed by a third propagation model
in [142], known as Sc3 in our analysis, where the probabilistic dual slope model is used
for all the links. The expressions for propagation model 3 are illustrated in Table. C.1. The
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Figure C.3: Distance dependent path-loss versus BS-relay distance in meters at 2 GHz

probabilities for the NLOS and the LOS conditions have also been defined for the BS-User
link and the BS-Relay link in Table. C.1.
Now let us compare the path loss on BS-User link and BS-Relay link for Sc3 model
with the rest of two scenarios. These comparisons are illustrated in Figure C.2 and Figure C.3 for BS-User link and BS-Relay link respectively. The path-loss for both urban and
suburban environments is shown in these figures. It is obvious that if the distance between
the two nodes, is smaller than a certain value we have dominant NLOS conditions and the
path loss for Sc3 is less than that of Sc1 and Sc2. However, at larger distance the NLOS
conditions become more prominent and the path loss for Sc3 becomes higher than Sc1 and
Sc2. In case of BS-Relay link the path loss for Sc3 at higher distances, is comparable to
that in Sc1 and Sc2. Again in case of suburban environment the switching between the
dominant NLOS conditions and LOS conditions occurs at higher distance as compared to
the urban environment. The differences in path loss model for the three scenarios clearly
depicts that, the analysis based on any propagation scenario could be different from the
other propagation scenarios.
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Table C.1: Propagation Models
Distance
Scenario 1 (Sc1)

Channel Models
(r1 ,r2 ,r3 ) in [meters]
BS-User Link
L1 =15.3 + 37.6 log10 (r1 )
BS-Relay Link
L2 =11.7 + 37.6log10 (r2 )
Relay-User Link
L3 =30.6 + 36.7log10 (r3 )

Scenario 2 (Sc2)
BS-User Link
L1 =15.3 + 37.6log10 (r1 )
BS-Relay Link
L2 =11.7 + 37.6log10 (r2 )
Relay-User Link
L3 =Prob(LOS)PL(LOS)+[1-Prob(LOS)]PL(NLOS)
PL(LOS)=41.1 + 20.9log10 (r3 ), PL(NLOS)=32.9 + 37.5log10 (r3 )
Urban Model
Prob(LOS)=0.5-min(0.5,5exp(-156/r3 ))+ min(0.5,5exp(-r3 /30))
Suburban Model
Prob(LOS)=0.5-min(0.5,5exp(-300/r3 ))+ min(0.5,5exp(-r3 /95))
Scenario 3 (Sc3)
BS-User Link
PL(LOS)=30.8 + 24.2log10 (r1 ), PL(NLOS)=2.7 + 42.8log10 (r1 )
Urban Model
Prob(LOS)=min(18/r1 ,1)(1-exp(-r1 /63))+ exp(-r1 /63)
Suburban Model
Prob(LOS)=exp(-(r1 -10)/200)
BS-Relay Link
PL(LOS)=30.2 + 23.5log10 (r2 ), PL(NLOS)=16.3 + 36.3log10 (r2 )
Urban Model
Prob(LOS)=min(18/r2 ,1)(1-exp(-r2 /72))+ exp(-r2 /72)
Suburban Model
Prob(LOS)=exp(-(r2 -10)/230)
Relay-User Link
PL(LOS)=41.1 + 20.9log10 (r3 ), PL(NLOS)=32.9 + 37.5log10 (r3 )
Urban Model
Prob(LOS)=0.5-min(0.5,5exp(-156/r3 ))+ min(0.5,5exp(-r3 /30))
Suburban Model
Prob(LOS)=0.5-min(0.5,5exp(-300/r3 ))+ min(0.5,5exp(-r3 /95))

Appendix D

Log Normal Shadow Fading
Different objects situated between the transmitter and the receiver obstructs the LOS path.
These objects could be small in dimension or could be larger like major terrain obstacles,
such as large buildings and hills etc. These obstructions can cause shadowing for a user
device moving behind them [146]. Thus the transmitted signal reaches at the receiver via
diffraction and collection of reflected waves. This causes the fluctuations in received signal
strength and termed as shadow fading.
This variation in signal strength depends upon the relative position of the obstacles
and the user device or the receiver node. Depending upon the size of obstruction, the
user device may take some time to move out of shadow region. By knowing the exact
geometry of buildings, hills and other obstruction in a service area it is possible to estimate
the path loss due to the shadow fading accurately. However, it may not be possible to
obtain the fine details of each terrain and to compute the exact shadow fading everywhere.
Therefore, there remains always a residual error in the estimation of shadow fading using
this approach [146]. Hence, stochastic models are commonly used to predict the shadow
fading at different locations in the service area.
In 2D propagation models, there are three important parameters that determines the
random values at any specific location [74]. These include the distribution of the random
process, the autocorrelation function and the cross correlation function. In this monograph,
a well accepted model [74,146] for the distribution of shadow fading, that is the zero mean
log normal distributed random process is used. The standard deviation is denoted by σs ,
which varies between 2 − 6 dB for the suburban or rural environments. In case of urban
environments, σs can take any value in the range 8 − 12 dB [74].
A simplest way to assign log normal shadow fading to each point in the geographical
area, is to assign a random value. However, this method does not take into consideration the
correlation in space. Therefore, correlated fading should be considered. This is practical
since there exist a certain correlation in the space. As user has to cover some distance in
order to clear the obstruction, there will be some correlation in the fading values. This
correlation however, depends upon the dimension of the obstruction.
The auto correlation function, determines how the values of random shadow fading
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changes as the user device moves certain distance from the base station. For computing
the autocorrelation function, a well known method based on Gudmundson’s exponential
model [147] is used here. According to this method, the value of correlation decreases
to e−1 at the correlation distance. The correlation distance refers to a maximum distance
until which the shadow fading remains correlated. In our analysis, the correlation distance
is assumed equal to 100 meters. It is important that the shadow fading remains the same at
any given point, every time the simulation is performed. In order to ensure that, a specific
value of shadow fading is allotted to each point. This is done by using a technique based
on pre-computed maps of shadow fading described in [146].
For a given user location. the cross correlation determines that, how much the fading
components from two different base stations are correlated with each other. device. Cross
correlation is important while calculating the interference from other base stations. In our
analysis, the cross correlation correlation does not have any impact on the path loss model
expressions. This is because no inter-cell interference is considered during the analysis.
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